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Preface 

In order to achieve economically viable high-performance aircraft of the future, an integrated aircraft design (IAD) process is 
required. Integrated airframe design embraces the concept of bringing together all of the aspects of airframe design, including 
various disciplines such as structures, materials, aerodynamics, controls and manufacturing, from conceptual design all the way 
through manufacturing. It also includes the sub-disciplines which are involved in each discipline and the interactions these have 
with one another. Moreover, an IAD process also affects the organizational structure of personnel. Qpically, many 
organizational units are involved in the design process. An IAD approach increases the interactions between these organizations 
and changes the way they interact with one another. In contrast, the conventional design process is basically sequential or 

, hierarchic in nature and is broken down into many steps which are loosely coupled to one another (i.e., there are few iterations 
between design steps and limited interaction between organizational units). Moreover, the organizational structure is set up to 
mimic the conventional sequential design process and it too is sequential. Hence, an IAD process is radically different from the 
conventional design process. 

There is also considerable discipline related advancements that will enable IAD. These fall into two categories: those which 
reduce engineering time and those which reduce CPU time. In the first category are new modeling techniques which allow rapid 
construction, refinement and modifications of models. Presently, complex models take exorbitant amounts of time to create 
and/or modify. This must be reduced through innovative modeling techniques. Also in the first category are improved pre- and 
post-processing capability to reduce the time needed to understand the output. In the second category are those algorithms , which speed up solution times and take advantage of evolving computer technologies and architectures. ' It is strongly believed that the recent and future advances in high-performance computer hardware and software systems provide 
the opportunity to create an IAD process that will allow the process steps and disciplines to interact with one another. Moreover, 
comprehensive data bases will provide organizational units access to one another's data and models, thereby promoting more 
interaction between organizations and moving toward a concurrent engineering environment for airframe design. CO-location 
of personnel with different discipline backgrounds will be required, however, this may take the form of "virtual co-location" 
brought about by high-speed computer networks and audio-visual aids. 

In order to provide a broad-based approach to evaluating and identifying future research and development directions required 
to provide IAD technology, the First Integrated Airframe Design Technology Workshop, sponsored by AGARD, was held in 
Antalya, Turkey on April 19th-20th, 1993. This document summarizes the output of that workshop. Presentations are 
categorized as those on: recent and on-going developments in integrated airframe design at participating aerospace 
organizations, manufacturing simulation, interdisciplinary integration and developments in computer hardware and software 
which enable integrated airframe design. In addition, a panel session which capped off the Workshop is also summarized. 

Sam Venneri 
Chairman 
Subcommittee 
Integrated Airframe 
Design Technology 
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Prbface 

L‘industrialisation des futurs atronefs B hautes performances dans des conditions Bconomiquement viables dipend de la mise 
en place d’un procedi de conception inttgrte 0). La conception intigrte des cellules englobe le concept du rassemblement 
de I’ensemble des aspects de la conception des cellules, couvrant differentes disciplines telles que les structures, les matiriaux, 
I’airodynamique, la fabrication et les contrijles, et ceci des etudes conceptuelles jusqu’h la fabrication. 

Elle comprend igalement les sous-disciplines qui font pame de chacune des disciplines, ainsi que les interactions entre celles-ci. 
En outre, le procidt IAD influe sur la structure hiirarchique du personnel. Typiquement, le proctdi de conception mobilise 
plusieurs diffirentes unitis structurelles. L’approche IAD multiplie les interactions entre ces unitis et modifie la facon dont elles 
communiquent entre elles. 

Le procidt de conception traditionnel est, au contraire, essentiellement de caractkre sequentiel ou hitrarchique. I1 est compos6 
de plusieurs itapes qui sont plus ou moins relikes entre elles (c’est ii dire qu’il y a trks peu d’itiratiom entre les phases d’une itude 
et que les interactions entre les unitis structurelles sont limities). Dailleurs la structure organisationnelle imite le proctdi 
siquentiel traditionnel de conception, car elle est, elle aussi, siquentielle. Le proctdt IAD est donc radicalement difftrent du 
protide de conception conventionnel. 

Des progrks considirables ont Cgalement i t6 rialisis dans des domaines lies B cette discipline, ce qui autorise l‘application de 
I’IAD. Les progres sont de deux sortes; ceux qui permettent de reduire le temps passe par les bureaux d’itudes et ceux qui 
riduisent le temps du traitement informatique. Dans la premikre catkgorie se trouvent les nouvelles techniques de modilisation 
qui autorisent a la fois une rialisation rapide, de la sophistication et la modification des modkles. A l’heure actuelle, la criation 
et/ou la modification de modkles complexes demande des dilais exorbitants. I1 s’agit de riduire ces dilais par le biais de 
techniques de modilisation novatrices. A la premiere cattgorie il y a lieu de rajouter une meilleure capaciti, tant avant qu’aprks 
le traitement, pour la reduction du dtlai ntcessaire a la comprihension des risultats. 

Dans la deuxikme catigorie se trouvent les algorithmes qui permettent d’acctltrer le processus de risolution et qui binificient 
de l’ivolution des technologies et des architectures informatiques. 

Nous sommes convaincus que les avanctes ricentes et privisibles des systkmes informatiques h hautes performances 
fournissent l’occasion de crier un procidi IAD qui permettra I’interaction entre les disciplines et les difftrentes itapes du 
procidi de conception. De plus, des bases de donnks exhaustives permettront aux organisations d’accider les unes et les autres 
aux donnies et aux modkles existants, encourageant ainsi une plus forte interaction entre les organisations, ce qui laisse privoir 
une inginierie commune concurrente pour la conception des cellules. La co-localisation de personnels de diffirentes disciplines 
sera nicessaire, mais ceci pourrait se faire sous la forme d’une “co-localisation virtuelle” g r k e  aux reseaux informatiques a 
grande vitesse ainsi qu’aux moyens audiovisuels. 

Le premier atelier de travail sur les technologies pour la conception intigrie des cellules a it6 organis6 B Antalya, en Turquie, du 
19 au 20 avrill993, afin d’ilaborer une approche tous azimuts de I’identification et l’ivaluation des voies futures de recherche et 
dtveloppement dans le domaine des technologies IAD. Ce document resume les risultats des travaux de cet atelier. Les 
communications prtsenties sont classies selon les categories suivantes: les diveloppements ricents et en cours dam le domaine 
de la conception intigrie des cellules au sein des organisations airospatiales participantes, la simulation de la fabrication, 
I’intigration interdisciplinaire et les developpements informatiques qui permettront la conception intigrie des cellules. Ce 
document contient aussi le rtsumi de lp session de travail du Panel qui a clbturie I’atelier. 
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Technical Evaluation Report 

J. Housner 
Mail Stop 240 

NASA Langley Research Center 
Hampton, Virginia, USA 23602 

In order to  achieve economically viable high- 
performance aircraft of the future, an 
integrated aircraft design (IAD) process is 
required. Integrated airframe design em- 
braces the concept of bringing together all of 
the aspects of airframe design, including 
various disciplines such as structures, mater- 
ials, aerodynamics, propulsion, controls and 
manufacturing, from conceptual design all the 
way through to  the final product and its repair 
and maintenance. It also includes the sub- 
disciplines which are involved in each 
discipline and the interactions these have with 
one another. Moreover, an IAD process also 
affects organizational structure of personnel. 
Typically, many organizational units are 
involved in the design process. An IAD 
approach increases the interactions between 
these organizations as well as changes the way 
they interact with one another. In contrast, 
the conventional design process is basically 
sequential or hierarchic in nature and is 
brden down into many steps which are loosely 
coupled t o  one another (i.e., there are few 
iterations between design steps and limited 
interaction between organizational units). 
Moreover, the organizational structure is 
typically set up to mimic the conventional 
design process so it too is sequential. An IAD 
process would be radically different from the 
conventional design process. It would permit 
many disciplines t o  operate in parallel thereby 
reducing design cycle time. 

It is strongly believed that the recent and 
future advances in high-performance com- 
puter hardware and software systems provide 
the opportunity to  create an IAD process that 
will allow the process steps and disciplines to  

J. Krammer 
Deutsche Aerospace AG 

Munich, Germany 

interact with one another. Moreover, compte 
hensive data bases will provide organizational 
units access to one anothen data and models, 
thereby promoting more interaction between 
organizations and moving toward a concurrent 
engineering environment for airframe design. 
Co-locaton of personnel with different disci- 
pline backgrounds will be required, however, 
this may take the form of "virtual co-location" 
brought about by high-speed computer net- 
works and audio-visual aids. This will make it 
possible to create a more concurrent aircraft 
design p m e w  and consequently, shorten the 
design and manufacture process. 

In order to  provide a broad-based approach to  
evaluating and identifying future research and 
development directions required to provide IAD 
technology, the First Integrated Airframe 
Design Technology Workshop, sponsored by 
AGARD, was held in Antalya, Turkey on April 
19-20, 1993. The workshop consisted of two 
sessions; one on the state-of-the-art and 
future directions and the other on the design 
process itself. Altogether, fourteen present- 
ations were made and a panel discussion con- 
cluded the workshop. 

The purpose of this report is to  evaluate and 
identify the technology needs and issues that 
must be addressed in order to  achieve inte- 
grated airframe design as surfaced a t  the First 
Integrated Airframe Design Workshop. The IAD 
Workshop identified several technical needs. 
These appear to  fall into three categories. 
First, the need was identified for new metho- 
dologies which would be used to  provide more 
accurate data and prediiive capability early in 
the design process. This category includes 
improved load definition, manufacturing sim- 
ulation, fluid-structure interaction and treat- 
ment of design details. This will require new 
single and multidisciplinary methodologies. A 
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second category were those computational util- 
ities required to  enable an efficient integrated 
design system, such as better pre- and post- 
processing capability t o  achieve a user 
friendly environment, improved algorithms 
which take advantage of emerging computer 
hardware and architecture t o  produce quick 
turn-around solutions, and modularized soft- 
ware that can be updatedheplaced as new 
software modules are developed. Third, there 
were those needs related t o  a concurrent 
engineering environment and those of an 
organizational nature, such as co-location of 
multidisciplinary and multi-function person- 
nel. The remainder of this evaluation report is 
divided into these three areas. 

There are major benefits in developing meth- 
odologies which permit more comprehensive 
and in-depth analyses early in the design as 
addressed by J. Coyle of the McDonnell Aircraft 
Company (8). The sooner design issues are 
uncovered and addressed within a discipline, 
the less impact they are likely to  have on their 
own discipline and other disciplines. This can 
reduce costs dramatically. Methodologies 
which make it easier to  examine design details 
should be included in an IAD system, since it is 
often the tedium and length of time required to  
perform the approprlate computations that is 
prohibiting. A b ,  methodologies which lead to  
better loads definition early in the design 
procass are needed. The theme of meeting early 
design needs kept recurring throughout the 
workshop. 

An overview of the actual state-of-the-art in 
IAD in connection with the process chain was 
given by Petiau from Dassault Industries 
(1 4). This presentation explained the current 
airframe design methodology for a combat 
aircraft. Emphasis was placed on the necessity 
for efficient computational tools a CAD tool 
(e.g., CATIA) with a common data base for the 
geometrical data, an integrated analysis tool 
(e.g., ELFINI) for managing aeroelasticity, 
loads and, stress and strain coupled with CAD 
and controlled by a mathematical optimizer. 
For the design process of the future he gave 
some trends of the capabilities of new design 
tools. To achieve cost and time reductions in 

the development process, the geometric design 
must use feature modeling in which parts are 
defined by their features (e.g., sheet, hole, 
flanged edge) and no longer by geometric 
primitives (e.g., points, curves and surfaces). 
The integrated analysis tools have to use design 
variables defined by CAD properties and not 
FEM properties to  handle shape and topological 
optimization issues. IAD should also be ex- 
tended to  cover other disciplines such as flight 
mechanics, performance, propulsion and flight 
control systems. As addressed by M. Molzow 
and H. Zimmerman of Deutsche Aerospace 
Airbus GmbH (lo), control systems must be 
incorporated into an integrated design system 
both from a performance and loads point of 
view. As shown in the presentation by C. 
Chamis of the NASA Lewis Research Center, 
(1 3), integrated computerized simulation 
capabilities for the propulsion discipline are 
rapidly developing. 

As pointed out in the paper by Laan et al of 
Fokker Aircraft (9), better loads definition is 
one of the practical needs of IAD. It requires 
improvements in the load definition process so 
that prediction of loads is more rapid and mcm 
reliable a t  an early stage of design. As the 
design process progresses the loads definition 
should improve with the design definition. It 
does not make good sense, nor is it good 
business, to  optimize a design with a severely 
in-accurate loads definition. As they point out, 
factors of safety are primarily driven by the 
uncertainty in the loads definition. A well 
configured IAD system can do much to  improve 
this situation, since it will result in better 
models earlier in the design process and hence 
better load definition. This theme was also 
seen in the presentation from the McDonnell 
Douglas Corporation, (1 1). 

The McDonnell Douglas Corporation presen- 
tation by Schofield and Giesing, (1 l ) ,  re- 
viewed the work being done in developing an 
IAD system for future large transport aircraft 
Their presentation highlighted the development 
of an Aeroelastic Design Optimization Program 
(ADOP) which represents an important step in 
IAD. Their ADOP code utilizes finite element 
modeling 50 as to  achieve a single master model 
throughout the design process. As with the 
presentation from Fokker Aircraft, they show 
the need for better load definition early in 

- 
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design. They have included aeroelasticity into 
ADOP since structural flexibility strongly 
affects loads. An integrated system should also 
aim a t  using CFD capability coupled to  FEM 
structural capability. By introducing FEM 
early in design, a master model can be first 
assembled early in design and then evolved 
from conceptual design through manufacture. 

Application of Computational Fluid Dynamics 
(CFD) codes in IAD was covered in the joint 
presentation by Schmidt and Rubbert, (3), of 
Deutsche Aerospace AG and k i n g  Commercial 
Aircraft, respectively. In order to  make better 
decisions early in the design process, aero- 
structural coupling must be accounted for, 
since aero generated loads depend on wing 
deformations. Design of economical high- 
performance aircraft will require coupled CFD 
and structural FEM analyses. It was suggested 
that use and acceptance of CFD generated 
results may be greater in Germany than in 
other NATO nations. If so, sharing of knowledge 
with other nations would be beneficial. Pacing 
technology items in CFD are turbulence and 
high angle of attack simulations. CFD codes do 
not replace prototype aircraft nor wind 
tunnels, but augment experimental data to  
provide insight and understanding, and when 
coupled with FEM structural models, provide 
aeroelastic loads and flutter instabilities. CFD 
codes are now being coupled to  flexible FEM 
modeled structure. The developments in this 
are must be a part of any IAD system. 

The need t o  consider manufacturing issues 
early in the design process was another thread 
that ran throughout the workshop. Shumaker 
and Hnchcock from the Wright Laboratory (2) 
stressed the need to think through design and 
manufacturing considerations, identifying high 
risk areas and show stoppers early in the 
design process. Also, computational tools exist 
for detail design, but few exist for conceptual 
or preliminary design. Computational capa- 
bility should be established which allows 
design detail to  be incorporated earlier in the 
design process. Design details strongly infiu- 
ence manufacturing and hence, if not identified 
early, can lead to  potential difficulties arising 
late in the design process where they can 
become quite costly. In addition, capability is 
needed t o  create "virtual manufacturing" sim 
ulations so that manufacturing can be placed 

early in the design process to  trade-off manu- 
facturing costs with aircraft performance and 
other issues, and to  identify manufacturing 
innovations to  make a weight or performance 
savings feasible. Virtual manufacturing capa- 
bility would therefore answer questions such 
as, "Can X performance be built for Y cost"? 
The benefits of such a system are predaed to  
be a 50% risk reduction through producibility 
verification. 

The necessity of taking into account the 
manufacturability early in the design process 
was also highlighted in the paper of Krammer 
and Ruettinger, (5), from Deutsche Aero- 
space. They pointed out that for an efficient 
integrated aircraft design, the introduction of 
sophisticated software tools in the different 
disciplines is necessary, but not sufficient. To 
increase the overall productivity it is nece- 
ssary to analyze first the existing processes 
and then redesign them and support them with 
adequate design software (e.g., the Lagrange 
structural optidzation program.) They show- 
ed that the inclusion of manufacturing con- 
straints in the optimization loop, generated by 
the simulation of an automatic tape laying 
process and the simultaneous consideration of 
other relevant design requirements such as 
stress, static aeroelastics and flutter, makes it 
possible to  get manufacturable structural de- 
signs with minimized weight 

Capabilities to  provide sensitivity type infor- 
mation are also highly desirable. These include 
methods to  compute sensitivity derivatives and 
probabilistic data. Probabilistic capabilities, 
which were addressed by C. Chamk of the NASA 
Lewis Research Center, (2), represent an 
emerging technology which provides more 
information than traditional sensitivity deriv- 
atives because they allow the consideration of 
large changes in design variables, tolerances, 
loading unknowns and other uncertain quan- 
tities. These methods provide reliability data 
to  identify those manufacturing and design 
items which significantly contribute to  per- 
formance risk and cost. Then those elements 
which will likely have the greatest payoff can 
be attacked early in the design process. Of 
course, generation of reliability data requires 
more input than a comparable deterministic 
code, however, studies have shown that with 
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remarkably little additional data, much val- 
uable information can be extracted. 

Deutsche Aerospace Airbus GmbH in, a 
presentation given by Werner and Evers (7) 
shared their experiences in developing and 
working with their Integrated Structural 
Mechanics System called ISSY. This software 
system provides integration of stress and 
strength analyses with a structural data base. 
They found that integration eliminated much 
overlapping and duplication in the design 
process. For example, by changing a design 
quantity in ISSY, appropriate changes are made 
t o  FEM models used for stress analysis and 
models used for strength analysis. This is 
accomplished through software module trans- 
lators. For strength analysis the translators 
reference separate frame, stringer, skin panel 
and other component special purpose analyses 
and models while for stress, the translators 
reference FEM node geometry and element 
designators. 

Another important aspect of IAD was presented 
by Deutsche Aerospace GmbH (1 0) which ad- 
dressed the importance of aeroservoelastic 
effects and i ts multiple interactions in the 
design of an actively controlled transport air- 
craft. The influence of an electronic flight 
control system (EFCS) on loads and flutter 
velocity was shown. The challenges in connect- 
ion with system failures were also discussed. 
It was pointed out that for a future multi- 
disciplinary optimization process, data for 
stiffness, aerodynamic and control systems 
must be better synchronized in the early 
design phases in order to  obtain a balanced 
design It is necessary to  predct the effects of 
each discipline on the aircraft's handling 
qualities, loads, flutter, structural response 
and control systems. This is an ambitious task 
for an automated integrated airframe design 
system. 

Lkshl 

Since an IAD system is for the use of 
engineering practitioners, it is imperative 
that it have a user-friendly "windows-like" 

front-end pre-processor with graphical cap- 
ability to  verify modeling. Model mesh gen- 
erators presently exist although there is some 
tuning still needed in order to  avoid severely 
distorted finite elements. Adaptive meshing, 
where the mesh changes with structural 
behavior are presently being developed, but 
need better error and refinement indicators 
before being placed into an IAD system. These 
capabilities are very much needed because 
engineers still spend too much time modeling 
instead of analyzing and designing. 

An integrated system will require a 
considerable amount of input data, but it will 
also generate eaormous amounts of output data. 
Engineers need new utility tools to  assimilate 
all this data. Virtual reality may be an 
emerging technology which could be adapted to 
an IAD system t o  provide new ways of 
examining output data. The form that future 
computing hardware systems will take, will 
play an integral part in identifying how to put 
together an integrated system. 

A look a t  the future computing environment 
was provided by Noor and Housner (1 ) from 
the University of Virginia and from the NASA 
Langley Research Center, respectively. Future 
computing systems will likely consist of 
heterogeneous workstation clusters closely 
networked together in concert with a massively 
parallel computer for those operations which 
can benefit from parallelism. Execution time 
on the massively parallel computers is ex- 
pected to  exceed one trillion floating point 
operations per second (teraflop) capability by 
the end of the decade. Communication between 
workstations will likely be through Fiber 
Distributed Data Interface (FDDI) operating a t  
100 megabits per second or High-Performance 
Parallel Interfaces (HIPPls) operating a t  a 
gigabit per sec. Wireless Local Area Networks 
(LANs) may also become a reality in the near 
future. Graphical display capability will also 
increase enormously and new display tech- 
nologies such as virtual reality will be util- 
ized. Developments in computer hardware and 
software have already made "paperless 
aircraft" a reality for some organizations. It 
is expected that this will be true of all aircraft 
organizations in the near future. 

e 
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In order t o  integrate the data which are 
produced by the different disciplines and to  
optimize the design process, a relational 
common data base for lofts, loads, aerodynamic 
data and other engineering data was imple- 
mented a t  Alenia (1 2) as discussed by L. 
Chesta. They created a distributed workstation 
and X-terminal environment especially suit- 
ble for the interactive handling of data such as 
the generation of the geometric model (e.g. 
CATIA) or the pre- and post-processing of FEM 
and CFD generated data. 

Integrated airframe design also requires 
changes in organizational structure. Shaw 
from British Aerospace (5) provided insight 
as to  what they are doing to  bring about IAD 
through a concurrent engineering environ- 
ment. Concurrent engineering requires an 
organization composed of multi-disciplinary 
and multi-function teams which employ com- 
puter aided engineering tools to  make design 
decisions. Because of the multi-disciplinary 
and multi-functional character of the teams, 
design issues, which conventionally are con- 
sidered sequentially, are instead considered 
concurrently. The currently engineered design 
makes possible early decisions concerning 
trade-offs between materials, structural per- 
formance, cost and manufacturing, thereby 
avoiding expensive design changes, whose need 
would otherwise become evident later in the 
deign process. 

One of the Organizational changes discussed by 
several speakers was the need for CO-location 
of personnel who must form the multi- 
function, multi-disciplinary teams required in 
a concurrent engineering environment. 
Advances in multi-media communication may 
make the concept of virtual co-location a real 
alternative. 

fiuumiw 
A closing workshop panel session helped t o  
summarize the workshop content and t o  
identify the direction and needs in integrated 
airframe design. The content of the workshop 

revealed the present state of integrated 
airframe design. Well established software 
codes like the ELFIN1 code of Dassault, the 
LAGRANGE code of DASA and the on-going 
development of McDonnell Douglas' ADOP code 
point to  the importance of such software 
systems. The use of these and other com- 
putational tools in the early phases of the 
design process was an identified theme of the 
workshop. Computational tools are needed 
which can incorporate manufacturing and d e  
tail design considerations in the conceptual and 
preliminary design phases where about 7096 of 
the design decisions are made. For example, 
the incorporation of manufacturing simulation 
in the early design phase was strongly 
emphasized. 

It was also the consensus of the attendees that, 
whereas new individual computational t d s  are 
needed, the integration of the computational 
tools is a critical need. Indeed most of the 
presentations in the workshop addressed inte- 
gration. Interfaces between tools in different 
disciplines must be developed. For example, 
the interface between structures and man- 
ufacturing a t  the conceptual design phase needs 
to be addressed so that weight costs of struc- 
tural design decisions can be traded-off with 
manufacturing costs. A key factor in tying 
disciplines together is multidisciplinary de- 
sign optimization. 

The rapid developments in computing hardware 
coupled with advances in new discipline 
methodologies and numerical methods will 
allow enormous strides to  be made in pre- 
dictive capability. It will be possible to  handle 
more complex behavior earlier in the design 
process in a user-friendly networked work- 
station environment with high-powered gra- 
phics to help assimilate the enomus amounts 
of data that will be output from future 
integrated design systems. 

One final important item emphasized by the 
workshop was that organizational changes will 
be necessary t o  get the fullest benefit from the 
interdisciplinary integrated airframe design 
system and that in some cases, co-location to  
form interdisciplinary teams may be 
IleCeSSary. 



. 
For future work..ys, it is recommended that, 

(1) the interaction of engineering pro- 
cesses with other disciplines which 
influence development and life cycle 
costs (manufacturability, repairability 
and maintainability) be addressed and 

(2) the cunputational developments to en- 
able more comprehensive integrated 
ea@ design be updated as developments 
require. This would indude, but not be 
limited to methods for loads definition, 
coupled aero/structure analysis, mod- 
eling enhancements and manufacturing 
simulation. High-risklhigh-payoff a p  
proaches cwld be identified. 
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New Computing Systems, Future Computing Environment and Their 
Implications on Structural Analysis and Design 

Ahmed K. Noor and Jerrold M. Housner 
NASA Langley Research Center 

Mail Stop 210 
Hampton, Virginia 23681 U.S.A. 

SUMMARY 
Recent advances in computer technology that are likely to 
impact structural analysis and design of flight vehicles are 
reviewed. Brief summary is given of the advances in 
microelectronics and networking technologies, and in the 
user-interface hardware and software. The major features of 
new and projected computing systems, including high- 
performance computers, parallel processing machines, and 
small systems are described. Advances in programming 
environment, numerical algorithms, and computational 
strategies for new computing systems are reviewed. The 
impact of the advances in computer technology on 
structural analysis and design of flight vehicles is 
described. A scenario for future computing paradigm is 
presented and the near-term needs in the computational 
structures area are outlined. 

1. INTRODUCTION 
Five generations of computers are generally recognized, 
corresponding to a rapid change in the hardware building 
blocks from relays and vacuum tubes (1939-1950s). to 
discrete diodes and transistors (1950s-1960s). to integrated 
circuits (small and medium scale ICs) (1960s-mid 1970s), to 
large- and very-large-scale integrated devices (mid 1970s- 
1990) to the ultra-large-scale integrated devices and 
powerful microprocessors (1990-present). These 
generations have increased the speed by more than a trillion 
times during the last five decades, while dramatically 
reducing the cost (see Ref. 1 and Fig. 1). A new generation 
of computers is evolving and is likely to be available 
before the end of the present decade. The hardware building 
blocks for the new generation include giga-scale integrated 
devices, new transistor materials and structures, and optical 
components. Extensive use will be made of AI technology. 
Novel forms of machine architecture (e.g.. new forms of 
scalable parallel architectures) will be introduced and will 
result in a dramatic increase in computational speed. The 
new century will undoubtedly see more radical changes in 
both computing technology and computing paradigm, such 
as heterogeneous processing, artificial neural network 
machines, purely optical components, and virtual 
computing on reconfigurable hardware. Virtual computing 
involves the analysis of an algorithm to identify its 
computationally intensive inner-loops and then 
implements those inner-loops in completely reconfigurable 
hardware. 

The opportunities offered by the new and projected 
computing environment for structural analysis and design 
are enormous. However, in order to realize the full potential 
of the new and emerging computing systems, the strong 
interrelations of numerical algorithms and software with the 
architecture of the systems must be understood, and special 
solution methodologies and computational strategies must 
be developed. The present paper summarizes some of the 
recent developments in computing systems during the 
recent past and near-term future; and relates these 

developments to structural analysis and design. 

A number of previous attempts have been made to'predict 
the characteristics of structural analysis software systems, 
and the impact of advances in computing systems on the 
structures technology. The discussion presented herein is 
an extension and an update of that in Ref. 2. 

2 .  BRIEF REVIEW OF CURRENT AND 
PROJECTED ADVANCES IN COMPUTER 
HARDWARE AND NETWORKING 
TECHNOLOGY 

The major developments in computer technology have 
been, and continue to be, focused on improvements of cost, 
size, power consumption, speed, and reliability of electrical 
components. The next generation of computers will be 
impacted by the developments in three basic areas; namely, 
hardware components, artificial intelligence, and computer 
architecture and system design methods. The major 
advances in hardware components are briefly reviewed in 
this section, and some of the new computing systems are 
described in the succeeding sections. The survey given here 
is by no means complete or exhaustive; the intention is to 
concentrate primarily on those developments which have 
had, or promise to have, the greatest impact on structural 
analysis and design. Discussion is focused on 
microelectronics and semiconductor technology; memory 
systems; secondary storage devices; user-interface 
facilities; and networking. 

2.1 Microelectronics and  Semiconductor 

The most notable advances in hardware components in the 
last three decades have occurred as a result of developments 
in microelectronics. Instead of connecting discrete 
components together by wires to produce a circuit. 
complete circuit patterns, components, and 
interconnections are placed on a small chip of 
semiconductor material. The predominant semiconductor 
material in use to date is silicon. Better understanding of 
this material as well as better processing, tooling and 
packaging techniques enabled the design of fast, dense 
circuitry. The traditional technology used for high 
performance logic has been Emitter-Coupled Logic (ECL), 
which is the fastest of the silicon logic technologies, and 
continues to be used in most supercomputers. The 
Complementary Metal-Oxide Semiconductor (CMOS), 
despite its slower speed, has low power and high 
component density. Therefore, more gates per chip and 
fewer chips are used for each logic function than for ECL. 

The principal advantages of microelectronic circuits are 
their reliability. low cost, and low power consumption. 
The ever-increasing number of devices packaged on a chip 
has given rise to the acronyms SSI, MSI, LSI, VLSI, ULSI, 
and GSI, which stand for small-scale, medium-scale. large- 
scale, very large-scale, ultra large-scale. and giga-scale 
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integration. respectively. Since 1960 i - . ~  number of 
components on a chip has increased continuously. For the 
case when no differentiation can be made between logic and 
memory. the progression of development is shown in Fig. 
2. The density of logic chips is projected to grow at a 
slower rate than the density of memory chips (a factor of 
seven in five years for logic chips, compared to a factor of 
ten in five years for memory chips). It is anticipated that 
by the year 2000 the number of components per chip will 
reach one billion (GSI) - see Ref. 3. The full range of 
hardware components (computer building blocks) are now 
available on microelectronic chips; these include memory 
units, addressing units (i.e., counters and decoders), 
complete central processing units (CPUs) called 
microprocessors, and even complete microcomputers 
(which include the CPU, memory, and input/output 
functions all residing on a single chip). T h e  ne t  
effect of the aforementioned developments has been a 
sustained reduction in the cost of computing. 

Current research is directed towards: a) shrinking of 
conductor and device dimensions (scaling) to quarter and 
subquarter micron (< 0.25 x m); and b )  increasing the 
speed of logic circuits, to achieve a machine cycle time of 
the order of 0.5 nsec (0.5 x 

The first objective (miniaturization of electronic 
components) can be accomplished by using recent and 
improved lithography tools for etching element patterns on 
a chip (including optical, electron beams, ultraviolet (UV) 
optics, direct-wire electron beam, X-ray, and ion-beam 
techniques) as well as novel processing technology and 
fabrication techniques. The improved tools also enable 
more devices to be manufactured on a given wafer size which 
can increase the circuit's operating speed and reduce the 
cost. The use of atomic or subatomic scale devices is also 
being explored. 

Three candidate technologies are likely to achieve the 
second objective of ultrafast logic circuits. These 
technologies are based on using: a) new material systems 
such as gallium arsenide (GaAs), a component 
semiconductor material, super-conducting materials which 
do not require liquid helium temperatures (e.g., copper 
oxides) and diamond; b) multichip modules (MCM), in 
which unpackaged integrated circuits are mounted on a 
substrate and connected with very fine wires in order to get 
as many chips as possible on one module. The ratio of the 
semiconductor material (e.g.. silicon or GaAs) to the 
integration substrate is usually about 50 percent. MCM in 
addition to increasing the integrated circuit densities, 
speed, and reliability, reduces their size and weight (see Ref. 
4); c) new transistor structures such as the quantum-coupled 
devices using hetero-junction-based super lattices; and d) 
integrated optical circuits. 

2 . 2  Memory Systems 
Memory is the most rapidly advancing technology in 
microelectronics. Recent progress includes development of 
an entire hierarchy of addressable memories. and of high- 
speed, random-access memory chips with many bits of data. 
Each level in the hierarchy represents an order-of-magnitude 
decrease in access speed, and several orders-of-magnitude 
increase in capacity. for the same cost (see Ref. 5 and Fig. 
3). The techniques of splitting and interlcaving among 
various types of memory hierarchies in individual systems 
have changed some of the basic concepts of computing 
itself. Instead of just a few registers in the CPU and a 
single-level memory, a typical machine may now have: 

a. a number of high-speed, general-purpose registers 
(in the CPU) 

sec). 

b. a cache memory (or instruction buffers) for very 
rapid access to small amounts of data (or 
instructions) 

c. standard main (central or equivalent) memory 
d. extended memory. directly addressable, but at a 

lower speed (solid static disks, magnetic disks and 
tapes, optical disks) 

e. hardware-implemented virtual memory, extending 
the amount of addressable space, with the help of an 
auxiliary (backup) memory such as disk arrays. 

There are several types of semiconductor memories. These 
include random-access and read-only memories. In random- 
access memory (RAM), data can be written into, or read of, 
any storage location without regard to its physical location 
relative to other storage locations. Read-only memory 
(ROM) contains a permanent data pattern stored during the 
manufacture of the semiconductor chip in the form of 
transistors at each storage location that are either operable 
or inoperable. RAM can be either static or dynamic. 
Dynamic RAM (DRAM) requires constant refreshing to 
maintain its data, while static RAM (SRAM) does not. 
However, advances in DRAM permit double the amount of 
RAM at about the same cost as static RAM, so DRAM is 
used more frequently. The trends in the DRAM and SRAM 
chip capacity are depicted in Fig. 4. As can be seen from 
Fig. 4, the DRAM chips are typically one generation ahead 
of the SRAM chips. More recently. large capacity DRAM 
chips with cache subsystems (CDRAM) have been 
developed. 

Other types of memory include sequential access memories 
(SAMs) and direct-access storage devices (DASDs). In SAM 
information is accessed serially or sequentially. Examples 
of SAMs are provided by shift-register memories. charged 
coupled devices (CCDs). and magnetic bubble memories 
(MBMs). DADS are rotational devices made of magnetic 
materials where any block of information can be accessed 
directly. 

2 .3  Secondary Storage Devlces 
Magnetic devices are widely used for data storage because 
they offer much greater memory capacity at a lower cost per 
bit of data stored than semiconductor devices. As the 
computational speeds increase, the computers are able to 
utilize and produce growing amounts of data in a given 
period of time. This, in turn. requires an increase in the 
capacity of the storage devices from which (or into which) 
data are drawn (or loaded). 

Significant improvements have been made in magnetic 
storage devices in the past two decades. These include the 
introduction of the solid-state storage devices (SSD). which 
are fast random-access devices used to hold pre-staged data 
or intermediate results which are manipulated repetitively. 
large disk arrays and mass robotic media. The SSD offer 
significant potential for performance improvement of more 
than one order of magnitude on Input/Output-bound 
applications. and thus allow users to develop new 
algorithms that would not be practical with traditional disk 
input/output. 

The storage density of magnetic disks has increased from 
200.000 bit per square inch in 1967 to its current value of 
over 20 million bits per square inch. Continuation of this 
trend is likely to yield storage densities of the order of 300 
million bytes per cubic inch within a decade. Optical 
storage media, such as compact disks, can provide from 5 to 
7 times the density of information that magnetic devices 
can achieve (see Ref. 6). 
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2 . 4  User Interface Hardware and Software 
Great efforts are now aimed at improving the productivity of 
the analyst and designer by developing intelligent software 
and hardware interfaces. More structural analysis and design 
software are becoming turnkey systems with defaults built 
in, and with simple menu options. Current user-interface 
software includes DOS, OS/2, Unix-based systems, and 
Windows NT. Current menu options are multiwindowed 
(one window for each task) and are controlled by lightpen, 
touchscreen, or mouse (which are advanced user-friendly 
capabilities for accessing the system). The discrete model 
can be generated by using either one of the geometric 
modeling software packages or a CAD system. 

Multimedia workstations and virtual reality facilities that 
embrace all forms of human communication and provide 
elaborate graphics, video, animation and visualization 
capabilities have been developed. Current interactive 
multimedia systems contain a compact-disc ROM (CD- 
ROM) which supplies text, graphics, or still images of 
videocassette quality, plus a voice-over, for the user to 
browse through interactively choosing different paths and 
viewpoints. Full-motion color video of television quality 
with CD audio, plus text and graphics is available in high- 
level multimedia systems (see Ref. 7). Virtual reality 
provides multisensory experience - through dimensional 
sight and sound, touch, forced feedback or forced resistance, 
and motion. Special hardware devices are used which 
include data gloves, joysticks, helmet-mounted displays, 
goggles, earphones and body suits to get the necessary 
sensing feedback to experience the computer world (see Ref. 
8). The devices are connected to graphics workstations. 

Future multimedia, and virtual reality facilities will provide 
the user with the freedom to choose from a variety of 
communication modes (e.g.. voice, electronic pad that 
responds to handwriting, sensors that track the eye 
movement, and a glove that enables the wearer to 
manipulate objects on the screen). They will incorporate 
HD technologies and sonification facilities for mapping of 
data to a sound domain. 

2 . 5  Distributed Computing and Networking 
High-performance engineering systems require strong 
collaborative analysis and design efforts, involving several 
engineers and machines. In support of collaborative 
computing, layers of communication lines and devices are 
used. These layers include local-area networks (LAN); 
backbone networks connecting supersystems, mass 
storage, and general-purpose mainframes; and wide area 
networks (WAN) connecting geographically remote 
computers and terminals. 

Local-area networks are designed to facilitate the 
interconnection of a variety of computer-based equipment 
(including personal computers, workstations, and 
superservers) within a small area. They have high 
transmission rates (of the order of 10 Mbits/sec), and allow 
different workstations to share expensive equipment and 
facilities. Examples of LAN are provided by Ethernet, 
Arcnet and token-ring network. Also, fiber distributed data 
interface (FDDI) and high-performance parallel interface 
(HiPPI) facilities have been developed, with transmission 
rates of 100 Mbits/sec. and 800 Mbits/sec to 1 Gbivsec., 
respectively. 

Backbone networks can provide a communication service 
between several local-area networks. as well as between 
different supersystems in a large industrial complex, or a 
university campus. Their transmission rate is of the order 
of 50 Mbits/sec. An example of backbone networks is the 
HYER channel of Network Systems Corporation. 

The first remote (or wide-area) network (WAN), the 
ARPANET (Advanced Research Projects Area Network), was 
built in 1969. It demonstrated the feasibility and 
practicality of distributed computing, as well as of 
communication technology based on packet switching. A 
number of government-supported and commercial packet 
networks are now available. Examples of the first are 
NASNET of NASA, NSFNET Tl;of the National Science 
Foundation. The latter was upgraded to the current NSFNET 
T3, with a transmission rate of 45 Mb/sec. Commercial 
networks include TELENET, BITNET and TYMNET. 
Moreover, the coupling of digital networking with the 
existing telephone and Digital Private Branch Exchange 
(PBX) systems into Integrated-Services Digital Networks 
(ISDNs) provided access to a wide range of data and central 
computers via desktop workstations (Ref. 9). Current work 
is directed towards increasing the transmission rates of 
local-area, backbone and wide-area networks (see Ref. 10). 
Within the next few years transmission rates of the order of 
Gbivsec will be available, through the National Research 
and Educational Network (NREN) - see Fig. 5,  which is one 
of the major components of the high-performance 
computing and communications initiative in the U.S. (Refs. 
11 and 12). 

Future directions include development of cell switching 
technology for switched, bandwidth on-demand high-speed 
networks (asynchronous transfer mode - ATM - see Ref. 13). 
and networking technology to support portable computing 
and communications. The cellular phone is likely to evolve 
into a portable voice and data machine that supports mobile 
communications.ATM has the potential of multiplying the 
network capacity by thousands and carrying mixed data, 
voice, text, image and video traffic simultaneously over one 
network. Because ATM is protocol independent, it can 
integrate different LANs and WANs. 

3 .  CLASSIFICATIONS AND PERFORMANCE 
EVALUATION OF NEW COMPUTING 
SYSTEMS 

Because of the rapid progress made in recent years in 
component technology, a number of novel forms of 
computer architectures have emerged. Some of the new 
architectures are commercially available; others are still 
research tools aimed at achieving high-performance and/or 
low-cost computations. In this section the classifications 
and performance evaluation of different machines is 
discussed, and in the succeeding sections, the major features 
of the new and emerging high-performance machines 
(supersystems) and small systems are described. 

3 . 1  Classifications of Computing Systems 
In an effort to identify ,and clarify the differences between 
the different machines, a number of classifications and 
taxonomies have been proposed. One of the earliest and 
most commonly-used. classifications is that introduced by 
Flynn (Ref. 14) which is based on the concurrency in 
instruction control and concurrency in execution. A stream 
is defined as a sequence of items (instructions or data) as 
executed or operated on by a processor. 

Four broad classes can be identified according to whether 
the instruction or data streams are single or multiple (see 
Fig. 6). 

a. Single-Instruction-Stream. Single-Data-Stream 
(SISD) Machines. These machines include the 
conventional serial computers which execute 
instructions sequentially. one at a time. 

b. Single-Instruction-Stream, Multiple- Data-Stream 
(SIMD) Machines. These are vector computers that 
have a single control unit. a collection of identical 



1-4 

processors (or processing elements), a memory or 
memories. and an interconnection network which 
allows processors to exchange data. During 
execution of a program the control unit fetches and 
decodes the instructions and then broadcasts 
control to the processing elements. Each processor 
performs the same instruction sequences, but uses 
different data. These operations are usually referred 
to as lock-step operations. 

c. Multiple-Instruction-Stream, Single-Data-Stream 
(MISD) Machines. In these machines the same data 
stream flows through a linear array of processors 
executing different instruction streams. This 
architecture is also known as systolic arrays for 
pipelined execution of specific algorithms. 

d. Multiple-lnstrlcction-Stream. Multiple-Data-Stream 
( M I M D )  Machines. These are parallel computers 
which contain a number of interconnected 
processors, each of which is programmable and can 
execute its own instructions. The instructions for 
each processor can be the same or different. The 
processors operate on a shared memory (or 
memories). generally in an asynchronous manner. 

MIMD machines can generally be divided. according to the 
level of interaction between processors and their physical 
location, into shared-memory multiprocessors and 
message-passing multicomputers (see Fig. 6). The major 
distinction between multiprocessors and multicomputers 
lies in memory sharing and the mechanisms used for 
interprocessor communication. In a multiprocessor 
system, the processors communicate with each other 
through shared variables in a common memory. In a 
multicomputer system, each computer node has a local 
memory, unshared with other nodes. Interprocessor 
communication is done through message passing among 
the nodes. 

Examples of computing systems which belong to each of 
the classes are given in Fig. 6. Also. block diagrams of the 
SISD. SIMD, MISD, and MIMD machines are shown in Fig. 
7. The architectural evolution of computing systems from 
sequential scalar processors to vector processors and 
parallel computers is shown in Fig. 8. The trend has been 
to build more hardware and software functions into the 
system. The skewed tree demonstrates that most of current 
high-performance computers are designed with look-ahead 
techniques, functional parallelism, pipelining at various 
levels. using explicit vectors, and exploiting parallel 
processors in SIMD or MIMD mode. Note that some of the 
SISD machines have parallel processing mechanisms (due 
to the presence of multiple functional units and/or facilities 
for overlapping computations and 1/00); however, the 
parallel processing is embedded in the hardware below the 
instruction level, and the appearance of sequential 
execution of instructions is preserved. 

3 . 2  Performance Evaluation of Computing 

a. 
S y s t e m s  
Peak Versus Sustained Performance of Machines. The 
performance of sequential computers is usually 
measured by: (1) the peak computational speed 
measured in millions (or billions) of floating-point 
operations per second (MFLOPS or GFLOPS); (2) the 
peak execution rate of arithmetic, logic. and program 
control instructions, measured in millions (or 
billions) of instructions per second (MIPS or GIPS); 
and (3) the peak rate of knowledge processing in 
millions (or billions) of logical inferences per second 
(MLIPS or CLIPS). In the case of SIMD and MIMD 
machines, the peak computational speeds in terms of 
millions (or billions) of floating-point operations 

per second can be estimated. However, the sustained 
computational performance in these machines is 
difficult to estimate since it varies with the level of 
parallelism achieved, and the overhead incurred in 
exploiting the parallelism in the particular 
application (Ref. 5). These. in turn. are functions of 
the formulation used, the numerical algorithm 
selected, the computer implementation, the compiler 
and the operating system used, as well as the 
architecture of the hardware. For vector 
multiprocessors the peak performance can be 
estimated as the sum of the vector performance of all 
the processors, and the lowest performance is that of a 
single-scalar processor. A widely used approach for 
estimating the sustained performance of a machine is 
benchmarking - running a set of well-known 
application programs on the machine. A number of 
general benchmarks have been proposed over the past 
decade. These include the Livermore Fortran Kernels. 
NAS Kernels, the Linpack benchmark. the Perfect 
benchmarks, Whetstone benchmarks and the 
SLALOM benchmarks. A description of some of these 
benchmarks is given in Refs. 5 and 15 to 18. At the 
present, no generally-accepted benchmark strategy is 
available for assessing the performance of SIMD and 
MIMD machines. A discussion of the effectiveness 
and pitfalls of benchmarking is given in Ref. 19. 20 
and 21. Figure 9 shows the sustained performance in 
GFLOPS of a number of computers based on using 
Linpack for solving 1000 dense equations (see Ref. 
18). 

A number of speedup models have been proposed in 
recent years. These include models based on Amdahl's 
law. Gustafson's scaled speedup and the memory- 
bounded speedup of Sun and Nai. The first model is 
described subsequently. The latter two models are 
described in Ref. 5. 

b. Amdahl's Law. In 1967. Amdahl made the 
observation which has come to be widely known as 
Amdahl's Law (Ref. 22): If a computer has two modes 
of operation - one high speed and the other low speed 
- then the overall performance will be dominated by 
the low-speed mode. Amdahl's Law is fundamental to 
the understanding of computer performance. It shows 
that a bottleneck in a computing system is associated 
with a small execution rate (low-speed mode of 
operation) which is out of balance with the rest of the 
execution rates (high-speed modes of operation). In 
such a computing system, increasing the execution 
rates for the high-speed modes of operation may yield 
only a small increase in performance unless the 
fraction of computation performed in the low-speed 
mode is essentially zero. This explains why vector 
computers with low-scalar speeds have not been 
successful. A discussion of the application of 
Amdahl's Law to massively parallel processors is 
given in Ref. 5 and 23. 

One of the major shortcomings in applying Arndahl's 
law is that the problem cannot scale to match the 
available computing power as the machine size (e.g.. 
number of processors in a parallel computer) 
increases. Gustafson (Ref. 17) proposed a fixed-time 
concept which leads to a scaled speedup model. This 
concept is based on the assumption that as the 
machine size (or numbex, of processors) increases, the 
size of the computational model is increased to 
increase the accuracy of the numerical simulations. 

e 

e 

.. 
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4 .  MAJOR FEATURES OF NEW COMPUTING 
SYSTEMS 

New computing systems cover a broad spectrum of 
machines ranging from the large supersystems to the small 
portable, embedded computers, and microprocessors. A 
description of some of these machines is given in Refs. 5 
and 24. Herein, a brief discussion is given of the major 
features of new computing systems that are likely to have 
the strongest impact on structural analysis and design. 

Most of the new and emerging machines achieve high 
performance through concurrent activities in the computer 
(or the network of computers). The exploitation of these 
concurrent events in the computing process is usually 
referred to as parallel processing. When parallel processing 
is done on physically dispersed and loosely coupled 
computer networks, it is usually referred to as distributed 
processing. The concurrency is used not to speed up the 
execution of individual jobs, but to increase the global 
throughout of the whole system. 

Parallel processing can be applied at four distinct levels, 
namely: job level, program level, inter-instruction level, 
and intra-instruction level (Refs. 25 and 26). The hardware 
and software means to achieve parallelism in each case are 
outlined in Table 1. The hardware role increases as the 
parallel processing goes from high Gob) level to low (intra- 
instruction) level. On the other hand, the role of software 
implementations increases from low to high levels. 

4 . 1  S u p e r s y s t e m s  
Supersystems are a class of general-purpose computers 
designed for extremely high-performance throughput. 
Although there is no universally accepted definition or 
classification of supersystems, the following three classes 
of supersystems can be identified (based on the 
performance. memory system used, and cost): 

a. large supersystems 
b. near supers 
c. superservers 

The current price ranges for the three classes in U. S .  dollars 
are: over $10M; $2M to $5M; and less than $2M, 
respectively. 

Current and emerging large supersystems have the 
following four major characteristics: a) high computational 
speeds (maximum speeds of the order of 10 GFLOP or more); 
b) high execution rates (of the order of 10 GIP or more); c) 
large main (or central) memory (with a capacity of 1 GByte 
or more); and d) fast and large secondary memory (or storage 
devices) with a sophisticated memory management system. 

The development of large supersystems now spans four 
generations. The first generation included the array of 
processors ILLIAC IV (SIMD machine); and the pipeline (or 
vector) computers CDC STAR-100, and Texas Instruments 
Advanced Scientific Computer (ASC). The second 
generation supersystems included the CRAY- 1, which 
featured the pipelined vector instructions introduced in the 
first generation machines, but carried out in a clever 
register-to-register mode. They also included the CDC 
CYBER 203 (an enhanced successor of STAR-100, sporting 
a faster scalar unit). Most of the third-generation large 
supersystems used a hybrid combination of pipeline and 
array processors to achieve high performance. Examples of 
these machines are: the CDC CYEER 205. the CRAY X- 
MP, CRAY-2, CRAY YMP. ETA-10 and the Japanese 
machines Fujitsu VP-400. Hitachi S8 10/20 and S820/80; 
and NEC SX2-400. The top sustained speed of the third- 
generation supersystems is of the order of 500 MFLOPS 
with bursts to 1.5 GFLOPS (billions of floating point 
operations per second). 

The current generation of supersystems includes both the 
vector multiprocessors and the massively parallel 
computers. Examples of these machines are the CRAY 
C916 and CRAY-3. Thinking Machines Corporation CM-5 
(with 1024 processors expandable to 16.384) and the 
CRAY massively parallel computer T3D (with up to 2.048 
processors), Intel Paragon XP-S. the Japanese NEC SX- 
3/44R, Hitachi S-3800/480 and Fujitsu VPP 500 computers. 
It is anticipated that the computational speeds of the large 
supersystems will continue to increase, and will reach 1 
TFLOP (1012 floating point operations per second) before 
the end of the decade. The architectural characteristics of 
some of the third generation, new and emerging large U.S. 
and Japanese supersystems are given in Refs. 3, and are 
summarized in Table 2. 

Near supers are high-end mainframes with peak 
computational speeds in the range of 500 MFLOPS to 1 
GFLOP; execution rates of the order of 500 MIPS-IGIP; and 
less sophisticated memory systems than those of the large 
supersystems. Examples of these machines are the MasPar 
MP-2 and Convex C3800. 

Superservers are multiprocessor workstations with peak 
computational speeds in the range of 100 MFLOPS to 1 
GFLOP, and execution rates of the order of 100 MIPS, or 
more. Examples of these machines are Sun SPARCcenter 
2000 multiprocessor server, and SGI Challenge. 

Supersystems can impact structural analysis and design 
in a number of ways including: 

a. Increasing the level of sophistication in modeling 
flight-vehicle structures to new levels which were 
not possible before. Examples are provided by 
reliability-based (stochastic) modeling of 
engineering systems (to account for probabilistic 
aspects of geometry, boundary conditions, material 
properties and loading), and multidisciplinary 
analysis and design of structures. 

b. Reducing the dependence on extensive and 
expensive testing. This is particularly important 
for future large space systems (e.g., large antennas, 
large solar arrays, and the space station) where the 
reliability of testing in 1-G environment can be, at 
best, questionable; and, 

c. Enhancing the physical understanding of some 
aspects of the response of engineering systems 
which are difficult, if not impossible, to obtain by 
alternate approaches. An example of this is the 
study of the implications of various microstructural 
mechanisms of damages on the macroscopic 
response of the structure. 

4 . 2  Parallel Processing Machines 
In the last few years there has been an explosion in the 
number of parallel processing machines developed. The 
architectural characteristics of some of these machines are 
given in Table 3. Some of these machines belong to the 
class of supersystems discussed in the preceding 
subsection. In an effort to identify and clarify the 
differences between these machines, a number of 
classifications and taxonomies have been proposed, 
including Flynn's classification described in the preceding 
subsection. However, Flynn's classification does not 
adequately describe several of the new multiprocessor 
machine architectures. More descriptive classifications of 
multiprocessor systems are based on the following 
characteristics (see Ref. 23): processor granularity and 
type; memory organization. connection topology between 
processors and memory systems; reconfigurability (to meet 
the performance needs in more than one environment); 
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control mode (control flow versus data flow); scalability 
(e.g.. possibility of achieving a proportional increase in 
performance with increasing system resources); and 
homogeneity or nonhomogeneity of the processors (for 
example, the CRAY C9 16 has homogeneous processors, 
but a combination of a serial computer and an attached 
processor can be viewed as a heterogeneous 
multiprocessor). Herein, an extension of Flynn's 
taxonomy, proposed in Ref. 27. is described. Also, the 
classifications based on the first three characteristics, 
namely, processor granularity and speed; memory 
organization; and connection topology, are discussed (see 
Ref. 26). 

4 . 2 . 1  Extension of Flynn's Taxonomy 
The extended taxonomy uses levels of concurrency as one 
principle, and instruction types as another. Four generic 
types of instructions and three levels of control 
concurrency are included in the taxonomy. The four generic 
types of instruction are: scalar, vector, systolic and very- 
long instruction word (VLIW). They are distinguished by 
the number of operations and number of pairs of operands as 
shown in Table 4. 

The three levels of control concurrency include the serial 
and parallel types (with single and multiple instruction 
streams), as well as the clustered type (with several 
independent sets of multiple instruction streams). The three 
levels constitute a hierarchy. with parallel control being a 
generalization of serial control, and clustered control being 
a generalization of parallel control. 

The extended taxonomy has twelve types of computer 
architecture. Examples of some of these types are given in 
Table 5. 

4 .2.2 Processor Granularity and Speed 
Multiprocessor systems can be divided into three groups: 

a. Coarse-grain machines consisting of a small 
number of very powerful processors or central 
processing units (CPUs) linked together. Examples 
of these machines are CRAY C916. CRAY 3, IBM 
ES/9000-711 VF, IBM 9076 SP1 Scalable Power 
Parallel System (with 8 to 64 processors). 

b. Fine-grain machines. These are massively parallel 
machines which combine thousands of relatively 
weak processors. When the processors work in 
concert they can form very powerful computers. 
Examples of machines wi th  synchronous 
processors are the MasPar MP-2. with up to 16,384 
processors; the Connection Machine CM-5 of 
Thinking Machine, Inc. with up to 16,384 
processors; nCUBE 2(with up to 8.1 92 processors); 
and Kendall Square KSRl (with up to 1,088 nodes). 

c. Medium-grain machines. These fall somewhere 
between the first two categories. They have a 
moderate number (e.g., tens or hundreds) of low- 
cost and mid-range processors. Examples are 
Alliant CAMPUSI800, BBN Butterfly TC 2000. 
Encore Multimax and Sequent Balance 8000. 

4.2.3 Memory Organization 
One of the most important classifications of multiprocessor 
systems is that based on memory organization. According 
to this classification there are shared-memory machines, 
private (or semiprivate) memory machines, and multilevel- 
memory machines. 

Shared (or global) memory. This is a single monolithic 
main memory accessible to all processors. Examples are 
provided by the memories of the CRAY C916. 

Distributed memory. This is a private memory connected to 
a single processor and requiring communication to transfer 
information. Examples are provided by the memories of the 
Connection Machine, the FPS T-.Series. and the Intel iPSC. 

Multilevel (hierarchical) memory is available in computer 
systems such as the ETA-10 and the Myrias 4000. 

4 .2 .4  Connection Topology 
Multiprocessor systems with private (or semiprivate) 
memories can be distinguished by the interconnection 
pattern (or topology) between processors. memory systems 
and U0 facilities. The topology affects the class of 
problems which can be efficiently solved on the machine. 
The commonly-used connection topologies are: 

Bus (or ring) type connection. The various processors, 
memory systems, and U0 facilities reside on a common 
communication bus or set of buses. Most computers of this 
type incorporate global (or central) memory, shared by all 
processors, and accessed via the communication bus. 
Examples of machines with bus connection are the Encore 
Multimax, FLEXD2. and Elxsi 6400 computers. 

Hypercube or n-cube connection. Each processor is directly 
connected to a number of its neighbors, n. The number of 
connections per processor results in a multidimensional 
cube with 2411. nodes. This type of connection is usually 
used with distributed memory machines. Examples of 
machines with hypercube connection are the Intel iPSC and 
the FPS T-Series. 

Switching connection. This mechanism is based on 
placing a switch between the processors and memory 
banks, thereby removing the ownership property between 
processors and memory. For different settings of the 
switch, a given processor will be connected to different 
memory banks. 

Although most of the currently available machines for 
performing parallel computations belong to either SIMD or 
MIMD categories of F~YM'S classification, there are a 
number of variations. Some of these variations are 
described in Refs. 5 and 28 to 32. along with surveys of the 
current and emerging parallel systems. Two of these 
concepts, which exploit parallelism in ways which have 
promise for achieving high performance, are data-flow 
machines and systolic array architectures (MISD machines). 
The two concepts are described subsequently. 

The data flow concept is based on a datadriven mechanism 
which allows the execution of any instruction to be driven 
by data (i.e., operand) availability. By contrast, 
conventional computers are based on a control flow 
mechanism by which the order of program execution is 
explicitly stated in the user program. Data flow computers 
emphasize a high degree of parallelism at the finite-grain 
instructional level, based on the dependency graph of a 
computation. The algorithm for a given computation is 
first written in a special programming language designed 
for data-flow applications (e.g., the language Id developed 
at the Massachusetts Institute of Technology). A compiler 
then translates the program into a data-flow graph (which 
corresponds to the machine language for data flow 
architecture). A number of experimental dataflow computers 
have been built. An example of these machines is the 
tagged-token data flow computer built by h i n d  and his 
associates at MIT. 

Systolic architectures follow from space and time 
representations of certain numerical algorithms which map 
directly onto geometrically regular VLSWSI (Very Large- 
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Scale IntegratioWafer-Scale Integration) structures. The 
term systolic array comes from the notion of data pulsing 
through the processors in the network in an analogous 
manner to that of blood pulsing through the circulatory 
system in the body (see Ref, 33). In its purest form a 
systolic system consists of a regular array of processing 
elements all doing the same calculation and passing results 
onto their nearest neighbors every cycle. In this way the 
array as a whole computes some recurrence function. The 
prime features which make this style attractive are the short 
interconnections. the regularity which gives a high 
packing density and simplifies the design, and the high 
degree of parallelism which. when combined with the other 
features, leads to high performance circuits. Potential 
applications of systolic arrays in finite element 
applications are discussed in Refs. 34. 35 and 36. More 
advanced concepts of systolic arrays and systolic 
computing are described in Ref. 37. 

Parallel processing systems can substantially expedite the 
multidisciplinary design process of structures by allowing 
the designer to carry out various analysis and design tasks 
in parallel. The tasks can belong to an individual discipline 
as well as to other disciplines (such as in multidisciplinary 
optimization problems). 

4.3  Microprocessors and Small Systems 
A broad spectrum of low-cost small systems exist now, 
including new powerful microprocessors, transputers. 
embedded computers. palmtop (handheld) computers. 
notebook and subnotebook computers. laptop computers, 
desktop computers. and engineering workstations. Several 
classifications have been attempted in the past for some of 
these systems based on word length @-bit, 16-bit, 32-bit 
and 64-bit machines), weight. cost, amount of directly 
addressable memory, and computing speed (e.g.. 8. 16. 20. 
25. 66. 100-300 MHz - see, for example, Ref. 38). 
However, the dramatic increase in hardware capabilities of 
small systems. coupled with the rapid reduction in cost, are 
blurring the boundaries between these systems. and making 
some of the classifications of questionable value (Ref. 39). 
Partial lists of portable, laptop computers, engineering 
workstations. and some of their characteristics are given in 
Refs. 40 and 41. Herein the development of 
microprocessors, transputers. and engineering 
workstations are discussed. 

4.3 .1  Microprocessors and Chip Technology 
The trend of ever-increasing the number of devices packaged 
on a chip has resulted in the miniaturization and increase in 
speed of microprocessors. The new powerful chips can be 
used as monitoring systems (e.g.. embedded computers) for 
the detection. recording and evaluation of stochastic 
damage, thereby increasing the mean time between 
inspection for structural components. 

In the 1970s the efforts directed towards creating machines 
with very fast clock cycle, that can execute instructions at 
the rate of one per cycle (like microprogrammed 
controllers), resulted in the development of Reduced 
Instruction-Set Computing (RISC) processors. These are 
microprocessors that provide high-speed execution of 
simple instructions. The implementation of RISC 
architecture began at IBM in the mid 1970s. RISC 
architecture was applied to special-purpose processors as 
well as to general-purpose computers. The basic notion of 
RISC has now evolved to encompass chips in which the 
chip areas formerly used for decoding and executing 
complex instructions. are used for caching instructions. 
RISC chips offer the following advantages over the 
Complex Instruction-Set Computing (CISC) chips: much 
smaller size chips. more throughput, shorter dcsign time, 

better support for high-level languages, and the ability to 
emulate other instruction sets. 

In the last decade a new type of powerful VLSI chip 
(superchip) which packs RISC and a limited amount of RAM 
has been developed. The superchip is called a transputer, 
and is manufactured by Inmos, Ltd. of Bristol, England. The 
transputer was designed from the outset for parallel and 
distributed processing. The transputer has hardware support 
for parallel tasks, including local (on-chip) memory, and 
four high-speed communication links. These can transfer 
data at the rate of 20 Mb (Megabits) per second. thereby 
enabling the transputer to be interconnected in powerful 
arrays. A high-level programming language, Occam, has 
been especially developed for parallel processing on the 
transputer. Also, other languages (e.g.. Ada Fortran, 
Pascal, C and C++) are available for use on the transputer. 

A range of transputer boards and modules now exist which 
can be plugged into conventional and desktop computers to 
speed up the computations. Also. a desktop supercomputer 
with many transputers has been developed by Meiko. a 
company in Bristol, England, that grew out of Inmos. 
Transputer networks, formed by linking together 
transputers in arrays, pipelines. rings and other patterns, 
have been efficiently used in a wide variety of applications 
including solution of finite element equations and graphics 
processing. To date the latest transputer, the T9OOO is a 32- 
bit processor, with a 64-bit floating-point unit and 16 
Kbytes of Cache memory. It can be connected to external 
memory of up to 4 Gbytes. It has 4 user data links and 2 
control links, each with a transmission rate of 100 Mbits 
per sec. per direction per link. The clock cycle is 2Ons. 
peak execution rate is 200 MIPS and peak computational 
speed is 25 MFLOPS. Current RISC processors, such as the 
Intel 160. SPARC. MIPS R3000. IBM RS/6000 have clock 
rates ranging from 20 to 120 MHz. 

A special class of RISC processors are the superscalor 
processors, which allow multiple instructions to be issued 
simultaneously during each cycle. Thus the effective cycles 
per instruction of a superscalar processor should be lower 
than that of a generic scalar RISC processor. 

The very long instruction word (VLIW) architecture uses 
even more functional units than that of a superscalar 
processor. The cycles per instruction of a VLIW processor 
can be further lowered. 

Recently, a number of powerful 64-bit RISC chips and 
processors have been developed. These include the DEC 
21064 (ALPHA) - see Fig. 10, the PA-RISC 7100, the Intel 
Pcntium and the SGI/MIPS TFP chips. A summary of the 
characteristics of these chips is given in Table 6. The 
powerful, RISC-based microprocessors are used in both the 
high-performance workstations, and in the massively 
parallel computers introduced in the 1990s (see Fig. 11). 

4 .3 .2  Small Systems 
Significant advances have been made in portable computers 
and peripherals (e.g., packet modems and portable 
printers), as well as in wireless communication for mobile 
computing. Examples of the small systems recently 
developed are the personal digital assistants (PDAs Palmtop 
(handheld) computer; subnotebook computers weighing 4.5 
to 9 Ibs. and having 20 to 32 Mbytes of RAM, and 120 to 
210 Mbytes of hard disk. 

4 . 3  .3 

Single-user engineering workstations and superservers 
using VLSI 32- and 64-bit processor chips, and having 

Engineering Workstations and Superservers with 
Advanced Visualization Capabilities 
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internal graphics facilities, and over 1 Gbyte of addressable 
memory have been developed. Both single processor and 
multiprocessor systems are available. Examples of single- 
processor systems are the HP Apollo 9000 series 700, the 
DEC 3000 model 500X AXP. and the IBM RS6000 systems. 
Examples of the multiprocessor superservers are Sun 
SPARCcenter 2000 (2-20 processors) and SGI Challenge 
Systems (2-18 processors, peak computational rate of 5.4 
GFLOPS). The upper end of the advanced workstations are 
usually referred to as superservers and were discussed in the 
preceding section. 

5 .  ADVANCES IN PROGRAMMING 
ENVIRONMENT AND SOFTWARE 
TECHNOLOGY 

Although considerable effort is now devoted to increasing 
the productivity of the analyst and designer through the 
development of powerful programming environment, 
software and programming languages remain the primary 
pacing items for exploiting the potential of new computing 
systems. 

5 . 1  Programming Environment 
This refers to the array of physical and logical means by 
which the analyst transmits instructions to the machine. It 
includes the user-interface devices; interactive 
programming tools (e.g.. debuggers, editors, file- 
maintenance utilities), and tools for automatic (and 
semiautomatic) mapping of numerical algorithms on 
different machines. 

The programming environments on most of the existing 
new computing systems are limited to a standard sequential 
language compiler, and extensions to support concurrency 
(viz. vectorization and parallelization). The extensions of 
currently used programming languages to support 
concurrency (Fortran, C, Lisp) are not the same on different 
machines. A description of some of the work on 
development of software environment is given in Refs. 42 
to 45. 

Current and future interface devices have been discussed in a 
previous section. Future powerful programming languages 
should enable the user to state the mathematical and logical 
formulation of the problem in the expectation that the 
language can fill in the details. These languages should be 
architecture-independent high-level languages to allow the 
portability of the programs. Extensive work is currently 
being done to develop a machine-independent programming 
interface for parallel machines that can achieve an 
efficiency comparable to programs hand coded in languages 
that reflect the specific underlying architectures. 

5 . 2  AI Knowledge-Based and Expert Systems 
AI-based expert systems, incorporating the experience and 
expertise of practitioners, have high potential for the 
modeling, analysis and design of structures. These systems 
can aid the analyst in the initial selection and adaptive 
refinement of the model, as well as in the selection of the 
appropriate algorithm used in the analysis. Expert systems 
can also aid the designer by freeing him from such routine 
tasks as the development of process and material 
specifications. The potentials of AI and expert systems in 
computational mechanics is described in Ref. 46. and a 
review of the capabilities of some of the currently available 
expert systems and their limitations are given in Refs. 47 
and 48. A description of a knowledge-based system used as 
a modeling aid for aircraft structures is given in Ref. 49. 
The requirements, design and implementation of an 
intelligent interface to a computational fluid dynamics flow 
solver is discussed in Ref. 50. 

5 . 3  Large Powerful Data Management Systems 

Future engineering software systems are likely to have the 
basic analysis software (such as data management, control. 
etc.) as part of the software infrristructure and the discipline 
specifics (such as the finite element properties of the 
structure) as part of application software. Conventional 
database management systems (DBMs) developed in the last 
decade, such as relational database management system 
(RIM). provided multidisciplinary coordination, and helped 
in the integration of structural analysis programs into 
CAD/CAM systems. However, these conventional DBMs 
do not meet the data requirements for the current and 
emerging engineering/design environment (see Ref. 51). 
Among the different advanced data/process modeling 
methodologies which have high potential for 
multidisciplinary analysis and design applications are: the 
three-level IDEF methodology developed by the Air Force's 
integrated computer-aided manufacturing program (see Ref. 
52); Nijssen's information analysis method based on a 
binary relationship model; Entity relationship model; and 
object-oriented data model. A description of these models 
is given in Ref. 51. 

6 .  ADVANCES I N  NUMERICAL ALGORITHMS 

To achieve high performance from any computing system, 
it is necessary either to tailor the computational strategy 
and numerical algorithms to suit the architecture of the 
computer, or to select the architecture which may 
effectively map the computational strategy and execute the 
numerical algorithm. Extensive work has been devoted to 
the development of vectorized and parallel numerical 
algorithms for new computing systems. Review of some of 
this work is contained in a number of monographs, survey 
papers and conference proceedings. (See, for example, 
Refs. 53 to 57). 

In this section a brief review is given on the recent progress 
made in special parallel numerical algorithms and 
computational strategies that are influencing structures 
calculations. 

and Databases 

AND COMPUTATIONAL STRATEGIES 

6 . 1  Parallel Numericrii Algorithms 
In parallel algorithms, independent computations are 
performed in parallel (Le., executed concurrently). To 
achieve this parallelism, the algorithm is divided into a 
collection of independent tasks (or task modules) which can 
be executed in parallel and which communicate with each 
other during the execution of the algorithms. Parallel 
algorithms can be characterized by the following three 
factors: 

a. Maximum amount of computation performed by a 
typical task module before communication with 
other modules. 

b. Intermodule communication topology, which is the 
geometric layout of the network of task modules. 

c. Executive control to schedule, enforce the 
interactions among the different task modules and 
ensure the correctness of the parallel algorithm. 

The three aforementioned factors have been used in Ref. 58 
as a basis for classifying parallel algorithms on the 
conceptual level, and for relating each parallel algorithm to 
the parallel (or pipeline) ilrchitecture to which it naturally 
corresponds. e 

The design of a parallel algorithm must deal with a host of 
complex problems, including data manipulation. storage 
allocation, memory interference. and in the case of parallel 
processors, interprocessor communication. In general, the 
parallel numerical algorithms reported in the literature fall 



into two categories: reformulation (or restructuring) of 
serial algorithms into concurrent algorithms, and 
algorithms developed especially for parallel machines. 

Most of the work on parallel numerical algorithms belongs 
to the first category, i.e., decomposition of familiar serial 
algorithms into concurrent tasks. Examples are matrix 
operations. direct and iterative methods for solution of 
algebraic equations, and eigenvalue extraction techniques 
(see, for example, Refs. 53. 55 and 57). 

The second category includes the algorithms whose 
development was spurred by performance criteria for 
parallel processing. These algorithms have been referred to 
as uniquely parallel and only a few of them have been 
reported in the literature (see Ref. 59). Examples of 
uniquely parallel algorithms are provided by the parallel 
superconvergent multigrid method (Ref. 60) and the fully 
parallel algorithm for symmetric eigenvalue problem (Ref. 
61). In some cases the performance of uniquely parallel 
algorithms is superior to their serial counterparts. 

6 .2  Construction of Parallel Algorithms 
The development of parallel numerical algorithms generally 
follows one or both of two related approaches: reordering, 
and divide and conquer. Reordering refers to restructuring 
the computational domain and/or the sequence of operations 
in order to allow concurrent computations. For example, 
the order in which the nodes of a finite element grid are 
processed, and the assembly strategy (node-by-node or 
element-by-element assemb1y)may change the degree of 
parallelism that can be achieved in the solution of the 
resulting algebraic equations (Ref. 62 and 63). The 
performance of the node-by-node generation and assembly 
strategy on a 512 processor Intel Delta and a CRAY C916 
computer is shown in Fig. 14 for a Langley Mach 2.4 High- 
speed Civil Transport (HSCT) model (Ref. 63). 

The divide and conquer approach involves breaking a task 
up into smaller subtasks that can be treated independently. 
The degree of independence of these tasks is a measure of 
the effectiveness of the numerical algorithm, since it 
determines the amount and frequency of communication and 
synchronization. This idea pervades many of the parallel 
algorithms and can be extended to the overall 
computational strategy as described in the succeeding 
section. 

6 .3  Comments on Parallel Algorithms and 

The following comments concerning parallel algorithms 
and their implementation are in order: 

a. Effective parallel algorithms are not necessarily 
effective on sequential computers. In fact, some 
parallel algorithms involve additional (redundant) 
floating point operations which make them 
inefficient on sequential machines. Also, 
restructured serial algorithms may not be the most 
efficient on parallel processing machines. 

b. The mathematical properties of the serial and 
parallel implementations of the same algorithm can 
be different. For example, the rate of convergence 
and numerical stability of serial and parallel 
iterative techniques can be different. In some cases 
parallel implementation can degrade the 
performance and in other cases, it improves it (Ref. 
59).  

c. To achieve high performance both the numerical 
algorithm and its implementation must be carefully 
tailored to the particular machine being used. This 
raises the question of portability of parallel 
programs. It is not practical to develop algorithms 
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and programs for each new computer. Also, it is 
not desirable to achieve portability at the expense 
of performance. A number of studies have been 
devoted to achieving high performance and 
portability of numerical algorithms on advanced 
computers. Two approaches have been proposed in 
Refs. 64 and 65: 1) restructuring of algorithms in 
terms of high-level modules (e.g.. matrix-matrix 
and matrix-vector operations); and 2) developing 
and implementing an abstraction of parallel 
processing that is independent of the architecture. 

d. On most of the currently-available multiprocessing 
systems vectorization offers greater performance 
improvement over  multitasking (i.e.. 
parallelization). Consequently, if multitasking 
conflicts with efficient vectorization (e.g.. 
multitasking results in short vector lengths), then 
the algorithm should be vectorized rather than 
parallelized. 

6 . 4  Performance of Parallel Numerical 

Computational complexity (e.g.. number of floating-point 
arithmetic operations) has long been used as a measure of 
the performance of serial algorithms. However. it is not 
appropriate measure for parallel numerical algorithms. This 
is because parallel computers can support extra computation 
at no extra cost if the computation can be organized 
properly; and parallel computers are subject to new 
overhead costs (e.g., synchronization and communication) 
that are not reflected by computational complexity. 

One of the most commonly-used measures for the 
performance of parallel numerical algorithms is the 
speedup, S, which is defined as follows: 

A l g o r i t h m s  

execution time using one processor 
execution time using p processors 

S =  

The measure S has the advantage that it uses the execution 
time and, therefore, incorporates the synchronization and 
communication overhead. However, it has the drawback of 
comparing the execution time of the same algorithm on the 
single and multiple processors. 

Another definition of speedup. based on Amdahl's Law, was 
proposed by Ware (Ref. 66). and is expressed by the 
following simple formula: 

1 
S(P,f) = (1) 

Lf(1 -;) 
where S is the maximum speedup achievable by using p 
processors; and f is the fraction of computational work done 
in parallel (at the high execution rate). 

In Eq. (1) the execution time using a single processor has 
been normalized to unity. The range of change of S with f, 
at f = 1, is quadratic in p. i.e.. 

2 
= P  - P  (2) 

Therefore, for massively parallel processors the fraction on 
parallelism must grow with the number of processors in 
order to achieve reasonable speedups. 

4 df f=l 

The utilization rate of the multiprocessor system, U. is 
defied as follows: 

V(p,f)=S (3) 
P 

A utilization rate of 1 means that every processor is busy 
computing all the time. 
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Figure 12 shows the theoretical speedup and the utilization 
rate of multiprocessor systems as a function of the fraction 
of parallelism, f. and the number of processors, p. The 
figure illustrates a key issue in multiprocessor machines: as 
the number of processors increases, then for a given 
fraction of parallelism, the degree of utilization decreases. 

The following comments can be made regarding Amdahl's 
Law and Ware's model: 

a. Ware's model assumes that the parallel processing 
machine is a two-state machine in the sense that at 
any instant of time either all the processors are 
operating or only one of them is operating. 

b. Amdahl's Law can be extended to computers with 
more than two modes of operation with one mode 
having a lower rate of execution than others. For 
example, if the scalar mode is taken as the low rate 
and and a balanced higher rate, representative of 
vector, memory and I/O is taken as the high rate, 
then Eq. (1) can be used to give the maximum 
speedup achievable by the system (Ref. 27). 

c. Ware's model does not account for the overhead 
associated with interprocessor communication. 
synchronization (for controlling data access and for 
program control), among others. This overhead 
may increase with increasing the number of 
processors, resulting in a speed-down behavior 
(Refs. 59 and 67). 

d. Eq. (1) measures the speedup relative to the 
implementation on a single processor of the same 
algorithm. It does not necessarily measure the 
efficiency gain due to parallelization. This will be 
discussed further in the succeeding sections. 

e. In Ware's model the implicit assumption is made 
that f is independent of p, which is only true if the 
problem size is fixed. However, in practice the size 
of the problem increases with the increase in the 
number of available processors. The parallel part 
of the program scales with the problem size, but the 
times for the program loading. I/O. and serial 
computations do not usually scale with problem 
size. A discussion of the effect of problem size on 
the performance of parallel algorithms is discussed 
in Refs. 68 and 69. 

f. Ware's model can be used for estimating the speedup 
due to vectorization on vector machines, if f is 
interpreted as the fraction of vectorizable work, 
i.e.. the maximum speedup due to vectorization is 
given by: 

1 s v  = 
1 - f v ( l  -k) (4) 

where fv is the fraction of vectorizable work, and 
R V  is the ratio of the vector to the scalar execution 
rate. Note that Eq. (4) does not account for the 
effect of overlapping scalar and vector operations 
(which can be done on some vector processors). 

g. The maximum speedup due to the combined effects 
of parallel execution and vectorization (i.e., 
parallel vectorization) can be represented by the 
product of S(p.f) [Eq. (l)]. and Sv [Eq. (4)]. The 
speedup is depicted in Fig. 13 as a function of the 
fractions of vectorizable and concurrent work, fv 
and fp. for a vector multiproccssor machine with 
four processors and an RV of ten (vector execution 
rate ten times that of the scalar execution rate). 
Note that when fv = fp = 0.9 the speedup is only 
16.19 (less than 41% of the theoretical maximum 
speedup). 

6 . 5  Special Computatioiial Strategies 
In recent years several attempts have been made to exploit 
the potential of parallel processing machines in the 
solution of various structural analysis and design problems. 
These include finite element computations on SIMD vector 
computers, shared-memory multiprocessors. and message- 
passing multicomputers (see, for example, Refs. 70 and 
71). Table 7 lists the different phases involved in the 
steady-state finite element analysis, and their suitability for 
vectorization and parallelization. For time-dependent 
(transient) problems, several parallel temporal integration 
techniques have been proposed for structural dynamics 
problems (see, for example. Refs. 72, 73 and 74). Explicit 
schemes are well-suited to both vector and parallel 
processing. This is especially true when a lumped mass 
matrix is used. The organization of nodal and element data 
to achieve high performance on the CRAY X-MP ish 
described in Ref. 75. Implicit and semi-implicit schemes 
require solution of equations at each time step. 

A number of special strategies can be used to increase the 
degree of parallelism and/or vectorization in finite element 
computations. These strategies are applications of the 
principle of divide and conquer, based on breaking a large 
(and/or complex) problem into a number of smaller (and/or 
simpler) subproblems which may be solved independently 
on distinct processors. The degree of independence of the 
subproblems is a measure of the effectiveness of the 
algorithm since it determines the amount of frequency of 
communication and synchronization. 

Herein, three strategies are discussed: domain 
decomposition and substructuring; operator splitting; and 
element-by-element strategies. 

6 .5  .1 
The basic idea of domain (or spatial) decomposition is to 
divide the domain into a number of (possibly overlapping) 
regions. The initial/boundary-value problem is 
decomposed into one that involves solution of 
initial/boundary-value problems on subdomains. thereby 
introducing spatial parallelism. Since the solution is not 
available at the interfaces between regions, it is modified 
iteratively as part of the solution procedure. A review of 

Domain Decomposition and Substructuring 

parallel domain decomposition techniques is given in Ref. 
76. 0 
Substructuring techniques are closely related to domain 
decomposition. They can also be identified at the algebraic 
level by partitioning the associated matrices in an 
appropriate way to separate the degrees of freedom that are 
to be eliminated (the internal degrees of freedom in different 
substructures) from those to be retained (interface degrees of 
freedom). Substructuring techniques lend themselves 
directly to parallel vectorization (Refs. 62 and 77). 
However, the partitioning of a discretized structure into 
substructures to achieve well-balanced workload 
distribution among the different processors is a difficult 
combinatorial problem. A simulated annealing algorithm 
for the approximate solution of this problem is presented in 
Ref. 78. The algorithm is analogous to a method used in 
statistical mechanics for simulating the annealing process 
in solids. Other partitioning strategies are described in 
Refs. 79 and 80. 

.- 
6 . 5 - 2  
The notion of splitting has long been used to synthesize 
the solution of a complicated problem from that of a 
simpler problem (or a sequence of simpler problems). 
Among the different applications of splitting are the 
breaking of a multidimensional problem into a sequence of 
one-dimensional problems, and the development of 

Operator Splitting 



0 

iterative (and semi-iterative) techniques for solution of 
algebraic equations. Splitting can be used as a means of 
partitiorling the computational task into a number of 
subtasks that are either independent. or only loosely 
coupled. so that the computations can be made on distinct 
processors with little communication and sharing. 

6 .  S .  3 Element-by-Element Solution Strategies 
The modular element-by-element logic inherent in the finite 
element analysis procedure has been used to develop 
solution strategies which do not require the explicit 
generation of the global stiffness matrix. The frontal 
elimination method was originally proposed by Irons (Ref. 
81) to bypass the assembly process. In recent years 
element-by-element strategies have been developed for the 
solution of static and dynamic problems as well as adaptive 
grid generation. A review of these strategies is given in 
Ref. 82. Element-by-element strategies are well-suited to 
vector and parallel processing and. therefore. should be 
seriously considered for use in parallel processing 
machines. 

7 .  IMPACT OF NEW AND EMERGING 
COMPUTER TECHNOLOGY ON 
STRUCTURES TECHNOLOGY 

A partial list of some of the advances in computer 
technology, along with their impact on the structures 
technology, is given in Table 8. The opportunities offered 
by the new and projected hardware environment for 
structural analysis and design are enormous. The current and 
evolving large supersystems will open the way to a vast 
range of new applications, and to higher levels of 
sophistication in modeling flight-vehicle structures. The 
small, emerging low-cost systems will provide a high 
degree of interactivity and free the analysts and designers 
from the constraints that are often imposed on them by 
large centralized computation centers. The embedded 
computers will aid in the control of the devices in which 
they reside. Intelligent interfaces allowing multiple media 
interaction for both input and output will facilitate the user- 
machine communication. Flexible high-capacity networks 
will allow collaborative computing by linking designers 
and manufacturing teams at different locations. 

The AI knowledge-based expert systems and neural 
networks will aid the initial selection and adaptive 
refinement of the model. as well as in the selection of the 
computational strategy and in postprocessing. The large 
data management systems will facilitate the integration of 
analysis programs into CAD/CAE and integrated product 
and process development systems. 

8 .  A LOOK AT THE FUTURE 
The driving forces for future developments in computational 
technology will continue to be: 1) the need for improved 
productivity and cost-effective engineering systems; and 2) 
support of innovative high-tech industries (aerospace 
related, transportation, microelectronics, and nuclear 
energy). 

8 . 1  Future Flight Vehicles 
In the aerospace field, planned future vehicles include high- 
speed civil transport, earth observation systems, space 
station. improved orbital delivery systems (which combine 
low cost and high reliability), structures subjectcd to very 
high accelerations, and very high precision shaped and 
controlled space structures under dynamic and thermal 
disturbances. The realization of cost-effective future 
aerospace systems requires: a) technology advances in the 
materials and structures areas (e.g.. development of 
engineered/smart materials and adaptive structures 
concepts); b)  an integrated product and process 
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development facility which incorporates both 
multidisciplinary analysis and design and virtual 
manufacturing facilities. The multidisciplinary analysis 
and design facility accounts for the strong couplings 
between traditionally separate fields (e.g.. structures, 
control. propulsion, aerodynamics, electromagnetics. 
acoustics and optics). The virtual manufacturing facility 
includes large CAD/CAM simulation capability. object 
databases, and virtual reality visualization. 

8 . 2  Computing Paradigm 
The current trend towards merging telecommunications and 
computer technologies will likely lead to the new paradigm 
of distributed heterogeneous supercomputing (DHS). DHS 
refers to an integrated computing environment in which the 
network is the computer. Use of DHS could significantly 
affect CST by greatly alleviating the size limitations that 
current memory capacities impose on numerical 
simulations. Moreover, DHS can achieve sustained speeds 
in the teraflop (trillion floating-point operations per 
second) range. 

DHS hardware consists of three basic components: a 
processing component; a data storage and data management 
component; and a user-interface component. The 
processing component includes a plethora of architectures 
of the following types: large-grain vector supercomputers 
(such as CRAY C916); massively parallel systems (such as 
Intel Paragon, IBM 9076 SP1 scalable power parallel 
system, CM-5. and CRAY T3D); application-specific 
special-purpose computers; powerful reconfigurable 
transputer networks;  advanced mult imedia  
workstations/superservers (such as SGI power challenge 
series and Sun microsystems SPARCcenter 2000); and 
artificial neural networks. Both shared memory and 
distributed memory systems can be included in the 
processing component. 

The data storageldata management component provides 
physical storage in the terabyte (10l2 bytes) range and has 
large disk arrays, mass robotic media, and a massive high- 
speed, high-bandwidth file transfer network. 

The user-interface component includes advanced 
visualization engines such as virtual reality facilities and 
high-definition technologies; sonification facilities to map 
data to a sound domain; and hardware and software interfaces 
that allow multiple-media interaction, including vision- and 
speech-recognition facilities. The interfaces will also 
allow interactive steering and dynamic control of the 
computations. 

DHS's effectiveness depends strongly on two factors: the 
availability of high-speed local, backbone, and wide-area 
networks for data transfer between the different computers; 
and software enabling application programs to be 
partitioned into tasks that can be executed separately. often 
simultaneously, on different types of computing platforms. 
Each task is executed on the architecture for which it is best 
suited. For the partitioning task, an intelligent (smart) 
operating system and object-oriented tools are needed to 
optimize the system's throughput performance. 

DHS development is being vigorously pursued by a number 
of teams at National Science Foundation supercomputer 
centers (in Illinois. Pittsburgh, and San Diego); at the 
Naval Ocean Systems Center; at Oak Ridge National 
Laboratory and at convex and MP computer systems. A 
proposed National Metacenter Concept that would connect 
the NSF supercomputing centers is being explored (see Ref. 
1 and Fig. 15). 
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DHS could potentially allow solutions to previously 
intractable structures problems. It is also likely to change 
the nature to CST research and design activities by enabling 
collaboration among geographically dispersed researchers 
and designers. Future DHS hardware will provide multi- 
terminal display capability for simulation and will feature 
other multi-terminal visualization capabilities as well. 

8.3 HumanlMachine Interfaces 
The realization of the potential of new and emerging 
computing technology in structural analysis and design 
requires new approaches for human/machine interfaces. The 
full power of creative artificial intelligence research should 
be brought to bear on the development of human/machine 
interfaces which effectively link to as many of the human 
sensing and communication mechanisms. These 
mechanisms can initially include coordinated use of 
visualization, sound and touch; and in the longer term, 
direct and indirect measures of human encephalographic or 
other properties of thought and situation awareness. 

8 . 4  Near-Term Needs in the Computational 

Among the near-term primary pacing items in the 
computational structures area are: a) understanding of 
physical phenomena associated with damage and failure of 
structures, particularly those made of new materials; b) 
effective coupling of numerical simulations and 
experiments and the selection of benchmarks for validating 
and assessing the efficiency of the numerical simulations; 
c) effective model generation and visualization steering 
facilities; and d) intelligent/smart computational models 
(with hierarchicaVadaptive modeling facilities). 

9 .  SUMMARY AND CONCLUDING REMARKS 
A review is given of the recent advances in computer 
technology that are likely to impact structural analysis and 
design of flight vehicles. The characteristics of new and 
projected computing systems are summarized. Advances in 
programming environments, numerical algorithms, and 
computational strategies for new computing systems are 
reviewed. At one end of the spectrum there are the iop-of- 
the-range large supersystems such as the multiprocessor 
machines CRAY C916. Fujitsu VPP-500. and the Massively 
parallel machines CM-5 and nCUBE 3. The performance of 
large supersystems will continue to improve and their peak 
computational speeds are likely to reach a teraflop (1 x 
10l2 floating point operations per second) before the end 
of the decade. These supersystems will make possible new 
levels of sophistication in modeling of flight vehicles as 
well as in problem depth and scope which were not possible 
before. At the other end of the spectrum the ultrafast 
microprocessors and the embedded computers will be used in 
structural health-monitoring systems (for detection and 
recording of damage), will aid in the control of the devices 
they reside in. and help in the realization of intelligent 
(smart or adaptive) structural components. The emerging 
multimedia workstations with multiple media interaction 
for both input and output (e.g.. graphics and natural 
languages) will facilitate the user-machine communication, 
allow adaptive modeling and solution strategies and 
increase the productivity of structural analysts/designers. 
The future computing paradigm will be based on distributed 
heterogeneous supercomputing and will allow collaborative 
computing by linking design and manufacturing teams at 
geographically different locations. 

The discussion of the new computing systems presented 
herein is intended to give structural analysts and designers 
some insight into the potential of these systems for 
providing cost-effective solutions of complex structural 

Structures Area 

problems, and to stimulate research and development of the 
necessary algorithms. firmware and software to realize this 
potential. 
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Level 

Job 
level 

Program 
level 

Inter- 
instruc- 
tion 
level 

Intra- 
instruc- 
tion 
level 

Table 1 - Levels of Parallelism 

Means to Achieve Parallelism 

Mul t iprogramming - 
overlapping and interleaving the 
execution of more than one 
program (U0 and CP operations). 
Multiprocessing - running two or 
more CPUs concurrently on 
different applications or on 
independent job streams of the 
same general application. 
Multitasking - decomposition of 
a program into two or more tasks 
(program segments) that can 
execute concurrently. This requires 
the tasks to have no data or control 
dependence. Microtasking - which 
permits more than one CPU to work 
on a program at the Do-loop level. 
Concurrency among multiple 
instructions - This requires an 
analysis of the data dependency and 
is accomplished by dividing each 
instruction into suboperations. and 
overlapping the different 
suboperations on different 
instructions. 
Pipelining - by dividing the - .  

instruction into a sequence of 
operations, each of which can be 
executed by a specialized hardware 
stage that operates concurrently 
with other stages in the pipeline. 
Very-long instruction word 
(VLIW) ' -  performing multiple 
operations per instruction, each 
with its own address field. 

Performed 

Operating 
system 

by 

Software 

Compiler 

Hardware 

0 

0 

L 
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Maximum 
Number of 

Table 2 - Architectural characteristics of some of the new and emerging U.S. 
and Japanese large supersystems 

Central 
Processor Processing Maximum 

Type Unit Clock Main-Memory 
System/ 
Model 

CRAY -2 

16 
16 
8 

CRAY-C916 ECL 4.2 1 GW 
ECL 2.0 128 MW 
ECL 7.2 10.2 GB 

-982 vF 

222 Fujitsu 
VPP 500 

GaAs and 10 55 GB 

Hitachi 

watercooled 
Hitachi S- 
3600/180 
aircooled 
Hitachi 
S-820/80 

NEC 
SX-3/44R 

S-3800/480 
4 

1 

Architectural 
Configuration 

ECL 2 2 GB 

ECL 4 1 GB 

multiprocessor 
with shared 
memory 

4 

1 

multiprocessor 
with dedicated 
buffex and shared 
memory 
highly parallel 
V e c t o r  
multiprocessor 
with distributed 
memory 
multiprocessor ECL 2 2 GB 

ECL 4 1 GB single processor 

1 single processor 
with multiple 
pipelines 
multiprocessor 
with multiple 
pipelines 

ECL 4 1 GB 

4 

Processors I I Cycle Time (ns) I Capacity 
4 I ECL I 4.1 I 512MW-DRAM 

ECL 2.5 8 GB 

I I I 128MW-SRAM 

0.146 

4.1 

100 

150 

200 Fujitsu 
40/SPARC 

(300) 
2.4 

34 

6,500 

300 

51.2 

MIMD variable 
topology 

I BiCmos I 

+ 8 Suner SPARC) 

(128 Intel + 8 SPARC) 
136 5.1 80bntel 10.2 

12lSPARC 

Peak 
Computational 

Rate 
(GFLOPS) 

1.2 

16 
16 
4.5 

355 

32 

2 

25.6 

Table 3 - Architectural characteristics of some of the massively parallel computers 

System/ 
Mcdel 

Thinking Machines 
C O ~ .  CM-5 
Intel Paragon 
X P - S  
M s P m  MP-2 

nCUBE 2 

nCUBE 3 

CRAY T3D 

Meiko CS-2 

Meiko Computing 
Surface i860/concem 

Peak Computational Rate 
EachProcessor I Total 

Node MFLOPS GFLOPS -+++ 
1 

75 I 150 
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. 
Type of Number Number of 

operands 
Instruction Operations Pairs of Examples 

scalar 1 1 A = B + C  
Vector 1 1 Ai = Bi + Ci, i = 1, N 

Systolic M 1 Matrix operations, with data from 
rows and columns used 
repeatedly. 

instruction, each with its 
own address field. 

VLIW M N Multiple operations per 

Levels of 
Concurrency 

Serial 

Parallel 

(Illlrterpn 

Table 5 - Extended Taxonomy of Computer Architectures (See Ref. 23) 

Generic Instruction Types 
Scalar Vector Systolic VLIW I 

CDC-7600 CRAY - 1 WARP 
IBM 360/95 CY BER 205 

Hypercube E T A ~ O  
BBN-Butte~fly CRAY C916 

Mvdm Ci4lar 

Name of Chip 

DEC 21064 (Alpha) 

Table 6 - Characteristics of New 32/64-bit Chips/Processors 

Number of Speed and Peak 

(in millions) Speed 
Transistors Clock Cycle Computational 

1.68 200 MHz 150 MFLOPS 

HP PA-RISC 
7100 

Intel Pentium processor 

(5 ns) 300 MIPS 

(10 ns) 
1.7 100 MHz 200 MFLOPS 

3.1 66 MHz 112 MIPS 

SGI/MIPS 
TFP 

Table 7 - Different Phases of Finite Element Structural Analysis 
Steady-State (Static) Problems 

(15 ns) 
3.4 75 MHz 300 MFLOPS 

(13.3 ns) 300 MIPS 
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System 

D Supersystems (> 1.0 Gigaflop) e.g.. CRAY 

Highly parallel systems, e.g., CM-5, 
916 and CRAY-3 

Table 8 - Impact of New and Emerging Computer Technology 
on Structures Technology 

Impact on Structures Technology 

0 New levels of sophistication in modeling 

0 Expedite multidisciplinary analysis and 
structures 

AI knowledge-based, expert systems, and 
neural networks 

0 Large data management systems and 
databases 

Paragon X P / S ,  and CRAY T3D I design 
Workstations (3G machines)* I 0 Increase productivity of structural 

modules 

refinement of model, selection of model, 
selection of computational strategy, and in 
postprocessing 

into CAD/CAE, and integrated product and 
process development systems 

0 Aid in initial selection and adaptive 

0 Facilitate integration of analysis programs 

Workstation clusters 

D Microprocessors and chip technology (e.g., 
SGI/MIPS TFP and DEC 21064 
(ALPHA) Chips) 

Special-purpose firmware 

anal ysddesigner 
0 Collaborative computing - design and 

manufacturing teams 
0 Structural health monitoring systems (for 

detection and recording of damage) 

0 Significant speedup of analysiddesign 
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CM-5 t 4 
10'0 

loa I 
Cray-2 - Masslvely 

parallel 
CDC 7600- 

/ Scalar 

cuurn Transistors Integrated LSI, VLSl ULSI, powerful 
circuits micro- 

I 
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processors 
I I 

Fig. 1 - Growth of computer speed aid the shift in hardware technology a id  coinputer 
architecture ( s e  Ref. 1 ) .  
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Fig. 2 - Growlh of number of coinporieiits per chip (see Ref. 2 ) .  
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E l  I I  

Fig. 3 -Memory hierarchy (se Ref. 5). 
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Fig. 4 - Trends in RAM chip capacity. 
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Fig. 7 - Block diagrams for SISD, SIMD. MISD and MIMD machines. 

MaSSlVelY parallel 
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Fig. 8 - Architectural evolution of computing systems (see Ref. 5 ). 
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NEC SX-3144R 
(4 processors) 

16 

12 

GFLOPS 8 

4 

0 

15.12 

Cray C90 
(1 6 processors) 

10.78 

CONVEX C-3380 Clay 
Fujitsu 

VP260Wl 0 

4.009 IBM (4 processors) 
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1.406 (8 processors: 
.?e5 

Fig. Y - Suslained computer performance hascd on solution of loo0 dense 
equations using the Linpack pdckage (see Ref. 18). 

Fig. 10 - DEC 21064 (Alpha) microprocessor (64-bit RISC). 
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Fig. 12 - Themetical speedup, S. and utilization me. U. of multiprocessor system 
as a function of the fraction of parallelism, f. and the number of processm. p. 



1-2s 

10 

1 .o 

Fig. 13 - Tbwreucal ,palup on a vector muluprwswr as a luncuon 
o l  tbe fracuonb of p m k l i u n  and vwm/a11on. fp and fv. 

N u m k  of Promsecwe 
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The successful and timely transition of new 
product technologies to weapon systems depends 
heavily on the technical maturity, flexibility and 
cost effectiveness of the critical manufacturing 
processes and systems required to turn these 
technologies into tangible products. The whole 
concept of Integrated Product Process 
Development (a.k.a. Concurrent Engineering) 
encourages and facilitates the parallel design and 
development of these manufacturing processes 
and systems with the design and development of 
the product. As a result of new computer aided 
technologies and increased emphasis :;on 
manufacturing design, new tools &id  
methodologies are emerging that will facilitate 
the early consideration of manufacturing in 
design. This paper wil l  address the development 
of two such tools - Producibility Methodology 
and Tools and Virtual Manufacturing. These 
tools will enhance the effectiveness of 
manufacturing engineers who are integrated 
product process development team members and 
enable design engineers to better understand the 
potential downstream implications of early 
design decisions. 

2. INTRODUCTION 

The current aerospace environment is in a 
constant state of rapid change. Available defense 
resources are decreasing while at the same time 
the threat is much less predictable and the need 
for rapid response speed is heightened. As a 
result, the defense industrial base must provide a 
broad range of high quality products at reduced 
costs. The margin for inefficient processes is 
nonexistent. The resources simply do not exist 
any longer for the trial and error processes of the 
past. A new business strategy is required. Key 
requirements for this new strategy are: 

Make affordability and (weapon system) 
performance equal partners 

Decouple cost and quantity (economical lot 
sizes of one) 

Move toward “economies of scope” vs. 
“economies of scale” (Achieve the flexibility 
to handle multiple product lines which may 
each have low production) 

Effectively manage and leverage change 

To respond to this challenge, it is critical that 
manufacturing be considered early in the design 
process. The approach to achieve this goal is 
aimed at developing a series of analysis and 
predictive tools that will provide for a more 

Presented at an AGARD Meeting on ‘Integrated Airfmme Design Technology: April, 1993. 
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complete and accurate design base for 
manufacturing. The intent is to fully support the 
design of manufacturing processes and systems 
over the entire life cycle, from concept 
development to disposal. The users of these 
tools would be both product design and 
manufacturing engineers, ideally working as an 
integrated team. 

Two such tools are the subject of this paper: 1) 
Producibility Methodology and Tools, and 2) 
Virtual Manufacturing. The underlying 
improvements that contribute to the focus on 
producibility methodology are .  a focus on 
Integrated Product Process Development (a.k.a. 
Concurrent Engineering) and innovative 
approaches to variability reduction during the 
development of new products and processes. 
Virtual manufacturing concepts build from 
modeling, simulation and virtual reality 
technologies that are now possible with recent 
increases in computer capabilities. 

An application analogy in this area is found in 
battlefield modeling and simulation, figure 1. 
Through a series of computer displays, animation 
and simulations, including person-in-the-loop, a 
battlefield modeling and simulation capability is 
being developed.’ From this capability it is 
possible to begin to develop battlefield strategy 
tactics, test new weapon system concepts and 
evaluate alternatives. 

ANALOGY 

Develop Stratepic and 
Tactical Battlefield 
Implementation Strategies 

Test New Weapon System 
Concapts - Develop Requirements 

re 1 : Rattlefield Modella and S- 

An expansion of this analogy is the basis for the 
concepts presented in this paper, figure 2. If new 
weapon system requirements and concepts can 
be tested in a simulated battlefield scenario, it 
should be possible in the long term, to use 
improved analytical means and evaluate the 
potential cost, quality and throughput for 
production of these weapon systems. This 
evaluation should be completed before 
significant financial commitments are made‘. 
Multiple “what-if’ scenarios could be evaluated 
to search for the best value to meet these weapon 
system performance requirements. 

Defense / 
Battlefield Simulation 

THE APPROACH 

Fiaure 2 : Strateav for Ea rlv Man ufacturing 
Gonsiderations in Desian 

3. OVERALL STRATEGY 

The approach to early manufacturing 
considerations in design is based on the 
philosophy of assessing key manufacturing 
characteristics and requirements early in the 
product design phase. This assessment will 
allow manufacturing strategies to be developed 
in parallel with the design phases of the product. 
The intent is to identify and resolve areas of 
potentially high manufacturing cost and risk 
during the early phases of design, when the 
impact of product design change is least costly. 
It is believed that a proactive and comprehensive 
analysis of manufacturing, done early in design, 
will also lead to manufacturing being viewed as a 
true innovator on the team instead of a constraint 
on the creativity of the designer. In figure 2, the 
scenario depicted would have weapon system 

0 

0 
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design concept and requirements evaluated in a 
battlefield environment. These requirements 
would then be passed to an integrated 
engineering team that could evaluate the desired 
design characteristics vs. the affordability driven 
by manufacturing. In figure 2, the first issue is 
to address the interaction between the product 
designer and the manufacturing engineer. This 
interaction should be approached using 
Integrated Product Process Development (IPPD) 
concepts. The dialogue and product 
development balance would center around the 
ability of the product design to meet performance 
requirements while at the same time being 
manufactureable with cost effective, high quality, 
repeatable processes. The "first cut" at this 
design balance would be done using 
producibility analysis tools. The next level of 
detail in the design balance would then be done 
using Virtual Manufacturing techniques. Virtual 
Manufacturing would address areas such as 
business practices, planning, shop floor processes 
and testing. 

Overall Strategy 
Understand lmpacl 01 User Weapon Systems 

equirements On Design Anemathres Concopt(s) 
x A 

Iterate Design-Manulacluring 
Strategies Oualny, 

-Technical Resources 
-Schedules 

Understanding 
and Control 

Produclbnd . _ _  . . . .. . . . . 

* .  I eve1 D e s w n  of A r ~ c ~ x h  

The high level description for the approach is 
shown in figure 3. At the very top level, the goal 
is to understand the impact of the user 
requirements on design alternatives. This top 
level design balance is obtained by assessing the 
various design and manufacturing strategies that 
could be employed to create and build the 
product (two way arrow from the top most box to 
second level). The lower 4 boxes in figure 3 
depict the approach. The intent is to iterate 
design-manufacturing strategies until the one(s) 

with the most value are found. This involves 
assessing the producibility and cost risk of the 
designs established through a balanced product 
and process development (box 3), completing an 
overall factory assessment, using virtual 
manufacturing techniques (box 4) and thoroughly 
analyzing high risk, high cost shop floor 
processes, using virtual manufacturing 
techniques (box 5) .  All of the analysis and 
synthesis processes depicted in figure 3 can be 
done in a highly iterative manner using 
structured methodologies, state of the art 
computer tools, which support advanced 
modeling and simulation techniques, and a 
comprehensive manufacturing data base built 
from knowledge of world class manufacturing 
techniques. Additional discussions on 
producibility methodology and virtual 
manufacturing follow. 

3.1 Producibility Methodology 

Fiaure 4*: Producibilitv &$ho doloav and Tools 

A structured methodology proposed for assessing 
the producibility of product design is shown in 
figure 4. This figure depicts three keys aspects 
of producibility analysis. On the left, the design 
tree is broken down in a hierarchical fashion 
from the very top level - e.g. Weapon System, to 
the levels that depict the specific components and 
technologies that are used in the design of the 
component. In a new design, the engineer would 
identify the level at which key performance 
characteristics depend on critical components. 
Once the critical components are identified, the 
technologies that are used in the component 
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would then be identified. At that point, the 
manufacturing processes for that critical 
component and its technologies would be 
identified. This is shown as the horizontal tree in 
the middle portion of figure 4 - IPPD Design- 
Mfg Engineering Balance. The horizontal tree is 
used to depict the hierarchy of manufacturing 
processes that are required to manufacture the 
critical component identified by the tree on the 
left. The right hand portion of figure 4 illustrates 
the manufacturing data bases, guidelines and 
other critical bits of information about the 
manufacturing tree in the center. The overall 
strategy is as follows: 1) from the product tree, 
identify the critical components required to 
ensure that key performance characteristics are 
met, 2) construct a manufacturing tree that 
depicts the critical manufacturing processes that 
are essential to make the critical components, 
then, 3) identify what is known and unknown 
about these critical manufacturing processes. 
This involves examining how repeatable these 
processes are and the statistical likelihood that 
defects could result from a lack of process 
defintion and control. 

This approach has been captured as the Six 
Sigma3 Producibility Analysis4. The objective of 
Six Sigma is to provide a systematic and 
statistically based approach for designing 
products that are inherently producible. The Six 
Sigma Approach provides the capability to link 
individual manufacturing process variability to 
overall product producibility. A product 
designed and manufactured under the Six ‘Sigma 
philosophy could have no more than 3.4 defects 
per million. The process capability indices for 
Six Sigma would be Cp2 2 and Cpk21.5 Note 
there are two factors that enter into the process 
indicies, the design robustness (numerator) and 
the manufacturing process variability 
(denominator). This goal is based on the 
realization that today’s sophisticated products 
require hundreds of parts, processing steps and 
parameters to be controlled. The cumulative 
effect of defects during the manufacturing 
process can quickly drive the overall yield to an 
unacceptablly low number. 

Based on this analysis. manufacturing should 
iterate with design to see if suitable components 
and processes can be chosen that are better 
known and therefore more controllable using 
state of the art equipment, etc. If new 
components and manufacturing processes are 
deemed essential to the mission of the weapon 
system, this methodology can help identify the 
risk reduction projects that should be undertaken 
to ensure that the new components developed can 
be successfully transitioned to practice in the 
weapon system. An example of this approach is 
shown in figure 5. 

Six Sigma Example: T/R Module Subarray 
DefignHkto , M 

Engineering *‘Jmc% 

Fiaure 5: S ix Siama F xamDle: Transrnit/Recerve - 
In this example, new weapon system 
performance characteristics were dependent on 
the transmit receive (T/R) module of the radar 
system, which was part of the avionics system. 
The critical components of the TR module were 
identified and an in-depth analysis was done on 
the manufacturing process required to 
manufacturing these components. This analysis 
identified the variability, the potential Defects 
Per Million Operations (DPMO) and the Defects 
Per Unit/Subarray (DPU/SA). Those processes 
which have a relatively higher DPU/SA were 
flagged as potential “show-stopper’’ processes 
and required more process development to 
reduce risk. This methodology of identifying the 
risk of defects in the critical manufacturing 
processes, prior to committing to manufacturing, 
is a way to ensure that the technology developed 
has sufficient maturity to enable successful 
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transition to the implementation in a weapon 
system. 

3.2 Virtual Manufacturing 

The analysis tools available to a designer for 
performing initial assessments of product 
producibility provide a high level screening, 
based on knowledge of specific process 
constraints, to quickly “weed out” concepts 
which exceed targeted costs. However, 
manufacturing is not merely a collection of 
individual processes which can be defined by a 
set of design rules. Rather, manufacturing is a 
tightly coupled, interdependent set of functions 
operating as a system. Just as a weapon system 
cannot be truly understood without considering 
how its individual components operate together, 
neither can the manufacturing system. Going 
beyond the initial screening, to a point where 
producibility/affordability can be demonstrated 
and the true implications of design alternatives 
are understood, requires the ability to capture, 
represent and analyze the system of 
manufacturing relative to these designs. In 
essence, manufacturing the product in the 
computer is possible prior to ever committing 
production resources. This capability is 
embodied in  a concept called Virtual 
Manufacturing (VM). 

Virtual Manufacturing is an integrated, synthetic, 
manufacturing environment which is exercised to 
enhance all levels of decision and control across 
a products life cycle. The definition above 
illustrates several of the key elements and 
objectives of VM. First, VM will consist of an 
integrated and distributed set of both existing and 
future models and simulation tools, not a 
singular, monolithic solution. This will allow 
VM to be developed and implemented 
incrementally, capitalizing on models and 
simulation tools which already exist. Second, 
these distributed models used by VM will be 
synthesized and abstracted from the actual 
processes to be evaluated, thereby providing a 
direct linkage between the synthetic and actual 
production environments. This is a key 

discriminator from most existing simulation 
approaches and allows VM to be used as both a 
decision support tool and for the analysis/control 
of manufacturing functions. Third, VM will 
provide consistency of representation as one 
progresses from the aggregated view of an 
enterprise to a detailed view of a shop floor. 
This allows users to simulate, with high 
confidence, manufacturing environments with 
differing levels of detail and from different 
perspectives, corresponding to the changing 
decision support and control requirements across 
a products life cycle. 

It is important to note that VM does not require 
every process and function to be modeled in a 
computer. The development and implementation 
of VM will be driven by those processes and 
functions defined as constraints, either from a 
capacity or capability perspective. Additionally, 
VM will operate on an interactive basis with 
human operators, leveraging computerized and 
human knowledge to provide a level of VM 
functionality appropriate to the user. 

Fiaure 6: Weapon System Desian Processes 

Figure 6 depicts a scenario containing a 
simplified set of processes for designing a new 
weapon system which is useful in explaining 
how VM can be used. The user requirements, 
speed/payload/range/etc., feed the design 
function. Several design alternatives are 
generated using the IPPD tools discussed earlier. 
These options are returned in a format 
compatible with the virtual battlefield simulation 
tools. The battlefield effectiveness of the various 
options is defined and the more promising 
concepts identified. The key product 
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characteristics of the promising concepts are then 
used to feed the virtual manufacturing analysis 
for determining cost and risk estimates. VM 
tools are used to identify candidate 
manufacturing enterprise configurations for 
achieving the required product characteristics. 
For example, the required product speed 
demands high temperature materials, and 
therefore a key part of the enterprise to be 
analyzed involves high temperature processing 
capability. Information is abstracted from the 
resource and process models pertaining to the 
candidate enterprises, and used to drive the VM 
analysis and simulation. The results begin to 
provide answers to the questions: 

CanImakeit 
What are the cost/risk drivers 
When can I have it? 

This process iterates as manufacturing 
constraints are played against user requirements 
and design alternatives until an acceptable 
compromise is reached. 

Fully realizing the vision of Virtual 
Manufacturing will take many years and require 
the development of a number of enabling 
technologies and capabilities. System 
architectures capable of supporting decentralized 
model-based simulation and control need to be 
identified. These architectures need to support 
the integration of existing models and 
manufacturing system components as well as 
provide the framework for new developments. 
Candidate approaches based on model federation 
and knowledge representation are being 
explored. Formalized models of manufacturing 
processes and resources are still lacking in many 
areas. Ad hoc resource models, contained in 
machine control systems for example, often 
exist, but little exists in the way of formalized 
process models. This is particularly acute for the 
intellectual processes such as design and 
planning. Additionally, there are technical 
constraints associated with aggregating and 
disaggregating model information with high 
fidelity. This is essential if VM is to maintain a 

consistency of representation across the 
manufacturing hierarchy, Voids also exist in 
methods for effectively distributing models and 
simulation tools across a network of users. 
Finally, because VM represents a change in the 
way the government and industry currently does 
business, there are cultural and business practice 
barriers which must be overcome. 

However, the picture is not all bleak. 
Complimentary initiatives, such as Agile 
Manufacturing and work underway for 
developing high speed network communication, 
are tackling many of the technical barriers. There 
are modeling, simulation and integration tools 
available today which allow us to begin 
implementing portions of the VM vision. By 
employing an incremental, building block 
approach for developing and implementing VM, 
near term cost savings can be achieved. 

4. CONCLUDING REMARKS 

This paper has presented concepts for the early 
consideration of manufacturing in the design 
process. In the future, it should be possible, 
using computer aided technologies, and data 
bases constructed from representative 
manufacturing situations, to fully analyze and 
project. the potential cost, quality and 
throughtput of a hypopthetical set of components 
which would satisfy weapon system mission 
requirements. This analyses could be done early 
in the design process, so viable solutions could 
be found to problems before large financial 
commitments are made. Two tools that are 
critical to the realization of this goal, 
producibility methodology and tools and virtual 
manufacturing were discussed. 

The producibility methodology and tool set 
included a structured approach to identify the 
components essential to performance and to 
identify the link to the manufacturing process. 
An approach, based on 6 Sigma Variability 
Reduction concepts, allows the potential number 
of defects to be identified based on a step-by-step 
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analyses of the manufacturing processes required 
to produce the component. Where the number of 
defects exceeds 3.4 parts per million. increased 
design robustness  and/or increased 
manufacturing process development is  
recommended to reduce technology transition 
risk and increase the overall product and process 
quality. 

Virtual Manufacturing is based on the integrated 
application of simulation, modeling and analysis 
technologies and tools. It allows the balancing of 
product performance and production impact 
across a products life cycle. VM will allow 
enterprises to evaluate the producibility and 
affordability of new product concepts with 
respect to risks, impacts on manufacturing 
capabilities and production capacity. VM will 
provide, prior to production, a "Build-in-the- 
computer" capability to prove the product is 
manufacturable, and an analysis of various 
production and supplier flow scenarios. 
Simulation and model-based control of 
manufacturing production will allow rapid 
response to changing customer and technology 
needs. For both defense and commercial users 
the cost and risk for introducing new products 
and processes will be reduced. 
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Integrated Design Technology has been pushed to a 
large extent by the tremendous progress achieved in the 
last two decades in the field of computational techniques 
with regard to flow simulation, engimxing and ma- 
nufacturing. This paper comntratea on the impact of 
CFD on the o v d  design process reviewed from the 
view of aircraft industry in Germany. 

Selected examples will be given for applications of CFD 
during design and development of major products of Eu- 
ropean aerospace industry without claiming for com- 
pleteness. General product Categories and technology 
areas involved will be identified having large potential 
for CFD and supercomputing efforts. In addition present 
technology thrusts will be discussed and examples for 
the impact of CFD and supercomputing demonstrated by 
applications in various prcgrammes will be given. 

CFD and supercomputing are supposed to help desig- 
ning beaer products at lower risk. 

Fig. 1 Cost of changes vs. design freedom during AK 
development 
(Source : M. Wozny, RSI. ,  Symposium on in- 
formation architectures for concmnt enginee 
ring) 

According to the schematics in Fig. 1 the expected cost 
for changes in the various stages of the development 
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**) Manager Hypersonics Technology F'mgrarnme 
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process are increasing dramatically with progressing 
time. In contrary the freedom for the designer to make. 
changes is more end more reduced. The message is that 
CFD and supercomputing has to be applied to a large 
extent during early conceptual and preliminary design 
stage where design freedom exists at low cost concer- 
ning changes with regad to the systems concept. So far 
the risk not to achieve a succassful product at minimum 
development cost is controllable. 

Major products of aerospace industry are categorized as 
follows : 

Civilaircraft 
- general aviation aircraft 

-helicopters 

- combat aircraft 
- trainer aircraft 

- helicoptexs 

- transport aircraft 

. Militaryaircraft 

-transport aircraft 

. Military rockets and missiles 
Space transportation systems 
-rocket launchers 
- reentry vehicles 
- winged airbreathing launch systems 
- transfer vehicles (terrestrial, extraterntrial) 

- satellites 
- space stations 

. spacesystems 

These product families have to be analyzed individually 
concerning the potential impact of CFD and supercorn- 
puting during design and manufacturing with respect to 

. COSt 
time 
qualityand . risk. 

In addition the required specific product propertics play 
an impcitant role on the decision to what degree CFD 
and supercomputing have to be applied, e.g. 

performance 
operatingcost 
operationrisk 
lifetime 
life cycle cost 
environmenfal impact . .... ... 

Presented at an AGARD Meeting on Tntegmted Airfmme Design Technologv; April, 1993. 
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The next steo to idenlifv I technolow area vol- 
ved during ;he design p&ess where 0 and super- 
computing will have significant impacts on product suc- 
cess. It is obvious that nearly all engineering disciplines 
may benefit to a large degree e.g. 

Flight physics 
- aerodynamics/aemthennodynamics 
-propulsion integration 
- flight dynamics/aajectories 
- signatures 
... 

Structuresandmaterials 
propulsionsystems 
subsystems 
- guidance and control systems 
- communication systems 
... 

Systemsintegration 
- simulation 
- general performance 

Tests and verification 
... 

Certainly, this list could be continued but it is impmat  
to consider these technology area.3 involved more in d e  
rail with regard to the expected magnitude of benefit 
gained. This leads to presently observed trends for 
mayor efforts in industry due to technology thrust e.g. in 
the fields of 

Flight physics 
- boundary-layer and flow-separation conml (e.g. 

- improvement of high-lift systems (e.g. for civil 

- prediction of aerothennodynamics (e.g. for space 

- development of advanced flight control systems 

- validation of numerical methods for analysis and 

- numerical methods for radar and infrared signature 

laminarization) 

transpon A/c) 

transportation systems) 

(e.g. far supermaneuverability) 

optimization (all indusuial pmducts) 

analysis (e.g. for combat A/C) . Materials and s m c m  
- fibre materialdhigh temperature resistant materials 
- smart materials 
- computer aided design/optimization and manufac- 

ture 
Propulsion systems 
- engine/airfmne integration 
- fuel efficiency/pollution reduction 
- hypersonic airbreathing engines (RAM/SCRAM) 
- cryogenic fuels 
- noise reduction 

Present situation 

The present simtion in aircraft industry with regard to 
CFD and supercomputing for the prediction of aerody- 

namic characteristics of complex A/C configmtions can 
be characterized as Fig. 2 shows. 

1 

Fig. 2 Impact of CFD and supercomputing on wing 
design, design of high-lift devices and propul- 
sion integration 

Limited computational models and predominantly wind- 
tunnel work can be found where improved repmnta- 
tion of visccsity effects the prediction and minimisation 
of interference effects due to the integration of &raft 
components is required. The situation in high speed 
d y n a m i c s  is even w m  because of the additional 
requirements for realistic representation of heat loads 
and real gas in numerical algorithms uses and due to the, 
needs for highly effective (airbreathing) propul- 
siodairframe interntion (Fig. 3). The question of 
achieving thrust minus drag as a positive figure &mi- 
nates futwe designs for space transportation systems. 

Fig. 3 Impact of CFD and supacomputing on high 
speed aerodynamics for reentry vehicles and 
winged airbreathing launchers 

Grid generation, both surface grids and 3D field disae 
tization is the "Key" to successful computation in aero- 
thermodynamics, and StTUcms. Often underestjmated 
this techniques used have required a high level of enpi- 
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neering skill and experience. 

Fig. 4 DOGRID : Example for CFD-mesh generation 
system at Dasa M e x  

In Pig. 4 an example for surface grid genmtion for 
complex geometry is given. The main characteristics of 
the system are. outlined in the figure. 

............................................. ............................................. 

Fig. 5 Surface mesh&- jenmtion from C L  .mode- 
for complete fighter A/C 

Fig.6 Grid for Flap Modelling with a "Step"- 
APPrOach 

In Fig. 5 an example is given for meshgrid genexation 
starting from a CAD-model (eg. CATIA) using an in- 
teractivc procedure. In this process, starting from a 3D- 
CAD model with overlapping surfam and gaps, a net- 
work model ("wireframe") is derived, with topobgical 
dependence to the computational model f d y  used for 
the flow computation. 

Finally the representation of an aerodynamic conv~l 
surface in the computational domain is shown in Fig. 6 
again starting from the defmition of geometry in the 
CAD system and resulting in the sectional cut for simu- 
lating the flap in the CFD numerical algorithm. 

Engineering methods still play a significant role during 
aircraft design and development. But the defmition of 
engineering methods, BS being more or less restricted 
only to "data sheets" and "Handbocb", has changed to a 
large d e p .  With the availability of F"s and work-sta- 
tions on nearly each engineefs desk, engineering me- 
thods include now even the level of numerical methods 
in the complexity of panel methods ("Potential FLOW 
Solutions") with and without Viscous flow correction 
procedllres. 

Fig.7 PATS-Fanrangex surface pessun analysis 
using -1 mahods applied during design 
(HISSS at Dasa. M= 05, U =  54 

Fig. 7 shows the ~~ distribution on a complex sub- 

v d  psnelmethod based on the numerical solution of 
the linmkd potential flow equation. It i s  obvious. that 
this infmation, available. in short tince, plays an impor- 
tant role as a complementary tool to wind-tunnel tesrs. 
First a Variety o f d g u d o n a l  changes can be d y -  
zed by numerical methodsand then, Enally only the op- 
t i m i i u m f i i  willbeverifiedbyexphmt. 

In Fig. 8 the problems of the prediction of heat lorads du- 
ring aerothennodynamic pmdesii of reentry vehicles 
is addressed. In contrary to more conveatbnal designs 

sonic eainer aircraft contiguration obtained by an ad- 
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for SI msor and low supersoi Spee there Shown Fig. 9 are us re liffe. vels ai 
is for hypersonic speed nearly &way to get realistic 
data from wind-tunnel work due to the lack of adequate 
(hypersonic) flow simulation. So the question comes up 
how to validate these numerical methods applied for the 
design of such vehicles. Maybe fume hypersonic flight 
test demonstrators will provide an aerothermodynamic 
database obtained in realistic atmospheric environment 
during flight which can be used for code validation. 

Fig. 8 ApproXimate methods used for the determina- 
tion of heat loads at hypersonic Machnumbers 

p 

The next higher level of CFD is reached by solving the 
Euler equations to get the complete flow field around 
the vehicle at a given set of parametas like Machnum- 
ber, angle of attack and side-slip. In contrary to potential 
flow methods Euler solutions represent the appropriate 
compressibility effects and they can deal with vortical 
type separated flow and realistic wakes. They provide in 
shon time even mom data about details of the whole 
flow field than the experiment usually provides. A typi- 
cal example is given in Fig. 9 showing the results from 
flow analysis using the EUnEX code developed at 
Dasa for a rather complex tighter aircraft contiguration 
at M =  0.9 andM= I.2at a=6'. 

Fig.9 Fighter Aircraft analysis using Euler Flow 
computations 

R I  
of pressure by different co~ourS. Interesting to note the 
difference of the pressure distributions at transonic and 
at supersonic Machnumber, indicating, that for M = 1.2 
the development of a shocksystem on the upper side. of 
the wing takes place. Whether this leads to shock indu- 
ced flow separation has to be investigated separately by 
coupling the code with a boundary layer method. But 
even without considering viscous effects. the agreement 
of numezid data with the experiment is excellent as 
Fig. 10 demonsmtes. 

Fig. 10 Force and moment data at transonic (M = 0.9) 

attack. Comparison of numerical and experi- 
mental data 

and supersonic (M = 1.2) speed at 6' angleof- 

The same situation holds for the prediction of the aem- 
dynamic characteristics of missiles done by 
AEROSPATIALE in Fig. 11 for M = 2.6 at 10' inci- 
dence.. The cMlfiguration shown here is even more wm- 
plex than the previously discussed tighter aircraft geo- 
metry. Again colours are. used to distinguish different 
levels of aerodynamic loads. 

Fig. 11 Complex missile flowfield analysis at 
AEROSPATIALE. Euler solution at M = 2.6 
a n d a =  10' 

For completeness two examples are given for the appli- 
cation of Euler analysis of a two-stage-to-orbit (TSTO) 



space transport configuration with (Fig. 12) and without 
(Fig. 13) upper stage ("orbiter") at transonic Machnum- 
ber (M = 0.9) and U = IO'. 

Fig. 12 Euler analysis of a TSTO-configuration at M = 
0.9 and U = 10' with upper stage 

I 
Fig. 13 Euler analysis of a TSTOconfiguration at M = 

0.9 and U = 10' without upper stage 

In both cases different pressures are correlated to diffe- 
rent colours (red = high negative. blue low pressure le- 
vel). It is clear, that by applying CFD codes the opthi- 
zed integration of the upper stage with the lower stage 
can be achieved in much shorter time than by experi- 
mental investigations which can afford only a limited 
number of geometrical changes. The question of the 
feasibility of safe separation of both stages at a given 
Machnumber has to be addressed in a similar way using 
again CFD. 

FinaUy an example for the capability of Euler solvers to 
predict the effect of separated flow of slender delta 
wings is given in Fig. 14. For a subsonic hhchnumber 
(M = 0.4) at U = 10' and zero side-slip the leading edge 
vortex separation is shown by a particle tracing postpro- 
cessing procedure. In addition to the prediction of the 
overall forces and moments ( in the domain of nonlinear 
dependence from angle of auack) interference effects of 
the separated vortices on conmls and even the vortex 
burst condition have been studied. 
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Fig. 14 Euler solutions for the prediction of leading 
edge vortex flow separation at slender delta 
wing configurations 

flow simulation usine Navier-StpheS 
snlutipns 

In this chapter different applications are referenced to 
underline the power of CFD to investigate specific im- 
pacts of improved accuracy of flow simulation models 
l i e  the representation of real gas, turbulence and wall 
surface properties. First in Fig. 15 wall stream lines on 
the HERMES reenvy vehicle are shown, calculated by 
Dasa-Dornier using a Navier-Stokes analysis code for 
equilibrium laminar real gas flow conditions (M = 10, U 
= 30' and ReL = 2.15 1 6 .  These results are compared 
with experimental data obtained from the wind tunnel at 
ONERA S4MA with deflected flaps by 10' in order to 
validate the prediction technique. 

Fig. 15 Navier-Stokes equilibrium real gas analysis for 
the HEFWES contig. 1.0, 1/40 wind-tunnel 
model 

In Fig. 16 another example is given from the RWTH 
Aachen for the application of a Navier-Stokescode with 
real gas representation for a delta wing at hypersonic 
speed. 

5' 



Fig. 16 Simulation of hypersonic flow at RWTH 
Aachen using Navier-Stokes solution with real 
gas effects 

The next application deals with the problem of the in- 
teraction between the wall surface and the flow. Fig. 17 
shows the important impact of heat radiation from the 
surface on wall temperature for an isolated delta wing 
and for the lower stage forebody lower surface centre 
l i e  in x-direction of a TSTO space transportation sy- 
stem (German reference concept SmGER). As a con- 
sequence. similar results could be derived for the impact 
of the resulting wall temperature on friction drag. This 
numerical investigations have been performed at DLR in 
GOttingen and at Dasa in close cooperation. The picture 
also reveals the effects of mansition from laminar to m- 
bulent boundary layer flow. It is clear, that from such 
detailed information on the wall temperature the proper 
choice of materials and srmctures for future space trans- 
port vehicles is strongly influenced. 

. , . . . .. . 

c--c , 

Fig. 17 Influence of flow-physical model assumptions 
on the prediction of adiabatic surface 
temperatures 

Computational design tools developed for aeronautical 
applications have been used frequently as "Fall-Out'' for 
development and design of car models U) achieve geo- 
merries having low drag. Its clear that for this purpose 

viscous effects an a s t o b e t  :n into ac- 
count. one example f0; this attempts is given in Fe. 18 
by Dasa Domier for a station wagon car model. 

Fig. 18 Application of Navier-Stokes numerical flow 
simulation for the development of a station 
wagon car 

Concerning the numerical simulation of turbulence an 
example is given in Fig. 19, beimg representative for the 
enormous efforts at universities in basic scientific rese- 
arch. The figure shows the results obtained at the Uni- 
versity of Stuttgart for the instantanews high-shear 
layers on a flat plate using 14.4 millions grid points for 
the numerical solution. 

'A 

Fig. 19 Numerical simulation of instantane~~~ shear- 
layers (Faher-Skan-Boundary-Layer) 

High-AngleOf-Attack (HAOA) aemdynamics attack 
one of the last remaining barriers for controlled flight - 
the barrier of attached flow. It is a key to improve ma- 
newerabiity for fighter aircraft (to achieve "Super- 
maneuverability") and to improve safety of civil aircraft 
of any kind. In recent years several fights aircraft have 
demonstrated the feasibility of safe and controlled flight 
in the socalled "Post-Stall" regime (e.g. HARV, SU 27 
with hgatjev Cobra-Maneuver) and even m a steady 
mode like in the US/Geman experimental aircraft X-31. 



i . Pi. U) shows the &ult of the HAOA analysis of the X- 
31 to perform supermaneuvm. The most important 
(timedependent) flight parameters (alfa, beta, phi, 
speed, pressures and altitude) have to be predicted (fust 
used for flight simulators on ground) and then verified 
in flight. 

Fig. 20 The CFD-Challenge of HAOA analysis of X- 
31 supermaneuvers 

To provide such efficient and reliable prediction tools, a 
European research i n i i v e  has been slarted in the early 
eighties. Fig. 21 shows the result fmm the Industrial 
European Programme Group (IEPG) on Task 15. On a 
simplified mcdular canard-wing-body model geomeky, 
Euler flow simulation of canard-Wing vortex flows at 
HAOA has been perfamed and validated by expen- 
men& in collaboration of several European countries 
(VK, NL, IT, GE). 

Fig. 21 Euler simulation of canard-wing vortex flows 
within the European research initiative IEF'G 
TA 15. 

The c o m b d o n  of fighter aimaft flying at HAOA and 
Missile f d g  Leads to another challenge for numerical 
simulatim. In Fig. 22 the result of such an investigation 
is shown. 

Fig.22 Simulation of missile firing at HAOA using 
Euler solvers - 

It has been already mentioned, that many of the numeri- 
cal techniques, developed originally f a  the purpose. of 
aerodynamic flow simulation, have been used in aero- 
nautical industry as a "Fall-Out" after adequate modi- 
fications for related relevant disciplines. In this chapter 
some of the most specWular results obtained in Europe 
will be referenced, again without claiming for comple 
mess. Examples ate given for 

computational electro-magnetic~ (CEM) 
sonicboomprediction 
aeroacoustics . aeroelastics 
icing 

Radar c m s  section minimisation technique is a key 
element for survivability of military airwft Therefore 
numerical prediction techniques are used to a large ex- 
tent for improving the design to achieve "Stealth" capa- 
bility. 

Fig.23 CFD and CEM for YF-22 ptotype analysis 
based on Dasa-Red-Team assessment 

Pi 23 shows the geomeny of the YF-22 prototype. 
where an effon war undertaken at a "Dasa-Red-Teem" 
to assess CFD and CEM characteristics simultaneously. 



One of the most significant and critical contribution to a 
large radar signature is the engine intake. Therefore the 
prediction of the radar cross st ion of the intake and its 
dependency 6mm the aspect angle is a mandatory requi- 
rement for CEM. By using this techniques extensively 
during cmtiguraticd design the position of the intake 
will be determined and often this is f d y  a result of a 
trade-off between aerodynamic functionality and radar 
reflection. Fa. 24 gives some data obtained at Dasa for 
a curved square to circular intake. 

Fig. 24 Radar signature prediction for air intakes posi- 
tioning and design 

Since the renaissance of interest in supersonic transport 
(or even hypersonic flight using airbreathing propulsion) 
there is a renewed interest also in paediction (and mini- 
misation) techniques for sonic boom patterns on ground. 
Using Jameson's airplane code recently new results have 
been obtained at Dasa for a Mach 3 airplane design. As 
Fig. U demonstratas, the agreement between numerical 
data and the experiment is surprisingly good This holds 
even for the delta $ pressure signature on gmund 

Fig.25 Sonic boom pattern prediction using 
Jamesons's airplane code 

Aercdynamic noise reduction is of significant public 
interest in aII countries. This poses a huge challenge 
specificalIy for the development of new helicopters. The 

present situation is again characterized by limitations 
due to approximate models and 110 coupling of the flow 
field with the acoustic field. But there is hope that in the 
near future this deficiencies might be overcane by 
means of CFD and supercomputing. Fig. 26 shows some 
results obtained at DLR in Braunschweig for the predic- 
tion of the noise levels created by mtorbhdes. 

Fig. 26 CFD for the prediction of noise levels created 
by mtorbIades of helicopters 

The engineering problem of the coupling between aero- 
dynamics and strucues (aeroelastics) is currently cha- 
racterized by small scale approximate interdon pre- 
dictions. But real time coupling of the aerodynamics and 
structural dynamics will be addressed more and more. 
Fig. 27 reports on the results obtained during recent d e  
velopment of fighter aircraf~ 

Fig. 27 Aeroelasticity - a challenge for supercomputing 
(Coupling of aerodynamics an structural dyna- 
mics) 

The last example in this chapter is of great importance 
from an aircraft operational point of view. Flying in bad 
weather environment often leads to aircraft icing condi- 
tions. There are several possibilities to get rid of the ice 
but there is no way to avoid icing at all. The prediction 
of time-dependant growth of rime and glace ice shapes 
based on the determination of water droplet paths and 



impingement limits is a very well known technique 
using computing tools. Fig. 28 gives some results obtai- 
ned for droplet paths and ice shapes for the Dornier Do 
328 wing section. 

Fig. 28 Water droplet paths and icing on Do 328 wing 
section 

Conclusions 

It can be stated easily, that CFD and supemmputing is 
a mandatory requirement in concurrent engineering. The 
techniques used have reached, originally starting with 
computational aerodynamics, nearly all engineering 
disciplines. Much progress has been achieved in the past 
because everyone works on the same airplane at the 
same time. External support groups are working as con- 
sultants only. Fig. 29 defies the goal to be reached in 
performing concurrent engineering. 

Fig. 29 Concurrent engineering requires mandatorily 
CFD and supercomputing 

The present status in aircraft design and optimization 
methods is still characterized by limitations due to nu- 
merical models and limited design/optimization capabi- 
lities. But as shown in the paper, there is significant pro- 
gress. The. development of highly enhanced numerical 
models and the development of procedures for improved 
optimum design is under way. Fig. 30 gives a schematic 
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view on the needs of interdisciplinary (concurrent) engi- 
neering process for an overall optimized product 

Fig. 30 Aircraft design and optimization methods 

To conclude the following statements are made : 

CFD is by now a well-developed and accepted tech- 
nology in Germany 
CFD is the tasic design tool to reduce development 
risks and to introduce new technologies 
Interdisciplinary computational capabilities beyond 
CFD are in progress, combining CFD. Structural 
analysis, CEM, IR-analysis and optimization techni- 
ques 
Extensive progress has been achieved in mesh gene- 
ration. by now permitting CFD for complex geome- 
tries 
There is excellent cooperation between universities, 
research establishments and indusq in joint pro- 
grammes, e.g. hypersonics, vortex flows, laminar and 
turbulent flow 
The use of supercomputers of all kind is required as 
intensively as possible (affordable), there are pro- 
blems related to investment cost, short half life and 
change in architecture 
Complex flows at complex geometries demand ge- 
nius engineers who understand the complete physics 
Progress in CFD and supetcomputing has been achie- 
ved in Europe last not least due to several remarkable 
international initiatives (GARTEm, EFG, Vortex 
Flow Experiment etc.) 
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SUMMARY 

Technology readiness and available 
infrastructure is assessed for timely 
computational simulation of concurrent 
engineering for propulsion systems. 
Results for initial coupled multi- 
disciplinary, fabrication-process, and 
system simulators are presented 
including uncertainties inherent in 
various facets of engineering 
processes. An approach is outlined 
for computationally formalizing the 
concurrent engineering process from 
cradle-to-grave via discipline- 
dedicated work stations linked with a 
common database. 

1. INTRODUCTION 

Engineering systems are presently 
developed by a loosely integrated 
procedure where the assigned tasks of 
each participating discipline are 
performed independently based on a 
building block approach. A typical 
example for a liquid propulsion system 
is shown in Figure 1. The present 
system development process is usually 
based on a series of ad-hoc revisions 
on an as-needed basis, with minimum 
interactions among participating 
disciplines. The system adequacy is 
then assessed based on extensive 
testing at sub-component, component, 
and system levels. This results in an 
inadequate, ineffective, inflexible, 
and costly system development process. 
Clearly, a need exists for a new way, 
concurrent engineering of the system 
development process. 

Concurrent engineering is usually 
described as simultaneous processing 
of all participating disciplines 
involved in the total system 
development cycle, largely facilitated 
:hrough tiger teams. The authors view 
concurrent engineering as the process 
zhrough which all participating 
disciplines (from cradle-to-grave) 
interact concurrently through a common 
jatabase to develop a system in the 

minimum time frame possible, at the 
lowest cost obtainable, with desired 
durability and quantifiable risk/ 
reliability. The infrastructure is 
available for computationally 
simulating concurrent engineering 
including probabilistic simulators to 
account for all the inherent 
uncertainties. The objective of this 
paper is to outline an approach for the 
computational probabilistic simulation 
of concurrent engineering for the 
multi-disciplinary procedure through 
which propulsion systems can be 
conceived, designed, developed, 
installed, operated, maintained, and 
ret ired. 

2. WBY COMPUTATIONAL PROBABILISTIC 
SIMULATION OF CONCURRENT ENGINEERING? 

The main impetus to find the new/ 
better approach for developing systems 
in today's highly competitive market 
place is to minimize cost and 
development time while maintaining 
desiredproductdurability/reliability. 
Does the concurrent engineering 
approach, focussed on formation of 
tiger teams, fulfill the required 
promise? The authors' contention is: 
the process of concurrent engineering 
needs to be computationally simulated, 
encompassing probabilistic aspects, 
i.e., including uncertainties at all 
stages, to reach the true minimum cost/ 
minimum time benefits while maintaining 
true system durability/reliability. By 
this we mean, that all the relevant 
information from all the participating 
disciplines should be put in a common 
database and be accessible to all the 
participants concurrently from the day 
one of the process inception. Among 
many benefits such as first hand 
consideration of all relevant cradle- 
to-grave information at early stages of 
the process and instantaneous 
availability of the overview of all 
requisite information by all the 
participants, this will ensur-e that 
all revisions are instantly transmitted 
to all participating disciplines and 

Presented at an AGARD Meeting on 'Integrated Airframe Design Technology; April, 1993. 
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not just those that the tiger teams 
deemed appropriate as influencing the 
system outcome. Each participant can 
provide information on the variability 
their discipline will allow in the 
appropriate variables along with the 
consequences of crossing these bounds. 
Such a network will minimize the need 
for personal interaction in form of 
tiger teams and thus minimize 
parochial conflicts, while maximizing 
the flow of information. There will, 
of course, be a need for certain 
person-to-person meetings between the 
management and/or the discipline 
experts, but no need for frequent 
(time consuming and expensive) tiger 
team meetings. 

3 .  INFRASTRUCTURE FOR PARTICIPATING 
DISCIPLINES 

Clearly, concurrent engineering for 
the total system development/ 
operation/maintenance/retirementcycle 
is a complex multi-disciplinary 
process. The formal development for 
computational simulation of the 
concurrent engineering process must 
(1) build on infrastructure already 
available for discipline-specific and 
integrated/coupled multi-discipline 
simulators for sub-components, 

concurrently account for all multi- 
discipline uncertainties, ( 3 )  make use 
of available computer hardware, and 
( 4 ) be open-ended for evolving 
advanced technology both in software 
and hardware arenas. Some of these 
computational simulators can be used 
to demonstrate in a limited way and on 
a specific case basis, that 
computational simulation of concurrent 
engineering is not only feasible but 
timely. This demonstration is a 
testament for the assessment of the 
readiness of the methodology for 
computationally simulating the 
concurrent engineering process. The 
following examples are selected to 
illustrate this point. 

3.1 Structural Tailoring of Engine 
Blades - The aircraft, the engine, and 
the blade along with current design 
procedures and derived design results 
are shown in Figure 2 (ref. 1). This 
example shows that the computational 
simulation permits the design of a 
blade to meet system (engine) 
performance requirements (ROI -Return 
on Investment) in considerably reduced 
time. The design defines the blade in 
all its details with hot and cold 
config*Jrations. These configurations 
can be transferred to numerically 
controiled machines to fabricate 
blades which match disk assembly 
requirements. In addition, structural 

components, and systems, (2) 

performance-specific values, for 
variables such as frequencies, 
displacements, and cyclic strains, are 
available which can be used for accept/ 
reject quality criteria and for 
verification of blade designs. 

3.2 Multi-discipline Tailoring of 
Turboprops - The turboprop stage/ 
propeller and the blade internal 
structure along with results of the 
various participating disciplines are 
shown in Figure 3 (ref. 2). The 
tailored design specified the intern91 
construction and the external geometry 
of the turboprops. All the details are 
in computer files which can be 
transferred to the shop to fabricate 
the blade. The fabrication 
requirements were formally represented 
by suitable constraints for (1) the 
type of composite and fiber volume 
ratio, ( 2 )  ply thickness and number of 
plies per node, ( 3 )  type of spar, ( 4 )  
spar shape ( 5 )  type of adhesive, ( 6 )  
cavity geometry, ( 7 )  angle of sweep, 
( 8 )  twist angle, (9) camber and (10) 
airfoil geometry tolerances. Specific 
values of response variables are 
available which can be used to qualify, 
verify, and certify the turboprop. 
This specific example illustrates the 
multi-discipline infrastructure, beyond 
simple CAD/CAM that is needed to 
develop computational simulation of the 
concurrent engineering process. 

3.3 Multi-Discipline Tailoring of Fan 
Blades - A more sophisticated coupled 
structural/Thermal/Acoustic/Electroma- 
gnetic Simulator was used for tailoring 
the composite configuration of a fan 
blade subjected to multi-disciplinary 
service loads. The results in Figure 
4 (ref. 3 )  in-house unpublished notes) 
show the configuration €or each 
discipline-specific load. The 
fabrication tolerances are included as 
constraints on the thicknesses for the 
different layers and on the external 
blade geometry. 

3 . 4  Fabrication Process Tailoring - 
The simulator shown in Figure 5 was 
used for tailoring the composite 
fabrication process (Figure 6) for 
maximum in-plane loads (Figure 7) - 
ref. 4 .  Though, as a result of the 
fabrication process tailoring, the 
tensile load did not change, the 
pressure consolidation time was reduced 
by at least 30 percent. And, a 
processing history emerged to increase 
the compressive strength by about 50 
percent. 

3 . 5  System simulator - The simulation 
methods for discipline-specific and/or 
component - s pe c i f :i c t a s k s are integrated 
to simulate entire systems. These 

0 

0 

c 



simulators are next to the last steps 
to develop computational simulators 
for concurrent Engineering. One such 
simulator is implied in Figure 8 (ref. 
5 ) .  The next level of simulation 
which is that for the vehicle is shown 
in Figure 9. 

4. SIMULATORS FOR CONCURRENT 
ACCOUNTING OF MULTI-DISCIPLINE 
UNCERTAINTIES 

An important part of the engineering 
process is an accurate assessment of 
system's reliability and risk, most 
effectively simulated via 
probabilistic methods accounting for 
the uncertainties at various stages of 
the system development process. In 
absence of methods to treat these 
uncertainties, traditional approaches 
rely on a lump-sump safety factor, 
resulting in wasteful and inefficient 
overdesigns with increased costs. A 
methodology is under development where 
the uncertainties in load, structure, 
and material can be represented 
probabilistically. The corresponding 
uncertainties in the structural 
response can be quantified which can 
be subsequently used to assess 
component/system reliability and risk. 
The essence of the method is 
schematically illustrated in Figure 9 
(ref. 6). 

4.1 Damage Probability and Total Cost 
Simulator - Typical results, showing 
the probability of damage initiation 
risk and total cost vs. fatigue 
cycles, for an SSME blade are shown in 
Figure 10. This approach can also be 
used to assess improvements in 
material processing versus probability 
of failure and cost as is shown in 
Figure 11. 

4.2 Benefits of Probabilistic 
Simulators - Accounting for 
uncertainties benefits the system 
development process by: (1) minimizing 
the amount of testing required for 
qualification and certification, ( 2 )  
providing information on fabrication 
parameters which have negligible 
influence on system performance and 
reliability leading to relaxing of 
fabrication tolerances for these 
parameters resulting in cost savings, 
(3) relaxing material acceptance 
criteria in situations where certain 
material characteristic are 
insignificant to product reliability, 
( 4 )  avoiding the need for 
unnecessarily high safety factor 
penalty in the system design, (5) 
providing a quantifiable means for 
defining the chances of product 
survivability in real-life service 
environments, and (6) bypassing the 
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presently emerging concept of fuzzy 
theory application to product design - 
since quantification of uncertainties 
inherently defines the acceptable 
product performance range which fuzzy 
theory is supposed to determine by the 
use of a subjectively determined 
quality function. This function can be 
readily represented by a suitable 
segment of the cumulative probability 
distribution function. The methodology 
readiness to account for Uncertainties, 
reliability and risk is sufficiently 
mature to be incorporated in 
computational simulation methods for 
concurrent engineering or component 
assemblies and even vehicles. 

Collectively, these specific examples 
demonstrate that subst ant ial 
infrastructure is available and 
evolving that is essential to 
computationally simulate concurrent 
engineering for aerospace propulsion 
components accounting for uncertainties 
in respective variables. 

5 .  AN EMERGING PLAN 

An emerging plan is described as 
"integrate software packages for the 
computational probabilistic simulation 
of multi-disciplinary procedures 
through which propulsion systems are 
developed (conceived, designed, 
fabricated, verified, certified), 
installed, and operated. The plan is 
shown in Figure 12 with multi- 
discipline facets at the top, 
concurrent engineering computational 
probabilistic simulation at the center, 
and simulated system evolution at the 
bottom. This software system will 
consist of (1) work stations with 
discipline-specific modules, dedicated 
expert systems and local databases, ( 2 )  
a central executive module with a 
global database and with communication 
links for concurrent interaction with 
multi-discipline work stations, ( 3 )  
unsupervised learning neural nets, ( 4 )  
adaptive methods for condensing and 
incorporating information as the system 
evolves, ( 5 )  zooming methods, ( 6 )  
graphic displays, and (7) computer- 
generated files for computer-controlled 
fabrication machines. Also, the 
appropriate computer hardware needs to 
be available and configured for 
specific implementations. 

6. CONCLUDING REMARKS 

This paper briefly describes what is 
the state-of-the-art of the concurrent 
engineering process in terms of its 
necessity, interpretation , and 
implementation for the system 
development process. An infrastructure 
of the methodology/technology readiness 
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for the probabilistic concurrent 
engineering process is discussed. 
That infrastructure includes 
demonstrative examples for 
materials/fabrication/structural 
response/tailoring of propulsion 
structures via integrated/coupled 
multi-discipline and system 
simulators, while concurrently 
accounting for multi-disciplinary 
uncertainties. The results of these 
examples clearly demonstrates that the 
concurrent engineering process must be 
and can be computationally simulated 
and is timely. Finally, an emerging 
plan for computationally simulating 
the concurrent engineering process is 
described. 
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STAEBL - - STRUCTURAL TAILORING OF ENGINE BLADES 
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Figure 2 - Structural tailoring of engine blades 
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Figure 3 - Structural tailoring of turbo prop blades 
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FRAMEWORKS FOR INTEGRATED AIRFRAME DESIGN 
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United Kingdom 

1. Introduction 

British Aerospace is Britain's largest Manufacturing Group. 
Products cover Defence Systems, Commercial Aircraft, Cars, Civil 
Engineering, Property Development, Construction and Project Management. 

BAe Defence is the largest defence company in Europe with a turnover 
of f4.2 billion. Exports account for over 70% of sales. Military 
Aircraft Division is an important part of BAe Defence with major projects 
ongoing centred around HAWK, HARRIER, TORNADO and the European Fighter 
Aircraft EFA. 

2. Paperless Aircraft 

The 'Paperless Aircraft' project was initiated within Military 
Aircraft Division during the 1980's with the major aims of reducing 
costs, improving quality and compressing the aircraft development 
lifecycle. 

In order to develop an appropriate technology base a thorough 
understanding of the design process had to be assimilated. This was 
achieved by developing a series of frameworks for integrated airframe 
design inclusive of all disciplines involved in the product definition 
lifecycle. 

The project spreads across many areas and will ultimately run 
through from Electronic Contract and Specification, Concept Design, 
Baseline Standard Aircraft Definition to Automated Detail Design through 
to a 3D digital product model, Aircraft manufacture and in service 
support. 

Theoretical Analysis, Testing, Flight Test and Certification are all 
becoming dependent on Computer software and visualisation of results is 
much improved particularly in terms of comparison of data. This is 
enabling engineers to be much more confident in their designs. 

The Management of data in a complex environment is also an issue 
covering the transition from 2D drawing to 3D model, upstream technical 
areas and downstream Production Engineering through to manufacturing. 
Systems are being developed to cover these activities leading to the 
establishment of a CITIS (Customer Integrated Technical Information 
Service) covering both Technical and Business Data. 

CITIS is part of the MoD/DoD requirement for implementation of CALS 
(Computer Aided Acquisition and Logistics Support) which is a business 
strategy to introduce Concurrent Engineering, establish international 
standards and develop integrated logistics support systems based on a 
digital definition of the product. 

Presented at an AGARD Meeting on 'Integrated Airfrome Design Technology; April, 1993. 



The transition to a 'Paperless' environment is a key initiative 
being taken on by the worlds leading Aerospace Companies as a new way of 
doing business in the 1990's. 

For the future MAD intends to continue implementation of 'Paperless' 
concepts with emphasis on the introduction of Concurrent Engineering for 
its major projects particularly EFA. It is putting into place the 
necessary organisation changes and investment in technology to achieve 
effective generation of the product models and management of data across 
the multi-function teams. 

3. Concurrent Envineerinq 

Concurrent Engineering is being implemented as part of the Company's 
business plan to reshape the organisation and reduce the product 
lifecycle. The tools developed for the electronic 'Paperless' 
environment provide the enabling technology to make t:his happen. 

Concurrent Engineering is a business strategy to re-organise people 
into integrated multi-function project teams utilizing Computer Aided 
Engineering tools as the enabling technology. The objective is to reduce 
timescales and improve quality by moving from a sequential series of 
operations to a more product focused environment which will allow 
simultaneous activities to be properly co-ordinated. 

During the late 1980's two projects have provided a basis for MAD'S 
implementation of CE. These are the 'Hawk' competitiveness programme and 
the 'Paperless Aircraft' project. Both these activities concentrate on 
the requirements for CE with emphasis on 'Organisation' and 'Technology'. 

The Hawk project aimed at a reduction in cycle time for 
pre-production activities and a better design definition by involvement 
of all functions operating as a team from the outset. This approach was 
adopted on the T45 GosHawk wing project and demonstrated both reduced 
'makespan' and significantly less change in manufacture. 

Building onto this experience is the development work on the 
'Paperless Aircraft' utilizing 3D solids to define product models which 
enable clear visualisation to be achieved at an earlier stage in the 
design . 

These product models 'provide centralised databases for major 
projects and are being used for the creation of digital mock-ups for EFA, 
Harrier and Hawk. 

The new techniques have been used to good effect on each of these 
projects. On EFA the Wing and centre fuselage fuel volumes were created 
as solid models.and the resultant wing volume was within 2% of the figure 
obtained by filling the actual wing with fuel. 
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For the Harrier the pitch control system was modelled together with 
surrounding structure. Then using Kinematics a fully working mechanism 
was defined thus enabling a successful audit to be achieved prior to 
commitment for manufacture. 

In addition to the above in August 1991 a Concurrent Engineering 
team was set up for the EFA single seat aircraft front fuselage to fit 
the full avionic suite in the radar bay. 

The major areas of re-design were modelled and completed in March 
1992 and have resulted in a clearer definition of structural and systems 
assembly requirements in a highly complex area of the airframe. 

This has had a significant impact on the planning process providing 
a much better insight into understanding the downstream activities 
necessary to achieve build at an earlier stage in the design. To date 
detail manufacture necessary for the fitting of the avionics boxes which 
include machined items, flat and formed parts and pipes have all been 
made without the need for any design changes. 

The whole of the 'radar bay' structure as defined by the 3D solid 
model has been built with only a small number of engineering changes due 
mainly to assembly mismatches. 

MAD is now turning its attention to the training required for 
Concurrent Engineering centred around the need to develop broader skill 
based 'Design Engineers' rather than single disciplines. These engineers 
will be supported by specialists who will have in depth functional based 
skills together with enabling technology 'tool set' expertise. 

4 .  Product Definition 

Current activities are leading towards CALS compliance with the 
adoption of STEP ISO-10303 when available. 

For new design, product definition is developed on CATIA as a 3D 
master model which also serves on some projects as an 'Electronic 
Mock-up' . 

Electrical wiring definition is achieved via 'in house' developed 
sys tems : - 

BCAWD - BAe Computer Aided Wiring Diagram 
BCAPE - BAe Computer Aided production Electrical. 

These systems cover schematic wiring diagrams and wire data 
respectively and are compatible with 'European' standards. 

Integration of engineering and technical data is to be achieved by 
development of a new Data Management System CAEIMS - CAE Information 
Management Service. This will eventually form the infrastructure 
necessary to transform data from different systems into a CITIS 
environment. 



Definition of Product Structure is via a number of mainframe systems 
which are part of the company ‘Overall Business Architecture’. 

Essentially ‘Bills of Material‘ are produced on the Design Product 
Definition System - DPDS. Configuration Control is achieved via CMS - 
Change Management System. Both systems are compatible with European 
Standards in terms of the AECMA ABC guidelines. 

There is a proposal to bring this standard into line with STEP and 
this is being considered by the AECMA Technical Industrial Commission. 

The Procurement and Management of Aircraft Ground Equipment is 
controlled by another ’in-house‘ developed system PAMAGE. This is used 
by Partner companies, MOD and Rolls-Royce. It is the intention to make 
this system compliant with MIL-STD-1840A for automated data interchange. 

For the future ‘Image Distribution’ is being considered as a 
replacement for microfilms and a pilot project is in progress on the 
HAWK. Documentation is also being reviewed on HARRIER to determine the 
feasibility of converting Stress/Aero calculations to electronic storage. 

There is considerable customer interest in this area and provided 
this continues compliance with relevant CALS standards will be achieved. 

5. Data Manajzement 

The main elements required to control data will be covered by the 
development of a new system. CAEIMS - CAE Information Management 
Service. 

This will provide a ‘Kernel’ for marshalling data from the Company’s 
data bases to the appropriate usage point ‘in-house’ and to external 
customers/suppliers/sub-contractors via a CITIS gateway. 

The principles being addressed are:- 

o Data configuration control 
o Electronic approval/Release Cycle 
o 
o 
o 

Visibility of data associativity and audit trails 
Data availability within access control parameters 
Data flow control and automated interchange 

For the exchange of data with external customers development is 
aiming towards CITIS which will provide standard communication to/from 
the customer and data conversion to CALS Standards/Communication 
protocols. 

Architecture and user access are being considered together with 
issues yet to be resolved relevant to the commercial implications of 
CITIS and development of the final specification. 
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6 .  Conclusion 

The development of the integrated airframe design process has 
progressed naturally by proving its worth relevant to business need 
together with being able to respond rapidly to more and more demanding 
project requirements. 

As the Aerospace business evolves the need for highly efficient 
design, analysis, optimisation and rapid prototyping techniques is 
becoming even more critical to achieving the competitive edge necessary 
to operate successfully in world markets. 

MAD has faced this challenge and intends to maintain and improve its 
position as one of the world leaders in the field of Military Aircraft 
design. 

INTRODUCTION 

0BAe Defence 

0 Paperless Aircraft 

0 Concurrent Engineering 

0 Product Definition 

0 Data Management & Exchange 

Figure 1 



DEFENCE 

0 BAe Defence is the largest defence company 
in Europe 

0 Military Aircraft Division is an important part 
of BAe Defence with major export contracts 

0 Principal products are HAWK, HARRIER, TORNADO 
and the new European Fighter Aircraft 

Figure 2 

PAPERLESS AIRCRAFT 

0 Initiated in the 1980's 

I 
0 Reduce costs 

0 Improve quality 

0 Compress the aircraft development lifecycle 

v 
Improve Business Performance 

Current and Future 

Figure 3 

PAPERLESS AIRCRAFT 

0 Establish a 'Digital Master Product Model' 

0 Develop integrated systems 

0 Provide effective data management 

0 Implement Concurrent Engineering 

t 

I Integrated Airframe Design 

Figure 4 
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I DESIGN PROCESS FRAMWORK 
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Figure 9 
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Figure 12 

CONCURRENT ENGINEERING 

0 Need to re-profile investment 

0 'Up Front' design requires more time 

0 Co-locate the team or provide virtual co-location 

0 Lifecycles must be synchronised - eg. SYSTEMS/AIRFRAME 
0 Data management is essential 

0 MAD wil l  introduce CE on a wider scale 

0 Organisation is being put into place 

Enabling technology investment plans are being revised 
to meet the new business environment 

Figure 13 
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PRODUCT DEFINITION 
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Structures 
Design 

- CFD/Navier Stokes - Wind tunnel results 
- PATRAN/NASTRAN - Structural test results 
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t Results 
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Figure 14 
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Figure 15 
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PRODUCT DEFINITION 
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Figure 16 
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DATA MANAGEMENT 

0 Development in progress of CAE IMS 

0 Will provide a 'Kernel' for marshalling data to and from 
company data bases 

0 External Customers/Suppliers/Sub-Contractors will access 
via a ClTlS gateway 

0 CAE IMS will provide access control to engineering data 

0 Data conversion to CALS standards and communication 
protocols will be carried out on a project requirement basis 

Figure 17 
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0 Data configuration control 

0 Electronic approvaI/release cycle 
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The Process Network in the Design 
and Manufacturing of Aircraft 

Summary 

J. Krammer 
A. Rilttinger 

Military Aircraft 
P.0.Box 801 160,8000 Miinchen 80 

Germany 

Deutsche Aerospace AG 

The paper presents in the first part some ideas for investigation 
and iniprovenients of development processes. Typical processes 
are shown using the SADT-technique and a process flow dia- 
gram. In the second part a redesigned process chain for the de- 
sign and manufacturing of complex composite parts is explai- 
ned. Two examples show the functionality of the new developed 
constructive design model for this process. 

- contentment of customers (external as well as internal) 

- optimized interdisciplinary processes (network of different 
process chains) with reduced cycle times and costs and ada- 
quate quality 

economic use of human and material ressources (staff, 
machines, hardware and software tools) 

- 

- flexible organization models and methodologies. 
1. Introduction 

Present and future high performance aircraft designs will be cha- 
racterized by increasing complexity which involves for example 
that the weight and the costs (e.g. development and life cycle 
costs) are dominated by non-structural parts such as systems for 
guidance, survey, flight control etc. with a huge amount of elec- 
trical lines. Another imortant fact is, that the customers, that 
means airforces and airlines, are not willing and able to pay any 
price for a product, which is indeed technological top, but the 
fly-away price and/or operating costs are too high. These points 
must lead to some changes of goals and strategies in aircraft de- 
veloping companies, which have to be considered. Thus it is first 
necessary to identify the features which are essential for a suc- 
cessful marketing and development of a product (Fig. I): 

A Customers 

Fig. 

Processes 

Ressuurcesl 
Organi7ations 

: Essential features for succesful marketing and 
development of products 

The next step is to examine the existing situation and processes 
and to define priorities and goals for improvements (e.g. reduction 
of development time and/or costs by 20%). Very useful in this 
phase is benchmarking, that means realistic comparison of the pro- 
cesses with those of partners and competitors ("best in class"). 

After that a "redesign" or more effective a "rethink" (e.g. just-in 
time methodologies) of processes and methodologies must happen 
followed by a realistic implementation plan of the new ideas. 

The furher content of this paper is limited to process aspects and 
will suggest first a methodology how to model interdisciplinary 
aircraft development processes and the related product data. 

With a special example the redesign of an existing sequential de- 
sign and manufacturing process chain for complex composite skin 
structures into a highly parallelized and time reduced development 
process is shown. 

2. The aircraft development process 

Since a few years, at Deutsche Aerospace (DASA) aircraft engi- 
neering department some projects were started to improve the de- 
velopment processes. Although much of the product design has 
been automated by CAD/CAM and other tools and product and 
engineering data has become a great deal more accurate, the ove- 
rall productivity of engineering has not much improved because 
the processes have not much changed. 

Presented at an AGARD Meeting on 'Integrated Airfrome Design Technology: April, 1993. 
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During the last month, detailed investigation of existing pro- 
cesses and data flows have took place in  order to find poten- 
tials for improvements like 
- unnecessary iterations 
- double activities 
- breaks in data structures 
- 
- no value-added processes 
- bureaucracy. 

management of data and informations 

To identify the problems, different views on the product and 
on the process are neccessary. For a complete product model 
a hierarchic decomposition of the aircraft structure (Fig. 2) 
must be done in order to know the interdependencies and 
transmissions of informations between the different parts and 
objects. 

Aircrafl 

Slruclure 

Avionics 

Fig. 2: Rough product structure of an aircraft 

Directly connected to a certain padobject is its design, manu- 
facturing and assembly process with the attached relevant 
data. 

As a method for the functional modelling of complex proces- 
ses the tool-supplied SADTDDEFO method (Structured Ana- 
lysis and Design Technique) was used. In Fig. 3 two levels 
(Context and main activiety diagram) of typical aircraft busi- 
ness processes are shown. (To get all necessary informations 
about the processes inputs, outputs, ressources and control pa- 
rameters, a structured questionnaire has to be. developed.) 

Illput 

Rcquiremnfr Activity - AirrdlsiSyrlcm 

Trchnolosicr Aircraft - DaumenuliMl 

develop. - A i r r r d ~  Ground Equiprml 
maliulaclure. 
support 

MdiTrations 

Mllcri.b - kuibility Srudics 

Syslem and Compnncnu - cwmnerscniccr 

Fig.3a: Context diagram 

Fig. 3b: Main activity diagram 

Starting with this IDEFO or ARM-model (Application Referen- 
ce Model) a data model (IDEFI or AIM = Application Infor- 
maion Model) can be derived in the next step. With that a pro- 
duct model of parts or assembled structures or - in the future - 
of a complete aircraft can be developed. These models contain 
in a standardized format (e.g. STEP = STandard for the Ex- 
change of Product Data) all relevant data and informations for 
the product development process and every participant of the 
process - from the first idea until to the recycling of the aircraft- 
can use those data with the tools which are necessay in the cor- 
responding life cycle phase. 

To include finally the process time in the investigations in order 
to identify potentials for parallelizing of activities, process flow 
diagrams (PERT-diagrams) and/or GANT diagrams can be 
used. An example of the X31-Wing predesign process is shown 
in Fig. 4. 

Fig. 4: Process flow diagram (predesign) 

In the following chapters a redesigned process chain for the de- 
sign and manufacturing of coniplex composite parts is explai- 
ned. It is a realization of an integrated process that links simul- 
taneously relevant design parameters and manufacturing 
informations and generates at the design level a part program 
that can directly be post-processed into NC-data for a tape ap- 
plication machine. As a common product data model the the di- 
minsional geomeuic data (e.g. CATIA) are used [ 1,2]. 

0 
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3. Process chain for composite structures 

In aircraft design, requirements concerning failure safety, vi- 
bration behaviour, aerodynamic and aeroelastic structural 
properties, stability (buckling), manufacturing etc. have to be 
considered in the development process. At the same time a 
minimal structural weight and low production costs should be 
achieved. 

The system layout, i.e. the topology and the shape of the com- 
ponents, as well as the choice of material.types and the mate- 
rial layout (e.g. ply dismbution and fiber orientations of com- 
posites) have to be determined considering the multiple and 
extremely complex correlations mentioned above. Structural 
optimization methods are very useful in order to solve such 
design tasks much faster and much more efficient than it can 
be done by conventional solution concepts [3,4]. Additionally 
they make it possible to achieve technically and economically 
"optima1"designs. 

Within an structural optimization process structural analysis 
methods, mathematical optimization algorithms as well as an 
optimization model are combined in a control loop to solve a 
design task [4,5]. The design task is formulated by the optimi- 
zation model, which contains a design model describing the 
design freedoms and an evaluation model describing the ob- 
jective function(s) and the constraints. 

3.1 Control Loop of the Optimization Process 

In order to deal with optimization problems in the structural 
design process, a procedure following the "Three-Columns- 
Concept" [4,5) seems most suitable. Following this concept, 
the solution procedure is divided into the "three columns": 

I) Structural model, 
11) Optimization model and 
111) Optimization algorithm 

The structural design problem is mathematically described as 
follows: 

General Nonlinear Problem (NLP) 

minimize f(x) (objective function) 

subject to g(x) 2 0 (m in-equality constraints) 
h(x) = 0 
XIS x 5 x. (lower and upper bounds (I\ (m: equality constraints) 

for tlic design variables x) 

This problem formulation is canied out by the optimization 
model which, among others, is divided into a design- and an 
evaluation model. The design model defines the relationship 
between the structural variables and the design variables. 
Structural variables are physical parameters, e.g. cross sec- 
tions, fiber orientations etc. the optimal values of which have 
to be determined, while the design variables represent the ma- 
thematical quantities which are processed by the optimization 
algorithm. By means of the evaluation model, it is defined 
which state quantity of the structure is to be minimized and 
which conditions or ultimate values are to be considered for 
the other state quantities, Thus, the optimization model is the 
mathematical description of the structural design task. For 
that reason, the optimization model is of special importance, 
since a truly optimal solution can only be achieved by com- 
pletely and accurately defined design task which considers all 

demands on the structure. The structural model supplies a ma- 
thematical description of the physical behaviour of the structure 
using appropriate state variables (e.g. aerodynamic pressure, 
stresses; stains, eigenvalues and eigenmodes, aeroelastic effi- 
ciencies, flutter speeds, shear strains of prepreg-tapes etc.) 
which depend on the structural variables (shape, cross-sections, 
ply dismbution, prepreg-courses etc.) For complex systems the 
structural model includes different analyses models and - 
procedures (e.g. aerodynamic panel model. finite-element mo- 
del, manufacturing model etc.). 

An optimization algorithm is a mathematical procedure for sol- 
ving the problem defined by equation (1). With structural opti- 
mization problems there usually is a nonlinear relationship bet- 
ween the behaviour functions (objective and constraint 
functions) and the design variables. Because of this nonlineari- 
ty, the problem (1) cannot be solved explicitly but only ly using 
an iterative, numerical process. For that purpose, several opti- 
mization algorithms with different solution strategies have been 
developed during the last decades. Experience shows that the 
efficiency and robustness of these algorithms often depend on 
the given problem. Therefore, it is advantageous to have more 
than one algorethm avaiable to be able to choose the one which 
is most suitable for a given problem. 
Fig. 5 shows the interaction of the "three columns'' in the opti- 
mization loop. 

j 1-1 

Fig. 5: Optimization loop 

3.2 The constructive design model 

The basic ideas of the constructive design models comprehend 
the geometrical modeling of the constructive layout and the as- 
signment of design variables xi to the constructive parameters 
z. instead of the analysis variables of an analysis model. After 
determining the constructive parameters z. from the design va- 
riables xi the complete constructive layout can be determined. 
The analysis variables for thedifferent analysis models then fol- 
low from the idealization of the constructive layout (Fig. 6 a, 
b). 

J 

Apart from the mathematical model of the constructive layout, 
this procedure requires unique, mathematically defined rules 
and procedures for determining the analysis variables for the 
various analysis models. 
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0 )  CONSTRUCTIVE DESIGN MODEL I 
Dekrmination 01 
constructive built.up 

Dekrmination of 

Duign variable 
linking 

linear or other 
trwformation, ca.: 

vrriablu 

h conitructive 

Fig. 6: a )  Principal functions of a constructive design 
model 

different analysis models 
b) Determination of the analysis variables of 

Construcive design models have the following advantages: 

* direct and unique description of constructive layout: 

-> optimization results can be utilized directly, 
-> no falsification of the results by transforming FE- 

properies into a constructive layout, 
-> manufacturing and constructive constraints can be formu 

lated mathematiaclly and considered in the optimization, 
-> higher acceptance of structural optimization in practice. 

* design definition independent of the analysis model: 

-> multidisciplinary optimization with different analysis 
models can be carried out, 
-> analysis models can be changed in the optimization pro- 

cess, e.g. mesh-distortion for shape optimization or 
mesh-refinement in order to achieve sufficient analysis 
accuracy. 

The disadvantage of constructive models is the higher pro- 
gramming effort necessary for a practical realization. In  shape 
optimization, the use of construcive or geometrical design 
models is already usual. The following sections depict the 
special constructive design model formulations for the num- 
ber of plies and the ply distribution as well as for the course 
of the prepreg-tapes in the single plies of laminated fiber 
composite structures. 

3.3 General built-up of fiber composite aircraft structures 

Aircraft components made of fiber composite materials are 
mainly subdivided into two classes. 

1. Sandwich structures:a) full sandwich 
b) sandwich shells 

b) unstiffened shells 
c) stiffened shells 

2. Monolithic structures: a) stiffeners 

Stiffeners as well as shells consist of many laminated single 
plies. The single plies are manufactured by means of prefabri- 
cated prepreg-mats (fabrics) or tapes with discrete thicknesses 
(e.g. t = 0,125 or 0.25 mm) The elasticity and strength proper- 
ties of the laminate can thus essentially be designed by utilizing 
the following design freedoms: 

1. Topological ply distribution on the surface (number and 
stacking sequence of plies placed one upon the other, ar- 
rangement and dimension of the single plies). 

2. Fiber orientations in the single plies. 

The realizable fiber orientations in the single plies depend on 
the applied prepreg type (fa.brics or tapes) and on the manufac- 
turing process. As far as prepreg-tapes are concerned, all fibers 
are orientated uniderectional (UD) so that the different fiber 
orientations in the laminate can be chosen freely. As described 
above, the possible arrangements are so manifold that they can 
only be fully utilized with the aid of structural optimization me- 
thods. This is the reason why in conventional design processes 
without structural optimization, the fiber orientations are usual- 
ly restricted to four directions. which are arranged at constant 
steps of 45' (0/45/90/135). Subsequently "only" the number of 
plies and their distribution is determined according to the spe- 
cial requiremtns on the structure. By means of this, it is possi- 
ble to meet all constraints. A minimal weight, however, is not 
obtained. Only if the single fiber orientations have been deter- 
mined optimally, the constraints can be met with a minimal 
structural weight at the same time. 

3.4 Integrated tape-laying process 

In order to abtain a homogeneous covering, the prepreg-tapes 
should be applied on the structural surface without any gaps or 
oberlaps. In aircraft construction, however, there are often 
double-curved application surfaces which are non developable. 
Because of the nondevelcipability i t  would not be possible to 
prevent overlaps or geps, if all the tapes would be applied along 
so-called "natural paths" (natural path = course of a tape which 
results from the tape-laying without any influence of external 
forces). This means that the tapes have to be applied along cur- 
ved courses, in order to ensure a homogeneous covering. Until 
now. the prepreg application on such double-curved surfaces is 
camed out manually or iri the case of a high number of pieces 
this process is partly automated by means of component speci- 
fic tape-laying devices. In the manual application process only 
the laying direction of the first tape of the single layer (which is 
usually applied along a natural path) is usually prescribed by 
the laying direction at a reference point. The manufacturers 
then join all following tapes without gaps or overlaps by hand. 

Normally the tape courses are only known approximately in the 
design process. In order to make the application process more 
efficient and reproducible,,a tape-steering technology was deve- 
loped during the last 3 years which allows a numerically con- 
troled application of prepreg-tapes along curved courses on 
double-curved surfaces by a tape-laying machine (Fig. 7). [ 1,6]. 
If one merely would bend the tapes when applying them along 
curved courses, wrinkels would occur because of the different 
laying length of the fibers across the tape (Fig. 8). In order to 
prevent this, and to equalize the different laying lengths, the fi- 
bers are shifted in the tape-laying process (Fig. 8c, 9). The fiber 
shifting only causes sheiv strains in the prepreg-matrix whilst 
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Fig. 7: Tape-laying machine 

p application dire& .. 

/ I  
/ 

the fiber strains are negligible. 

Fig. 8: a) Tape application along natural path 
b) Tape steering without fiber shifting => wrinkling 
c) Tape steering with fiber shifting => no wrinkling 

Fig. 9: Fiber shifting device for tape steering 

The fiber shifting is only possible up to a certain limit because 
otherwise the resin matrix ould be teared up. After the applica- 
tion, the shear stresses in the unhardened viscoplastic resin ma- 
trix relax completely [l]. 

Furthermore the curvature of the courses is limited by machine 
constraints. In addition to other technological demands, espe- 
cially these curvature and shifting constraints are the most im- 
portant manufacturing constraints which have to be considered 
in the design process. 

Above all, the curved courses are utilized for a prepreg- 
application on double curved surfaces without gaps or overlaps. 
Depending on the surface curvature and on the laying direction 
there is still space for a course curvature which exceeds the ran- 
ge necessary for the surface adaptation. This design freedom 
can be utilized to fulfill the other constraints of the design task 
(static, dynamic, aeroelastic properties etc. ) with less plies and 
by this, the structural weight can be minimized. 

4. Constructive Design Models for FR-Composites 

For the constructive description of the ply and pregreg distribu- 
tion, a geometrical description of the application surface and its 
peripherie is first of all required. Generally any parametric sur- 
face function rs(u,v) can be used for this purpose (u,v = inde- 
pendent parameters). In order to describe arbitary double- 
curved structural surfaces, sculptured surfaces consisting of se- 
veral surface patches(8) are most suitable. The patches are 
usually described by biparametricpolynomials. Such sculptured 
surfaces are commonly used in commercial geometry modelers 
so that it is possible to use the surface data (coefficients of the 
polynomial functions) provided by such a geometry modeler 
[71. 

4.1 Constructive design model of the ply distribution 

In order to constructively describe the ply distrubution, all sin- 
gle plies which have the same fiber orientation are combined in 
one ply group. Since not all plies of this group cover the total 
surface one obtains a step-like "ply group mountain", where the 
drop-off angles can be modelled and restricted to certain values 
to avoid delamination (Fig. loa, b, c). This ply group mountain 
can approximately be described by an enveloping sculptured 
surface (Fig. lob). For the mathematical description of this 
sulptured surface it seems recommendable for many reasons to 
use a Bezier-surface which is defined rangewise, and which 
consists of bicubic patches (Fig. 11): 

i =  1, . . , n l  ; j =  1, . . ,  na (2) 

where 1 envelope of the layer group, 
independent parameters, 
Bernstein-polynomial functions, 

ti* Ea 

bli it, +rn Bezier-coefficients, 
nit na number of patches in &- and 

f l * f m  

ta- direction. 
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Fig. 10: a) "Mountain" of plies with the same fiber 
orientation 

mountain" 
b) Envelopping surface of the "ply group 

c) Real built-up to prevent delamination 

Fig. 11: Bicubic Bezier-patch 

The (3nl+1)(3n2+1) Bezier-coefficients can be expressed by 
(nl+l)(n2+1) independent control points d.. . In the optimiza- 
tion process, design variables xk are assigned to these control 
points d.. so that the optimal layer distribution is determined 
by the optimal control points: 

'J 

'J 

(3) 

Equation (2) only disdribes a thickness distribution t depen- 
ding on the parameters and c2. Additionally a relation 
between this thickness distribution and the structural surfcace 
rs(u,v) is required. It is advisable to parametrize the indepen- 
dent variables of the structural surface depending on cl and 

t2. Therefore, the variables of the structural surface and are 
described analogous to the thiscness distribution: 

(4) i = l , . . ,  n, ; j = l , . . ,  % 

The surface parameter v is parametrized in the same way as U. 

A functional value t((,& ) of the thickness distribution is as- 
signed to each point r ( U ( ~ ~ , ~ ~ ) . V ( ~ ~ . ~ ~ ) )  of the structural sur- 
face. The number and the dimensions of the patches for the 
thickness distribution can thus be defined completely indepen- 
dent of the paramevization of the structural surface. 

4.2 Constructive design model of prepreg-courses 

The following assumptions are made for the calculation of the 
tape-courses: 

the boundary curve of the starting course is given by 
discrete curve points (Fig. 12), 

the adjacent tape joins without gaps or overlaps, 
the tape steering by fiber shifting only causes shear- 
deformations of the prepreg-matrix but no fiber strains, 
all fiber run on "parallel" curves. 
the change of the tape width due to the shear deformation 
is negligible. 

Fig. 12: Simulation of the tape courses 

In a first step, a continous starting-course is determined by con- 
necting the discrete curve points by the means of spline- 
interpolation. This curve describes the tape edge of the first ap- 
plied tape. 

With the application process the fibers in the tapes are only 
shifted against each other in course direction, i.e. all fibers of 
the viewed ply run on curves on the application surface, which 
are "parallel" to the starting course. 

So-called "geodesic curves'' (geodesics) can be calculated bet- 
ween both tape edges perpendicular to the courses of the fibers. 
These curves connect the two boundary courves of the tape at 
the shortest possible distance which is always perpendicular to 
the fiber direction and which is as long as the tape is wide. 

The boundary curve of the tape considered first, simultaneously 
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represents a boundary curve of the gap-free and non- 
overlapping adjacent tape. By repeating the described process 
for calculatingfhe opposite boundary curve, a sequence of ad- 
jacent tape courses can be calculated iteratively. This process 
is repeated until the tape courses within the peripherie of the 
application surface are calculated completely (Fig. 13). 

. 

Fig. 13: Tape courses on a completely covered surface 

The fiber course at a corresponding point in the tape can be 
determined by: 

where 

r,. 
( 
7 
ji polynomial blending functions, 
ri 

position vector of the tape surface, 
independent parameter in course direction, 
independent parameter perpendicular to the tape, 

partial curves of the tape course. 

As described above, the starting course (boundary curve of 
the first tape) is defined by discrete points connected by a 
spline-interoplation. In addition to the discrete points, tangent 
vectors can also be used for defining the starting course. The 
discrete points and the tangent vectors of the starting course 
implicitly determine the course of all following tapes. There- 
fore, these points %nd the tangent vectors are the constructive 
parameters, the optimal values of which have to be calculated 
by the optimization process. The design variables are assig- 
ned to these parameters of the starting course for the optimi- 
zation of the tape courses: 

U. = a . .  2. + U; , vi = B , k q  + vp , 
(6) 

J J I  8 

(I. = c j r  21 + 30 , t ,  = * cos aj + * Sinai 
dU dv 

where 

uj ,v, 
a, 
ti 
zi 

surface variables of a point on the surface, 
orientation angle of a tangent vector, 
tangent vector on the starting course, 
design variable ( 2, E, R). 

0 0  0 

1 The constants a.. , bjk , cjl,uj , v. and a. Serve for the nor- 
matlization and #ansoma ion of {he design variables to nu- 
merically suitable values. 

5. Examples 

To validate the functionality of the new constructive design 
model implemented in the Lagrange Program [9] two examples 
are shown in the following. As manufacturing constraints are 
included the drop-off angles, the curvature and the shear strains 
of the prepreg tapes. [IO]. 

5.1 Cantilever plate 

In Figs. 14a. b the results of a flat cantilerer plate with a shear 
load on the right end are shown. A Tsai-Wu failure criteria for 
the composite structure and a displacement constraint at the lo- 
wer right comer of the plate were applied beside the above 
mentioned manufacturing constraints. The problem was solved 
with 66 design variables (control points for ply distribution and 
tape courses). 

Fig. 14a shows the thickness distribution for optimized straight 
tape courses in the two ply directions which results in an opti- 
mal weight of 2,8548 kg. Allowing tape steering with the re- 
striction of the steering radii the optimal weight reduces about 
6,6% to 2,667kg (Fig. 14b). (The quadratic markings show the 
starting-course of the two ply groups). 

I 

I I 
1 

I 

Fig. 14a: Thickness distribution for straight tape courses 
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Fig. 14b: 'I'hickness distribution for curved tape! courses 

5.2 Composite Fin 

In  Fig. 15 first results with the constructive design models for 
the well known MBB-Fin are shown. Beside 306 manufactu- 
ring constraints there are stress limitations for the isotropic 
structure, maximum strain failure criteria of the composite 
structure, arising from five static load cases. Two aditional 
static aeroelastic efficiencys constraints for the fin and the 
rudder and a flutter speed constraint are also considered 
which results in a total number of 2168 constraints. 

Using only the 243 control points for the ply distribution mo- 
del the optimal for the ply distribution model the optimal 
weight is 154kg with the following ply angles: 

Fin Rudder 

PI y nimber Fin 

3,7tio 
85.05' 
38.42' 

4 24,2g0 

Rudder 

108' 
100,32° 
174,84' t 

(Results with tape steering are not yet available). The optimal 
weight results are higher than the published results [9] with the 
conventional design model formulation because of the conside- 
ration to the maximum drop-off angles which does not allow 
unrealistic discontinous thickness an finite element boundaries. 

6. Conclusions 

The traditional process of prduct  design and manufacturing is 
characterized by a number of sequential subprocesses, which 
require a lot of iteration loop:; in the design phase itself as well 
as between design and manufacturing. The usage of CAx tools 
has not much improved the productivity of engineering because 
the managing of the tools arid the produced data has become 
extremely complex. In order to come to a better exploitation of 
information technology the processes has to be investigated and 
if necessary redesigned. 
As an example for a redesign, a highly integrated process for 
composite structures including design optimization is shown 
which returns engineering tasks from special departments back 
to designer. The necessity of taking care of the manufacturabili- 
ty in the design phase will rtduce the number of iterations and 
interfaces. 
The success of such process integrations and parallelizations 
could only be achieved by a strong teamwork between the dif- 
ferent disciplines, which must lead to organisational and cultu- 
ral changes in the companies. 

Allowing a rotation of the fiber orientation but without tape 
steering the optimal weight reduces to 140 kg (= 9% reduc- 
tion) with the following angles. 
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Fig. 15: Thickness distribution fur straight tape 
courses (fin structure) 
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Summary 
The Integrated Structural Mechanics System (ISSY) is a 
modular structured tool used to perform a variety of differ- 
ent structural calculations on aircraft structures. ISSY in- 
tegrates all model generation, analysis and evaluationpro- 
grams used in structural mechanics under one user 
interface, and operates a common data base for all these 
programs. 
ISSY can be used to generate and analyze calculation 
models of structural assemblies (fuselage, wings, stabiliz- 
ers, etc). This is performed by an interactive preprocessor 
implemented in ISSY. These calculations provide data for 
both the finite element analysis and for strength analysis'), 
thereby avoiding redundancy of data. 
Model generation is supported by the useof parameterized 
standard models (and/or standard sub-models). In addi- 
tion, model generation is made easier by comprehensive 
ISSY libraries which provide material data on aluminum, 
composites, in addition to geometric data on profile sec- 
tions and rivet allowables. The geometry input data can be 
dircctly copied from the component loft data files. 
The model input data and calculation results are stored in 
relational data tables which can be analyzed by the post- 
processor implemented in ISSY. 
In addition other modules convert conventionally gener- 
ated calculation models into ISSY format and generate 
load case data. To aid partners work on international joint 
projects, ISSY is compatible with both standard NAS- 
TRAN and ISSY processed input and output data. 
A documentation of model and result data can beobtained 
in every phase up the justification report. 

')The strength analysis system ASSACOS (Automatic Sys- 
tem of Strength Analysis of Complex Structures) is oper- 
ated in ISSY. 

1. Introduction 
The Structural Mechanics department of Deutsche Aero- 
space Airbus (DA) has responsibility for a wide range of 
tasks. 

One major task is the determination of force distribution 
in global structures. In most cases this is done by means 
of finite element models (FE models). With these models 
being in the scale of 1:1, i.e. with each individual skin 
panel being idealised with its surrounding stringers a 
frames, often more than 100 000 degrees of freedom are 
involved. When, due to insufficient CPU capacity, 
rougher idealisations were performed, subsequent alloca- 
tion of FE results to real components used to be rather dif- 
ficult. 

Another major task of the Structural Mechanics depart- 
ment is the strength analysis of individual structural com- 
ponents. In the last twenty-five to thirty years, a variety 
of more or less differing strength analysis (SA) programs 
have been developed. Some fiiteen years ago, we started 
to order, categorize and summarize these programs. At the 
same time, the number of input data required for analyses 
increased considerably. This led to specific data models 
for each individual SA program. Besides, the uncoordi- 
nated development of SA programs led to a variety of in- 
terface programs for FE results application. 

Interface programs have beendeveloped for the transfer of 
FE results by means of an allocation table for components 
and finite element numbers into SA programs for the de- 
termination of reserve factors. 

These SA and interface programs -known under the name 
"ASSACOS" [ 11 - have been documented in theoretical 
and user manuals, and ASSACOS is operated and well 
known far beyond Deutsche Aerospace Airbus. 

As the number of complex analyses and data required in- 
creased steadily and led to inconsistencies and to time 
problem, it was decided to start the development of the 
integration conccpt ISSY some eight years ago. 

The comparison of the above mentioned tasks and tools 
showed that - in spite of differing calculation methods - 
the data required for FE and SA models were overlapping 
to a high degree. If a component (e.g. skin thickness) had 
to be modified, this modification had to be incorporated 
into several models. However, for SA models it is recom- 
mended to use design designations such as stringer, frame, 
skinpanel, seatrail, whereas FEmodels aredetermined by 
means of node geometry and element allocation. 

In addition, numerous data are determined by characteris- 
tic values (such as standard profiles, rivet data, material 
characteristics); they are required for all programs and 
should therefore listed in catalogues. 

2. Structures and Functions of ISSY 
Based on this situation, the ISSY concept has been devel- 
oped with the following principal targets: 

One major ISSY target is the integration of all essential 
data and programs required for the calculation of aircraft 
structures. This integration is achieved by a correspond- 
ing structuring of all data provided by the Structure Data 
Base (SDB). All SAprograms have access to this SDB, or 
are linked to it by interfaces, ref. figure 1. 
At the same, a common surface is provided for all pro- 
grams required to ensure an integrated application. 

Presented at an AGARD Meeting on 'Integrated Airframe Design Technology; April, 1993. 
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Modem procedures of generation, maintenance and eval- 
uation of data have been integrated in the ISSY concept. 
Program operation represents state-of-the-art develop- 
ments involving graphic and interactive functions as well 
as panels and windows for the user. 

For ISSY operation the concept has been extended by a 
number of features, such as integrationof external models 
of Airbus Industrie partners, processing of complex load 
distributions in FE structures (compressive loads), and 
processing of real load cases. 

The following data have been taken into account for de- 
signing the SDB: 
FE data selection for ISSY has been done in compliance 
with the system of elements that is generally used in aero- 
nautics, i.e. not all features of FE programs like NAS- 
TRAN [2] have been incorporated. Thus, volume ele- 
ments have not yet been included in preprocessing. 

At Deutsche Aerospace Airbus, loading data for the com- 
prehensive FE model are in general entered by means of 
unit load data. These data are adapted by factorisation 
(principle of superposition) to ensure evaluation of FE re- 
sults and analysis by SA programs. There is also the possi- 
bility to process real load cases by ISSY. 

Design and demonstration data represent input and output 
for SA programs. The output is in general effected by 
means of report lists. Although this output format is well 
suited for documentation, it is less suited for the actual 
analyses. Therefore, for ISSY purposes, a uniform and 
flexible data structure has been selected which is accessi- 
ble by all SA programs. ISSY uses component designa- 
tions to locate model and result data. They are of essential 
significance for pre- and postprocessing. 

Graphic and interactive systems offer a large variety of 
possibilities to display and document models and results 
by allocation of colors and groups. This information can 
also be stored in the SDB, processed by other program 
modules, or called in subsequent sessions. 

After having evaluated the advantages and disadvantages 
offered by commercially available FE preprocessors, it 
was decided to develop a separate ISSY preprocessor 
(PMOD) for generating an ISSY model that fulfills all re- 
quirements of FE methods (e.g. NASTRAN) as well as for 
strength analysis programs. PROPER, an in-house devel- 
oped program for profile geometry generation and lami- 
nate description, has been integrated into PMOD. 

For postprocessing purposes, which comprises the evalua- 
tion of FE analyses as well as the display of SA results, it 
was equally decided to develop a separate ISSY postpro- 
cessor module (GMOD). The decision was based on the 
fact that commercially available postprocessors 
(I-DEAS) do not allow processing of model data on the 
basis of design designations. 

To combine unit load cases to real load cases, programs 
were development for the determination of unit load cases 
for cabin pressures, air loads and inertia loads, as well as 
for the determination of factors for real load cases. These 
functions are summarized in the program module LMOD. 
LMOD is used also for processing aerodynamic and load 
distribution data which have been determined beforehand 
by the flight mechanics department. The results of the load 

factor determination are stored in the SDB to which all 
modules have access. 

The correlation module IWOD is primarily used to 
change FE and SA model data into ISSY model data. In 
addition, this module can be used for a comparison of 
models and properties and for their graphic display. 
KMOD is also designed for processing last data for ISSY 
models. 

As already stated at the beginning, the finite elements 
method is of essential importance for the determination of 
stress distribution. In addition to NASTRAN integration, 
data interfaces have been developed for programs such as 
SAFE, the (FEMERG) data of which have been used for 
decades for data maintenance, and COSA, the program 
operated by Domier. 

Deutsche Aerospace Airbus uses primarily INTERLEAF 
for publishing documents. ISSY offers the possibility of 
generating graphic data in INTERLEAF formats. 

In addition, various ISSY modules can be used for direct 
output of reports and graphics on list printers, POST- 
SCRIPT printers, or various types of CALCOMP plotters. 

ISSY has been developed for both IBM and VAX comput- 
ers. A distinction is made between computer-specific 
functions and actual program functions [3]. This allows an 
easy program transfer to other systems. Currently, we are 
working on a UNIX implementation on HP-systems. 

ISSY has a modular system structure. The user selects the 
module he wants to work with and enters the required data 
sources into the ISSY pariel or window, ref. figure 2. Each 
ISSY module offers defiiult data sets. This ensures that 
specific data are automatically adopted with it module 
change. 

System operation can be done in the interactive or batch 
mode. Specific computer knowledge is not required. After 
each session a log output is issued either on the screen, in 
a file, or on a printer. 

In interactive modules (like PMOD) the user operates with 
menus, windows or panels. Graphics can be displayed and 
processed in several independent windows. Graphics for 
documentation purposes can be stored in a metafile, or, at 
user’s option, edited and put out in various formats after 
module operation. 

For data maintenance various options have been investi- 
gated and tested: 
JMS, FOCUS, ORACLE. We finally decided in favor of 
our in-house developmmt, a purely relational data main- 
tenance system. FOCUS query functions [4] can also be 
used, just like the ISSYSDB can be adopted into rela- 
tional DB systems like ORACLE. 

3. Future Development of ISSY 
Currently, the ASSACOS program modules SCHADI - 
Strength Analysis of Stiffened Shells - and SPADI - 
Strength Analysis of Frames - can be used by ISSY. 
For the purpose of analyzing composites, the module 
COMFEST is linked to ISSY. However, the functions of 
this program are currently being extended to integrate the 
analysis of stiffened shells. 

The documentation modules SCHADOUT and DIAGRA 
used for preparing strength analysis reports and diagrams 
have been integrated and are operated in the interactive 



mode. Links for another five ASSACOS programs are 
currently beimg prepared: 
STRMU - Strength Analysis of Stringer Couplings 
SPANKU 
LAQUENA - Strength Analysis of Riveted Longitudi- 

nal and Circumferential Joints 
SPADJZ - Extended Strength Analysis of Frames in 

Complex Slrucnues and Major Assem- 
blies (Load Introduction Frames) 

"RAE - Strength AnalysisofCircumferential and 
Longitudinal Beams in Passenger Cabin 
and Cargo Compartment Floors 

Further ISSY development shall include additional l i s  
for other ASSACOS modules as well as for fatigue 
strenglh programs (crack propagation, damage tolerance) 
and SA programs from our parmer companies. 
Data exchanges with o h r  system like 3 M A D  or 
DEC-decision are also envisaged. 
ISSY can also be used for preliminary design and opti- 
mization tasks, such as PMOD. which offers parameter- 
izedmcdelsandeasy accesstoalldimensioningdatlinthe 
ISSY-SDB. 

- Strength Analysis of Frame Couplings 
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1.0 ABSTRACT 

functional disciplinu and wsociatcd intadisdplinarg con- 
plins. To achieve optimal pufonnana, the vaions disci- 
plinu mud wodr clacly togctha and &cctivcly ~ X & M ~ C  

large mounts of pclrincnt dam In the past, this was m- 
plisbcd ath- with indcpmdcnt analysis tools that were not 
tightly ccupled or with a single analysia tool that lacked the 
required fidelity to truly q o x t  the n d  of more than o m  
diripline. In addition, the analyses were pcdmmed in s m i u  
rather than cmcunmtly. A major impcdimmt to pmccw 
implovcmcnt w u  the lack of a common geometry database 
that could be utilized by all disciplines rapired to ruppoa 
muctunl design. Ih rapid growth of ccinputuiond capabil- 
ity and the pdnal  acccptMfe by engincus and managcmmt 
to the use of .ufonnatcd processes and common databars h~ 
allowed McDonmll DOU@M Acmspacc (MDA) to impkrnau 
a cmcuumt mgincaing spprorch to ahucnual design. 

n e  procew of designing aircroft S I m N R  requks  many 

Our present .ircnR design p e w  combines a common 
geomeay . p p m c h  and aristing analysis taols with the power 
ofcngincaing wolknations to manipulate .n integrated 

modular v h  divides the dcdgn pmcars into smaller, 
more m p u g u b k  uikr that can bepcdcwned w n c m t d y .  It 
.chieves "buy-m from each engineering and manufacnuing 
dircipline by incolpcaItting cxisting s p e c h b d  design tools 
that have been de- by tho= p u p s  and introduced into 
the process mthont taking away ownemhip. W e  use common 
geomcby panciplu, neutral file sttuctntcq mdely wepted 
third puny and company proplict.ry applications coupled 
with eonsirtcnt naming e o n v a t i m  and file management to 
achieve OUT integrated design methodology solution. n e  

weight against a givcn set of design requirancnts. It is cur- 
rently u d  to evaluate advanced vehiclu such u NASP and 
is alro being applied to more convmticmal aircraft. 

design &&IMC to d v e  at an optimum &sign wiution. CUT 

prrsslt s y a m  qthi7.m the vehicle llrmcture for minimm 

In the future. upabilities will he added to this analysis system 
that allow it to be appliced to detail design problems u well as 
incMdng the fiddity of advanced design dutions. n e  
major in- in capability will r e d  from adding direct 
access to the computer aided design gcomcay and also in the 
incorporation of standard analysis checks into the systcm. 
We will design the architcdlnc of the s y d m  such that new 
cngiacaing and manufacturing app l i~~ t io t~  can he easily 
added. 

' h i s  paper will discuss the evolutim of the MDA integrated 
design methodology from the 80's to the present as wcll as 
ow v i s i o a 0 f t h c f u ~  

2.0 OVERVIEW 
In thc 70's and u r i y  80's. advanced &sign activities used 
e a d y  historical data to pn!dict weight for new wn6gum- 
tim. This approach was adquate for .ircnR evolving from 

However, this -h prmnd to be hdquatc for high 
tcchology. high speed vehicks, arch M NASP. M well M 

more cmvmtimal vehiclu using larger amponmu of com- 
posite nutexids and having radically di&rmt shapes. This 
de6ciaq w u  mod obvious for the design of h y p e d  
vehicles, wbicb q u k s  a high level of multidiscipline 
integration to satisfy design requkmcnt8. l k sc  vehicki 
must operate in efflcmc thermal and dynamic mvimnmmta, 
yet have a low m u s  fraction to d s f y  miadon requitanmts. 
Because of the extrcmc cnvhumenta md the nm-h.ditiolul 
vehicle shspcs ~lociatcd with hypcranks. a new highly 

designa of similar vehicle gcomchy and nutexid systems. 

in tcprucdmuctun ldcs ign~uwasreq~  ourpro- 
e u s  was dcvclopcd to lapidly a n a l p  mucnrnl ccacepts for 
hypersonic vehiclu and p v i &  .CFM10 weight pocdictions 
much earlier in the design cyck pmcus. 

whn thi. cffoltbcgur in 1985. rapidly dcclumn . g c m F  
coda, Computer Aided Design (CAD) and Finite ELsmant 
Modeling 
which would integrate the enginming world I h s e  claims 
wue accurate. but a change in the way we do b\uinu~ WM 

required to achieve the d e h d  intcgnticm. In puticular moa 
procum wm aill conducted in lcrics and yory liale amau- 
rencyexistedin a t t d i n g t h e p b h  ofshucbmlintegm- 
tion. Moa CAD tubes wue nothing more than elapMie 
drawing bonds with &signers podueiag 2-dimensimal 
drawings. In many C W S .  these draV,ing1 were thcn altered 
into multiple PgM aystems (ottcn by hand) w that the 
mm~gth, dynamics. and loads cngincus Muld a n a l p  their 
modcls. Lolda wen  calculated using zdimcnuaul . d y -  
namic methods which wm only plaafmm dcpndcnt S a -  
turd ddng of the vehick WM highly dapmdent on hand 
analysia and "scat&-the-pants" wqndcna to &termin= 
s t m m d  and matexid system M m s .  Dyrumic analysis 

than during the design procus. The thumal mginccm did 
not use a PEM system at this time. instead using I d  "plug 
models" which wm time-conmmhg to pcdua. Five to ten 
modas might q r e s m t  the thumal mviromncnt of the ontire 
vehicle. Duc tothis lack of analysis depth and the tiw 
required to ped- more detailed a n d y n .  a htgc amamt of 
cnumatism was dcslgoed into the vehicles. 

were widely idmtificd U mechaniuns 

was typieauy pcdmmcd .ttcr the design was amplete. rather 

Presentedat an AGARD Meeting on 'lmegnued Airfmme Design Technology: April, 1993. 
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Ran 1985 to the present, M c h e l l  Dough has heen 
evolving integrated d analysis system in &m 
to ledoce the unoeccsssry conservative asrumptions included 
in 6nr vehicle analysis pmccssea The fint stcp in this devd- 
opmcnt wa8 to make a revolutionary change in cur a p p m h  
to developing shucnual eonccpts. %or to this change. analy- 
ses we= typically done in series. M e g  data from me 
discipline to another wv98 diEcult and timc-connrming 
because of diffmnt geometric m u h u  and in some cases 
diffacnt geomefxic mdi@ona 'Ih key feature to our 
a F h  wa8 to use common Bcnnctry for each discipline 
and to develop transluon to map data from one MalySir tool 
to anothe~ This common geometry approach was driven by 
the high d e p c  of integration q u i d  to duip hypersonis 
vehicles and thus !he absolute rquiranent to work in puauCl 
01 concunmtly. F%gurc 1 p v i b  a picmd.l oveMcw of 
thc systcm'szkturc% 

paramctcrs and tempnaucs can be rserlculatd W *Ne- 

checks, allowing chength engineers to Look at thmsands of 
potcnrial smctuml concepts and mate.M s y m s  to 6nd the 
lightest weight design. Although not shown in Rgra 1, 
another important fcamrc of the system is the integntim of 
dynamic analysis into the ay-. Automated methods .TC 

used to reduce the number of dements and n&s (degrees- 
of-frscdom) in the smmgthFEM modcl cnuting a new modcl 
which c m  be used &cicntly for dynamic analysis. "he pmp 
enies for the dynamics model arr nutmatically enfclcd based 

hwl rizingcodcs esscnti+lly aufomatc StMdani csmqgil 

o n ~ t s ~ a u ~ o p r i m i E p i o n  pmgram. 

3.0 COMMON GEOMETRY 
The key fcnnve of our analysir 8ysTem is that it is bucd on a 
common gwmary approach. The pmecru begins with the 
development of a vehicle or arumual configunwian, as 
show in F i p  2. Once the basic con6gumtion has been 

s y m .  it is translated into P A l "  in one of three ways - 
using an MDC-dcvelop4 Inoslarorprogmm. using IGES. or 
meshing dircctly using PATRAN 3.0. An individual ia 
nsponsiik for evaluating the surface transl.tion and re-dc- 
fining them if necessary. The breaks in the sut faas crutcd 
by the designcI are dntnnm . ed by rccommendPtions fmm all 
the analysts who will subsequently be using than. The god 
is to mate one surface gMmctty modcl that will be u d b y  

*ed by the designer using the unigmphics CAD/CAM 

all of the e n g i n d g  disfiplincs. 

Vertical Tal 

Figun 1. Integratd Sbuctural Analysis Inormws 
ProductMty 

Since 1985. CAD enginema have been trained to use d a c e  
and solid modcla Translators have been developed to inter- 
f s c  the CAD gcanaty models with the PEM systems. 
Guidelines have ken established for subdividing and analyz- 
ing entire vchicka The& d c s  have enabkd us to &velop 
automated data trandcr and data mapping methods which 
integmc the dirciplincs. Thrce-dimcnsionrl amudynamic 
methods and computational fluid dynamic methods have bccn 
inwpted with loads using accurate data mapping tschniqucs. 
Full three-dimcnsid transient thermal analysis is now per- 
formedto not only nmfwtmprDmcs.w also 
tluuugh-the-thidmcss tempaauc gradients. Thcpc calculi- 

entire Imjpjoaoru and tanpcnhlni  ate m q p d  dircctly to the 
mCngm analysis modcl. when d Dizing is cmnplctc. 
the thermal mod& .IT nubm~uically updated with the new 

tiOnS = madC af t h m d S  of M the Vehicle W C I  the 

Cry0 Tank 

OPIyQ(7l4-V a 
Figura 2. Typical NASP Blended Wing Body 

concept 

when the pnnetry is cmpkte.  e h  analyst crratcs e mesh 
suitabk for his discipline, walking in p d k 1  w i t h d y s u  
from the 0th- disciplines. Examples of typical discipline- 
.p.cific meshea = shown in F i p  3. The mesh for the 
ncrothermal. thermal and aercdynamic loada modcls is 
created at MDA using PATRAN. Thc detailed inner st"IC 
of the NASTRAN modcl is mated either with PKlRAN or 
with CGSA. an MDA-developcd code. depending on the 

m a s  arc reamd to the PKlRAN system. 
prefmncc of the sucngth enpinea. rntimatcly. all analysis 
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Thermodynamic Model 

PATAAN Geometry 
Structural Model 

OP3tM71-5 

Flgun 3. Different Analyaia Models Generated From 
Sama Geornetty 

Oncc the analysis modcls arc w e d ,  each of the modcls is 
mbdividcd into m e d  components. which provide a mccha- 
niam for transferting data from one enginaring discipline to 
another using automated routines. b c a l  names for maping 
aerodynamics p r c s s ~ ~ ~ s  to the structural model arc uppcr 
wing. innsr tail. engine cowl, and so forth. More names arc 
quircd for the thermal results mapping than the ncmdy- 
namic results, since the thermal ~ p o ~ s e  is impafted by the 
structural charactcrirPics of cach pand. Each named compo- 
nent in this caw represents a manufacntrable panel. This is 
discusscd in m m  detail in the following s x t i m s .  

40 DATATRANSFER 
The automated transfer of data buwccn disciplines is referred 
to U “mapping” and is performed for each discipline’s analy- 
sis m d  The relaxation data mapping method uses an itera- 
tive convergeme technique. Converged mapping results 
comparc quite well (less than 2% error) with the original 
results. even though thcrc may be signiticant differences in 
the meshes uscd by the different disciplines. The accuracy of 
the mappingpmccss improves when m m  analysis results arc 
available. For example. CFD results map m m  accurately 
than older 2-dimmsiod or panel method results. 

An example of the mapping pmcess is shown in F i p  4, 
where acropressures have bcm mapped from an aerodynamic 
modcl to a lrt~cnval modcl. The mapping software f w  
determines when cacb acroprcssun result lies 011 the stn~~- 
tural modcl. If the result falls within a structural element, the 
pressme of that structural element is fixed. An itcrativc p m  
ccdurs then is uscd to &tennine the results of all remaining 
undefined structural d a n m t s  by relaxing the results of the 
fixed elements and letting them drive the undefined elements 
to thcir 8ppropriatc value. Not only docs this method provide 
accurate mapping, but it also runs quite fast 

5.0 INTEGRATED DISCIPLINFS 
The pals of OUI analysis system arc i n d  acaracy and 
reduced cycle time. To achieve this, exisring computer pm- 
grams and enginecting processes were def ined such that 
mission, geometry, and analysis results data wcrc shared 
rather than created multiple times. Also. manual pmccssm 
were automated. and higher-ordcr mcthods have bcm addcd 

U they bxome available. The result of this &m is that the 
disciplines arc working in parallel rather than series, and that 

this process is shown in F i p  5. The following Istiom 
discuss the methods wed for thcrmal. aerodynamic l d .  
internal I d ,  structural &g. and weights calculatious. 

they WOdrinp IIt the Same 1NCl of &d. An OVClViCW of 

Aeropessures NASTRAN Elements Fixed 0 Cydes 

0 ~ ~ 1 7 1 4  

Figurn 4. Data Mapping Process 

O R w 7 1 - W  

Flgure 5. Integratd Analysis Approach 

5.1 Thermal 
One of the most critical problems facing NASP was the accu- 
rate prediction of tempcranues generated by severe heating 
environments. This is C N & ~  to the xcurscy of M l C N r d  
sizing on high speed vchicles or in mtunl regions located 
within the exhaust plume of more conventional sircraft. Most 
structural concepts ntt not uniform and have cmcentration of 
masses which cause tcmpcnnuc differences throughout the 
sttucture. Two types of tnnpcranuc gradients M important 



GpscO47ld 

Figurn 6. Maximum Tmprature Gradianta Aacent 
Trajectory 

5.2 A s o d g n u n l c h d s  
Exmnal aer0pxecsw.s arc calculated using a variety of mah- 
ods for aubaonic, oplmonic, aud hype& flight regimes. 
Sudrc pregsvns arc calculated vsing engine and trajecto~y 
characteristics for a trimmed and balanced airaan. Area8 of 
the airframe with complex flow churtcriStics, such M the 
n d .  PIC handled by Computational Fluid Dynamic (CFD) 

sonic flow regime. Calculahd pmsnucs for the &sign condi- 
tions arc mappcd onm the stnIcnual model and arc used for 
internal load calculatims using the data mapping technique 
described in saction 5.0 and as shown in E- I. A key 
attribute of our system is that tlight loads dcvcloped by a 

applied to the dmfhlral modcl via the mappiup pmccsa. 

analysis. cm, also is ulcd for the entire vehicle in the tran- 

variety of analytical codca or from wind nmnel results can bc 

Load8 Model 

5.3 htrnultads 
Oncc the ucx-qnc~aucr and tanpc- distributions haw 
bccnpdictedthq arc mapped tothe sinxtml modclin 
prcp.ntion for a N A S I "  w. in addition to 
and pm-. c m t  maas diakibutimn arc included in the 
modcL NM" n m o  arc made uaing consistm~ wndi- 
tiw. and provide the internal load distributions f a  the 
vehicle. An example of running londr on an M D l Z  c lur  
vehicle is shown in R p  8. The internal loads of tlw clc- 
m a t s  that d&ne each panel (named c o m p a t )  arc then 
averaged to provide the internal lards for the panel. These 
loads. dong with the t v s  and PrUSWed for crch 
pancl arciapllt to the sbuchud optimiutioll oodu which 
pCrfarm dC- panel 

*' J 

1 .oo 
750 

500 

-1.m 

GKUQblld 

Figun 8. Maxlmum Tamparaturn Gradient. Aacant 
Trajactory 

5.4 S b n e t u n l o p ~ t l m  
Structural Sizing is accompliahcd with Using MDA developcd 
strucmdOptimizPtionpmgnmsmat pcrformaacdcsof 
sangth and &Q' analysis ch&. S e d  lfrycmnl cm- 

The Stnrcfural cooccptn arc: sandwich (6111cfuzT (honeycomb, 
.supcr-pllstically fonnod/difhuion bonded. and Uuss cmc). 
stiffened atnrctluc (hat or an~~gations. blades). and mait- 
faedstnIoNrc(av~mofbkdeaiffd). ~optimiu- 
tion pmpm mpim that the @ccr input the loding 
environmcnta from the analysis databpns. alcag with the OVR- 

all dimensions. the materials to bc investigated, and the sizing 
Limits. 

q t s  can bc .slcctcdby the user as illusmtcd in Figluc 9. 

~ p I O @ C S  &the M d y e  BIc O b u i n c d h  all M1- 

line m a t d  dntdxsc. ?his datdxue contains the informa- 
tion nccdcd for mgiucainp analysis such as mcchlnical and 
physical pmpdes 'Ibc op im idon  programs access the 
datahse M needed to detcrminc the propcnics ofeach piece 
of the axtion nf design "npcraturcs. A common 
repsitory for material pmpdes provides data integriv 
bctwco diaciplincs and for comp~soo with hand analysis. 

opWnl.7 

Figura 7. Alrloade Mapped to NASTRAN G.onutry 
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Figum S. Optlmlmtlon Program Am U d  to Slrs Acrugs Panels 

Sizing limits W e  the bounds for sizing a pdcular d m  
and iacludc lima% arch as lstion height, thicknesaor. and 

F i p e  10. If a oomposite mataid is W l d  for sizing. the 
pmgnm U.CI composite analysis checks and c n u e h t c a  true 

StiEcner rpriag. cross d m  pvrmags are s h m  in 

lrminate t h i d w s a e s  to properticr. 

Minimum wight  design is foundby .Umining all of the 
vetions arithin the limits &fined by the U&L Results of a 
typical sizing output for a hat &mal d o n  are shown in 
Figure 11. The d o n  has actual dimmaions and thicknesses 
idcntificd ibis type of local d m  geometry ia neccslary to 
accwately predict local fail= modes and tluuugh-thrAhick- 
ness thermal pdicnts. In additim to detailed d o n  gcome- 
try, m q i u  of safety and shcss analysis summ&s are 
available for each design cmditinn in the mjectory. 

Guidance fnnu manufwturing. pmduc13dity. and 
ity are incorporated into the sizing limits. By including thw 

to change significantly as the con6guratim matures. Oncc 
sizing is complete. conveqpcc for cach panel is checked If 
the oonvcrgmcc criteria is not d e d ,  the sizing results are 
automatically i n p t  into the thmal and muefilnl analysis 
models and another sizing iteration is pdomd Conver- 
gence typically i. reached in 3 to 4 ikrations. 

Urly in the &sign phW. dzcd ESdOIlS  M ICES l k d y  

The optimbtim p m c h  rrsults in a lighter waght & s i p ,  
sims each pancl is designed to its loads and tuupzrahms, 

the vehicle. The &tailed p e l  weight bmkdown shown in 
nther th.n all panels bcing desipcd to the highest load on 

Egue 11 is provided to the weights engineer. rermlting in 
mom accwatc weights CSrimMs for the vehicle. 

5.5 wdghts 

andtheqpqmatc . analysis rerults are &d to the 
Once the muchuc hrs beon siud. the finite elmmt model 

weights cnginca and the vehicle is calculakd uMg another 
MDA codc. FEMWTS. Design details io the PEM such U 

geametry, m a t d  P m p m i C S ,  and losding al'e d in Con- 
junction with a databluc of -- not modeled in the FEM 
such U tantcncrS and 6Ues to rapidly cstimrtC the 4 g h t  of 
indiVidUd & C d  pmh 'Ihcr D d W  al'e U&d t0 & h e  
target weights and can be m@ back into the .rmcfunl 
PEM for menial lo& and dynamic analyds. The weights 
are also used in shuctural mdcs and cost Caimatiog. F i p  
13 provides an ov&w of lhis pmccss. 

Thousands of elmcnts 
bly. They must first he gmupsd into detail parts Wore the 

d to modcl a urucnud asam- 

weight analysis process can begin. Oncc the clmats are 
pqx.d, the FEM weight .rulysi. proccas CUI begin. h 
stcps M required to hnsform the theoretical FEM wight  
into a d a i c  weight csfimatc. The first stq is to apply a 
duction mass factor to the modcl to couvert tbe langul 
modcl which mprcscnts the &cas of the stnichsrc into a 
mass modcl. The lsond step .dd. undefined detail part 
weight nrh  as lugs and 6UUs to the modd through &c- 
rithms and part mass factors. Ihc third stcp cstimucs the 
weight of structure r e q u i d  to attach the detail plrtn togcther 
into an assembly. These weights are then summed to duer- 
mine the waght of the part or asirmbly. 
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Strength and Stabilhy Checks 
Thermal Stress Included 

-Optimum Section Geomerry Defined . 
Skin 

Widih , 
G R U O n l . 1 0 - V  

R g u n  10. Dotal1 Section Parametera of Sizing Cod- 

Besl Geometry Based on Minimum Weight Considerations 
Minimum M.S. P 0.0080 

* * *  PanelGeometry"' 

HeigM - 1.50 in. Section Weight = 1.153 Ib/ft2 
Shin Thickness = 0.0250 in. Web Thickness = 0.0150 in. 
FIangeWdth - 0.300in. Flange Thickness = 0.0150 in. 
ZFlangeWidth = 0.900in. z Flange Thickness - 0.0150 in. 

Number of Conugations Across Width = 30 Corrugation Spaang = 1 B O  in. 
Margin Type I 15, Overall Panel Buckling 
Load Condition 7 Is the Critical Condltion 

Skin Cormgation 
Thickness 1 1- Spacing 

e 
Thickness 

4 I- 
Flange 
Width 

Q W 7 1 - 1 1 - V  

Figure 11. Sample Sislng Outpui 
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QW4L71-12 

Flguro 12 Pand UnH W d g b  

I"" Reduction M a s s  Factor 

Pa; Mass Factor 

Dotall 
PUl 

in 

Tianium wt - 7.337 Ib 

Eraphite/Epoxy wl - 3.707 Ib 

opyo(71-14 

Flgun 14. Composlt. Motorial H u  Potential WdgM 
8.n.tlt 

2 stiffened T 7.282 Ib 

7,608 Ib 

Qpsco171-lbV 

T SWlened 

Flgun 15. Wng Wdghta for V a r h  Structural 
Con-Pt. 



6 2  Moltl-Role Fighter 

Multi-Role Fighter. The evaluation was prxfonncd using 
wed di&lent wing thickncsdcord (Vc) designs. Static 
loads for +9.0 and -3.0 G and monolithic canpositc skins 
with metallic substNcturc were luslrmcd for the srmohlral 
sizing. The modcl convqcd in 4 M o n s  and FEMwrs 

system was used to evaluue 3 s t ~ c t u n l  co116guratioru. The 

intepl W tank cold mucture. and the hot s t N m  rtiff- 
wed hell  configurations. An example of u c b  of these 3 
configvratons is shown in E p  17. 

we lrcmtly evaluated thxee wing &sip coaccptp for the con6gunlions Mfe the hsclinc rmss wld plimpty s t N m ,  

was uscd to wngh each ofthe 3 conccp8. The rearlts 
s h d t h r u a a  theboxdepth wan incleascd, although skin 

". 
0.w 

weigh* deCrWd, the sub.rmcntrr weight inmA at about 
the same me (thus &setting the bcneEt from the dsrrarc in 
skin weight). 

The systan waa used in the cady nagCS of the FlS E,@ wing 

63 F-18 

&sip activity to evaluate the weight impact of a 3 lug 
attachment versus a 4 lug attachment d @ n  CRdC 
mdy. The system WM wed to size thc upper and lower skins 
and the ribs aud spars for 2 lopding fonditions (+/- Bending). 
The oprimizcd wing skin thicknesses from this study arc 
s h o w  in E p  16. 

6.4 Delta Clipper 
The qwan was also used by MDC during thcpmpalphasc 
of the Single Stagc Rocka Tshnology (SSW p r o w .  The 

0.35 

GPW47l-48 

Figure 18. F/A-lEEIF Optlmked Wing Thicknus 

Bamellm T N S ~  
Cold Primary Structure 

Altitude Integral LH2 Tank 
Cold Structure 

I 

: a *  

TNSS 

I 

AkltUda Hot Structure 
Stiflenod Sholl 

Load 
Path 

OP5Uyll-17-v 

Figure 17. Alternate Load Paths  and Structural Conflguratlons Have Been Evaluated 



7.0 FEATURE9 OF TBE FUTURE SYSTEM 
The integrated sh-ucaual analysis system continues to evolve 
and bC IChed. we plan On d d h g  fcaauCa to the syy"drm 
which will allow it to k applied m detail de- problans. as 

In the h, we will implement ncw capabilities m the mas 
of gennetrg manipulation. analysis methodology, and 
automation technology. Plnnned features in gwmury meaip 
Mori indudc: d k c t  analysis and meshing of the CAD 
pxnury. rapid modcling capabilities for cnating analysis 
models. and incrasing the use of solid modcls in the design 
process. In the funm we will be impkmenting advanced 
design optinktion technologies, P-method solvers, and 
iacrcanc thc detailed pan analysis and optbization capability 
of the system. We will also continue to exploit automation 
technologies in thc arm of ~con tYpabk  process manage- 
ment, product data management, engineering wmlot.tion 
technology. and visuplization technologies. 

7.1 Geometry 
To fmther reduce the cycle time in the analysis process we 

meshing and analysis of CAD gcomepdcs. This will k 
accomplished by implementing mesh technologies that work 
on all CAD surfm and solid de6nitious. This capbihty will 

etrg to our t i d e  element meshing p r o p m  using IGES. In 
addition. dkct meshing of solid models coupled with P m 
otha anslysis aolvors will increase the speed and B~FUIPCY 
o v a  pmsent ~ a l y s i ~  methodu 

We will also k implanenting a rapid modeling capability for 
engineering analysis technologies. Rcsently, enginaring 
spads much of their time dev.?loping 6nite element mcdels. 
Computer Aided Design systema are &&g new modeling 
techniques which engineering can exploit, such as. entiIy 
urosi.tivify and named a t h i i t e a .  We will utilize the entity 

well as, inacasiag the fidelity of advanced design solutims. 

will implement capabilities which will provide for direct 

eliminate the present function of transferring the CAD gwm- 

Isaoeiativity features to provide the ability for our analysis 
mcthods to luurmatically update the CAD gcometrg. we 
will also develop methods for passing design athibutes. such 
as, lcction type. material. and manufacturiug and asanbly 
-ss infmation buww analysis toola Implementation 
of feanues such as thcse will reduce the amount of time it 
takes to a n a l p  and update designs. 

73 AnalydsMahodolo#ea 
We will develop and i m p h a t  analysis methods which will 
allow the syy"drm to transitim from an advancd design tool 
toa&tdeddcaign tool. we plan to add the ability to qui- 

ekment solvers to increur the fidelity of om srmctural analy- 
mizc detailed p& and to implement P-method and boundary 

sia tools. We also plan to impkrnat engineering analysis 
methods which allows for rapid analysis and OptimiEatiOa of 
detailed adace and solid parts. Impkmatation and training 
in the use ofthelc tools will enhance the acamcy and reduce 
the cycle time over the methods presently k i n g  used to ana- 
lyle thesepuu. 

7.3 AotorrmUc*l T e h n l ~  
W e  plan to develop a pmcess and data management connu1 

pmccss t a d  to lo& sight of thebest puh to take when using 
it We will devdop a e t  of standard pmccss tcmplarcs which 

tion, the flexibility to modifiy the process using a 'morif- 
like'' user interface will k provided. 'Ihis tool will allow for 
thc standard proasses to k modified and saved. 'h modi- 
fied process template will then connu1 the flow of data 
uuough the system and provide project status to the appropri- 
ate m a n a p a t  pcnonneL An example of how this recofi- 
gurcabk process conhul system might look to the user is 

systcsa Due to the flexiwly of the system. the ulcn' of the 

will guide the engineer thmugb the malysis proccss. In addi- 

shown in Figvrr 20. 

Computer technology e0ntinw.s to explode in the arm of 
cost pctfonnance and enphica visualization. Desktop 
arodrstarims with MPZOP ratings comparable to CRAY 

the& CPU cycks will allow new typss of dutious to applied 
to old problems. In addition. new Brapbics technology is 
allowing the user to view mon infomation in a sborm 
amount of time. W e  m planing on moving mom detailed 
engineering analysis results visualWm t o w d  the& new 
technologies. 

apecds are plrcady available. The increased availability of 

8.0 CONCLUSION 
At McDonnell Douglas, we have deve1q.d a flexible agi- 
nccring design and w o n  system orhich uses existing 
c o m p t a  codcs and engineering methods. using basic sys- 
tan devdopnent priucipks such as common geamury, ocu- 
aal iik srmchucr. and automated data transfer, we have 
developd a system which can k tailored to meet the nccdr 
of most aircran nnu~tunl design pmblans. W ~ t h  tbis proass 
and with the hacased efficiencies in computers we have 
bea able to reduce our design cycle time on pgrams such 
as NASP fmm 6 mouths to 6 d. while increasing our 
cwfidwce in the rrsults. In additim. we will continue to 
enhana the system with thc U& of rapid modelers, now opti- 
mization methods. exploiting the latest in computu tcchnol- 
ogy. and by d i n g  pmcess management techniques. 
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SOME PRACTICAL PROBLEMS IN MULTIDISCIPLINARY DESIGN AND OPTIMISATION 

D.J. Laan 
H. Walgeinoed 
C. Schimel  
R. Houwink 

Fokker Aircraft B.V. 
P.O. Box 7600 

1 I17ZJ Schiphol-Oosl 
The Netherlands 

1 .  SUMMARY 

Sauctural optimisation software bears a great promise in 
multidisciplinary design as an effective way to find an 
optimal balance between the requirements from different 
disciplines. However, successful application depends 
heavily on the wntext in which the software is used. 

First of all. clearly defined design objectives are needed. 
The design of a modern transport aircraft is primarily 
determined by market driven requirements (required 
functionality for minimum cost) instead of technological 
advancement. This demands a strong emphasis on cost 
reduction. complicating the optimisntion process. 

Secondly, accurate prediction of design loads is a 
prerequisite for successful structural optinisation. Most 
aircraft structures are dictated hy strength rather than 
stiffness requirements. So it is clear that the quality of 
loads predictions has a major impact on the quality of the 
result of the structural optimisation process. However. due 
to the evolution of the airworthiness requirements and the 
increased wmplexity of aircraft systems it has become 
increasingly more difficult in the last few decades to 
establish the design loads. Thus a clear need exists for 
quick and reliable load estimation procedures. The paper 
discusses some measures that can be taken to improve the 
load definition process. 

Finally some examples of successful application of 
structural optimisation software at Fokker Aircraft are 
given. The primary advantage of structural optimisation 
software is that it aids a skilled designer in gaining a feel 
for the design space. It should thus aid the designer in his 
creative task instead of distracting his attention to using 
the software. This requires the software to be user friendly 
and to have built-in features for global and local 
sensitivity studies. 

2 .  INTRODUCTION 

Rapidly increasing computer power and improved 
modelling techniques have stimulated the use of winputem 
in the design process. I n  structural design the Finite 
Element Method is a well estnhlished tool. In the last 
decade FEM-based structural optimisorion software has 
gained a lot of attention. In ref. 1 a review of developments 
in multidisciplinary optinisation software for aircraft 
structures is given. 

Structural optimisation software bears a great promise in 
multidisciplinary design: it can be. an efficient way b fiid 
an oplitnal balance between the requirements from different 
disciplines. However, successful application of structural 
optimisation software depends heavily on the wntext in 
which the software is used. To be successful it must be 
embedded in the overall design process (fig. I.): 

requirements, 
design objectives 

U) 

C 
- 
m 
E r  2 .g 
& :E a s  a m  

C 0 envelope systems 

._ 

Operational Control Mass 

.- e .- - C Aerodynamq / 1 /p 
0 
? .̂ 

ii 
-1 Aeroelastic . Load- m 
0 

constraints 

\ 

I Structural I Ocdrnisation I Optirnisation 
Structural 

I I I 

constraints, Manufacturino 
allowables 

- 
constraints 

First of all, clearly defmed design objectives are needed in 
order to get a proper optinisation criterion. In section 3 
some considerations on these design objectives are 
presenled: obviously w i t  dah  will play an increasingly 
important role in modem aircraft design. 

Presented at an AGARD Meeting on ‘Imegnued Airfmmc Design Technology; April, lW3. 
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Secondly, accurate prediction of design load-cnses is a 
prerequisite for starting structural optimisation. This may 
sound rather trivial hut in practice this requirement is rarely 
fulfilled. Already in  1957 Prof. van der Neut (ref. 2) 
concluded that the factor of safety is needed almost entirely 
to account for uncertainty in external loads and only a very 
small part of it accounts for scatter in strength of aircraft. 
In 1990 van Dullemen (ref. 3) stated that "the importance 
of structural analysis is that it has to show that in the end 
the structure is still strong enough for the 
1pads. .... there seem to be an imbalance between the urge 
to sophistication in strength analysis and the level of 
accuracy of external loads". Although perhaps for different 
reasons, they came hotb to the conclusion that the 
accuracy of external loads is the most crucial factor in 
structural design. 

Obviously in the design-phase there is still a lot of 
uncertainty in the dimensioning load-cases. I n  section 4 
some difficulties in the loads definition process are 
described. Section 5 discusses the poxsihilities of 
improving multidisciplinary design in general with a focus 
on the loads definition process. Finally section 6 gives 
some examples of the application of optimisation software 
io structural design at Fokker Aircraft 

3 .  DESIGN OBJECTIVES 

The commercial aircraft industry has entered its maturity 
phase. The design of a modern transport aircraft is 
primarily determined by market driven requirements 
(required functionality for minimum cost) instead of 
technological advancement. Application of new 
technology has to be balanced against its influence on 
aircraft operating cost. The influence of cost 
considerations in aircrafi design is clearly shown in ref. 4.: 
a comparison is m d e  between designs for minimum life 
cycle cost, Direct Operational Cost (DOC), acquisition 
cost, minimum fuel and mass. A breakdown of the DOC of a 
haOSpOa  aircraft (ref. 5 )  is shown in fig. 2. 

Fuel 7 

v \ insurance 

own of direct oDerational cnst 

The three most important components are fuel cost, 
maintenance and depreciation. So it is not surprising that 
the designer of aircraft structures is increasingly 

confronted with maintenance aspects and production cosf8. 

On the revenue side it is useful to have a look at the mass 
hreakdown of an aircran. In fig. 3 the breakdown of the 
Design Takeoff Mass (DTOM) of the Fokker 100 is shown. 

Propulsion 

. 

'A 

1 
structure 
20% 

Fia. 3: breakdown of DTOM of Fokker lOQ 

Some comments can be made with respect to this 
breakdown: 
* Payload is the most imprtaot parameter for transport 

aircraft. The leverage of reduction of the Operational 
Empty Mass on payload increases if the payload 
portion is smaller. Thus the emphasis on mars 
reduction will vary accordingly. For instance, a rough 
indication of the allowed expenditure per kilogram 
mass reduction per aircraft: - a helicopter project (payload 10%): S.W. 
- a transport aircraft project (payload 25%): $600. 
The hasic structure is only about 20% of Design 
Takeoff Mass. Therefore, the influence of a change of 
basic structure mass on external loads is relatively 
small. 
Three main mas for mass reduction exist: 
1: -. like avionics units, wheels, 
brakes, emergency equipment etc. Mass reduction is 
based on the ability to get the proper contractual 
guarantees. 
ZMisccllaneous. that is cabin interior etc., generally 
referred to as "artists' work" by the mass engineer. 
Mass reduction is based on giving the artists a 
'"conscience" by imposing strict mass control. 
3: The hasic structure. mass reduotion is primarily 
based on the quality of the structural design process 
(quality of external loads. dimensioning rules, 
optimisation). 

Concluding it can be said that, although design to cost 
issues will have an increasing influence, mass reduction 
remains an important issue in aircraft design. Structural 
optimisation is aimed at reduction of about 215 of the 
Manufacturing Empty Mass of an aircraft. 

* 

* 

e 
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4 .  DETERMINATION OF LOADS 

The loads definition is a complex process in  aircraft 
design. Loads are influenced by almost every aspect of the 
design. In order to run structural optimisation software i t  is 
necessary to know the design loads, or at least preliminary 
estimates of the design loads. However, the loads cannot 
yet be determined with high accuracy in  the preliminary 
design stage. So the design process has to start with 
relatively crude assumptions concerning the design loads. 
As more information becomes available during the design 
process (e.g. aerodynamic data, mass and stiffness data, 
systems characteristics). loads can be established more 
accurately, enabling further iterations in the optimisation 
process. 

Most aircraft structures are dictated by strength rather than 
stiffness requirements. So i t  is clear that the quality of 
loads predictions has a major impact on the quality of the 
result of the optimisation process. 

Due to the evolution of the airworthiness requirements and 
the increased complexity of aircraft systems it has become 
increasingly more difficult in  the last few decades to 
establish the design loads. Some illustrations of this trend 
are: 

Gust loads must be calculated according to the Tuned 
Discrete Gust concept, leading to a vast number of 
time histories to be considered for the selection of 
critical conditions. In addition, the Continuous 
Turbulence requirement has to be satisfied, which 
involves the calculation of many sets of correlated 
loads. For all of these analyses a fu l ly  flexible 
structural dynamic model has to be used, and a n  
accurate method to predict the unsteady aerodynamic 
loading is needed. Previously, gust loads could he 
based on the simple so-called Pratt formula, 
representing a one degree of freedom (heave only) 
discrete gust analysis. 

Gust and manoeuvre loads are highly dependent on 
systems, such as the flight control system and active 
control systems. These systems may have complex 
control laws. Close co-operation between among 
others the systems and loads departments is required i n  
order to obtain an optimal design of these systems, 
taking into account all relevant systems effects, 
including nonlinearities and the effects of failures and 
their probabilities (ref. 6,7). In the early stage of the 
design a Systems Safety Analysis ( S A )  should be 
carried out. The required redundancy, loading, and 
damage tolerance requirements are ful ly  dependent on 
the results of this analysis. The loads department 
should select all loads-relevant failure cases from all 
failures given in the SSA. In the past, these systems 
were relatively simple (e.g. yaw dampers) or did not 
exist. 

Landing loads have to be determined by dynamic 
analyses using flexible dynamic models of the 
undercarriage and the airframe. Because according to 
the regulations the method of analysis. may be 
modified on the basis of flight test ineasureinents, i t  is 

likely that accurate landing loads will not be available 
unt i l  late in  the development process. Formerly only 
some relatively simple 'book cases' were applicable, 
e.g. to calculate the spin-up and spring-back loads. 

From the foregoing it will be clear that the final 
certification loads are not available until completion of 
flight testing. Therefore it is necessary to base the 
structural design of the aircraft on another set of loads. 
Ideally, these design loads are slightly conservative with 
respect to the final certification loads, but their 
conservatism cannot be guaranteed in advance and too 
much conservatism (or, more generally, too large errors in 
the loads predictions) may lead to a sub-optimal design or 
can even render the optimisation process useless. An early 
and accurate prediction of the loads is thus a condition for a 
successful structural design optimisation. 

For practical purposes the structural optimisation must be 
based on a relatively limited set of load cases, not more 
than a few hundred. For design and for certification, 
however, many more load cases have to be investigated. 
Their number may be in the IO4 to lo6 bracket. It is thus 
necessary to reduce this number of load cases by means of 
an appropriate reduction/selection process. Good co- 
operation between the loads and stress departments is 
required to establish the selection criteria. The automated 
selection process may be more complicated when some of 
the load cases have not yet been calculated, but still have 
to be estimated. 

It is evident that a need exists for quick and reliable load 
estimation procedures early i n  the design process. In the 
next section some measures will be discussed that can be 
taken to improve the loads definition process. 

5. MULTIDISCIPLINARY DESIGN A T  FOKKER 

A key element in engineering design is the use of 
approximations to solve the design task. These 
approxiinations are clearly shown in the variety of 
computer models used. Fokker started to use computers for 
aeroelastic calculations on the F27 in 1955. Although 
simple computational models were used, useful data were 
obtained. Soon after, other disciplines followed in the use 
of computers. In  1976, when the first "engineer friendly" 
DEClO computer arrived at Fokker, almost every discipline 
had automated its design methods to a considerable degree. 
This effort was generally uncoordinated resulting in islands 
of modelling and automation. This was not felt as a 
problem because of the clear benefit of speeding up and 
increasing the quality of the local processes. 

However. the goal of modern aircraft design is to optimise 
the total aircraft rather than the individual components. 
Achievement of this goal requires a close co-operation 
between all disciplines influencing the design. A primary 
success factor is the capability of interdisciplinary 
communication. It was concluded that the islands, although 
efficient and comprehensible, also had their drawbacks: 

i t  resulted in time-consuming "translation" of data. 
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models were different in many details, obscuring the 
necessary communication. 
consequently methods for estimating for example 
mass, aerodynamics and stiffness were too slow. 

0 Aerodynamics 

Undercarriage 
Control Stability 8 U 0 

Fia. 4: islands of modellina and automation 

This conclusion resulted in a more systematic effort at 
Fokker to improve the design process. Two Multi 
Disciplinary Design (MDD) groups were formed: 

project group "MDD structures", aimed a t  integration 
of the structural design process. 
project group "MDD flight dynamics", aimed at 
integration of different aspects of aircraft dynamics. 

Clearly the two groups have a lot of interconnections. One 
popular result was a poster showing the basic interactions 
between disciplines and the different models they use. It 
was used as an aid during the discussions about 
opportunities for process improvement. 

Aero namics - 
1 : re-orientation 
2: model integration 
3: automated data-translation and transfer 
4: quick and reliable estimation methods 

Fia. 5: otmortunities for process improvement 

Current actions to improve the design process focus on the 
following subjects: 

5.1. re-orientation 

Good communication between the members of the design 
team is needed , because decisions which were traditionally 
made within one discipline may have a much bigger impact 
on other disciplines than before. An example is the 
previously mentioned interaction between systems and 
structures. This communication must have the attention of 
programme management, e.g. through the creation of 
interdisciplinary teams which are responsible for certain 
well-defined tasks. Programme management is also 
responsible for formulating the right design requirements 
on which the design must be based. These requirements 
must h e  clearly known and understood by everyone 
concerned. The progress of the design process must be 
reviewed periodically or on the basis of milestones to be 
achieved, e.g. by means of design reviews. 

One example is the necessary re-orientation of the loads 
department. The newly defined design process has major 
implications for this department, which traditionally 
gathered all the necessary information and then started to 
calculate the resulting design loads. The challenge was to 
calculate the loads accurately, to include all relevant 
dimensioning load cases and to show compliance with the 
certification regulations. But in modern aircraft design the 
job of  the loads group is even more challenging. The 
possibilities of influencing loads have grown due to new 
system concepts (load alleviation function, flight 
envelope protection, stilbility augmentation systems, 
autoland). This requires a change from a reactive to a pro- 
active attitude. The loads department is moving to the 
centre of the design process, fully participating in the 
early decision making process. 

5.2 .  model integration 

As mentioned before, different disciplines use their own 
abstractions, model conventions and software. Often this 
is not a real problem but multidisciplinairy optimisation 
can be obstructed by the time-consuming "translation" of 
data from one model to the other. Communication can be 
improved significantly if different disciplines are able to 
use the same model: communication can be done at the 
same level of abstraction without all kinds of detail 
modelling differences obscuring the discussion. 

One might think of building a global program which will 
solve all of the modelling problems. But potential 
prohlems for such an NDD-system are: global programs 
take years of development time and an unpredictable 
resource consumption. Furthermore, when they are finally 
developed, they are incomprehensible to the ordinary 
aircraft designer, because he is unable to transform his 
experience with existing models to the new system. Rather 
a step by step approach is being pursued: special working 
groups, resorting under the MDD project groups, focus on 
tackling one piece of the puzzle. This approach allows for 
close participation and corrections during the process. 

0 

J 

0 
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Some examples of model integration activities are: 
integration of the undercarriage model with the 
structural loads-model for simulation of critical 
landing and taxiing load cases. 
integration of the structural models for aeroelastic and 
loads calculations. 
integration of the GAMMA modelling system for 
Computational Fluid Dynamics (CFD) and the 
NASTRAN structural model with an advanced method 
for transonic aeroelastic simulations (ref. 8). 
integration of modules (aerodynamics. engine, 
systems, undercarriage) to build an aircraft simulation 
tool for studying: 
- handling qualities 
- loads due to instationary manoeuvres 
- control laws 

5.3. automated data-translation and transfer 

A basic problem in data-translation and transfer is non- 
uniformity in definition of axis-systems and units. A lot of 
time is wasted due to misunderstandings arising from 
incompatible definitions. If data-translation is to be 
automated, this is a first item to resolve. Furthennore, it is 
useful to pursue a database centred approach in order to 
reduce the number of interfaces required: a central file- 
structure supports  a variety of applications. 
comunication is accomplished via this file structure. 

[ MODELLER 1 
t 

Fia.6: database centred approach in datatransfer 

This approach has basically been followed during the 
restructuring efforts. In practice. this means that the 
number of file structures will he reduced, hut not brought 
back to one! 

5.4. quick and reliable estimation methods 

Quick and reliable estimation methods are necessary early 
in the design process. In structural design. load estimation 
is crucial but reliable estimates can only be made if the 
essential input data is available. Siarting point for 
estimation methods is a parametric preliminary design and 

h e  external aerodynamic shape usually designed with CFD- 
codes. 

Some examples of current activities: 

6. 

In 

estimation of mass data (empty aircraft + all relevant 
payload/fuel conditions). 
estimation of stiffness: based on the external 
aerodynamic shape + structural concept. 
estimation of aerodynamic data using CFD-codes, 
empirical rules and rules for scaling aerodynamic data 
from previous projects. 

OPTIMISATION EXAMPLES A T  FOKKER 

this section some examples of the application of - -  
optimisation software in structural design at  Fokker 
Aircraft are presented. The examples are concerned with the 
design of structural details. Although not really spectacular 
they do reflect the general attitude of the structural designer 
towards formal optimisation: many structural design 
problems are considered as being too complex to be 
supported by optimisation software, because of the many 
aspects to be considered simultaneously (fatigue. damage 
tolerance. production constraints. cost maintainability 
etc.). Optimisation of stnrctural details is considered as 
more comprehensible for formal optimisation procedures. 
the problem has a well defined scope, dimensioning loads 
are available and it is more obvious how cost data should 
be taken into account. 

6.1 . Fuse lage  cut-outs 

The first example is the development of a design tool to aid 
in the design of fuselage cut-outs. Prelpost-processing 
procedures are developed using PATRAN, MSCMASTRAN 
is used as solverloptimiser. Development of the design 
tool is a co-operative effort of Fokker Aircraft and the Delft 
University of Technology. 
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Purpose of the design tool i :mine: 

skin thickness 

shape and thickness of skin-reinforcements (frames. 
doublers) around the cut-out. 

shape of the edge stringers 
the comer radius of the cut-out 

Objective is mass minimisation. The shape of the doublers 
and the comer radius can only be optimised by design 
variation i.e. manual sensitivity studies because shape 
optimisation is not yet available in MSCINASTRAN, 
though it can provide local sensitivities for changes in 
node position. 

6 . 2 .  Stiffened panels  

The second example is an optimisation code for stiffened 
panels, PANOPT (ref. 9,lO). This program is capable of 
analysing and optimising composite prismatic panels 
subject to constraints with respect to buckling. strain, 
stress, displacements and technological limits. The 
objective of the optimisation is mass reduction. The set of 
design variables consists of, for instance. stiffener pitch. 
stiffener height. skin laminate thickness and fibre 
orientation. 

de 

Fia. 8 examde of a stiffened Dane1 and 
some of its desian variables 

Two aspects can be recognised in optimising a panel. The 
fist aspect is the geornetrv i.e. position and shape of 
stiffeners. The second aspect is the Jav-un of the composite 
layers. When production constraints are taken into 
accoun6 it is much easier to change the geometry without 
cost penalties than it is to change the lay-up. Production 
constraints impose for instance discrete layer thickness 

3 d preferred size and direction of the layers. But also 
damage tolerance considerations impose limitations on the 
lay-up. The geometry is optimised using PANOPT. I t  
allows the designer to gain insight very quickly in the 
influence of stringer shape and pitch. This insight is used 
in application of the stiffened panels in for instance wing 
design. 

6.3. Shape  opt imisat ion of s t ruc tura l  detai ls  

The third example is concerned with shape. optimisation of 
structural details such as brackets, plate elements etc. The 
Mechanica, Applied Structures optimisation software of 
RASNA Corp. (ref. 11) is used for this purpose. This 
product is a good example of how optimisation software 
should support structural design. 

Objective: maximise size of the hole. 
Design variables: R and H 
Constraints: maximum allowed stress 

Fia. 9: tvDical oDtimisation Droblem of 
a structural detail 

\ 

The software is based on the Geometry Element Method, 
making model build time relatively short. The 
optimisation strategy is very well supported by the 
software: 

1. Bu ild the ret a feel for the d e w  mob1 e a  
The software supports tbis step with comprehensive 
modelling capabilities, convergence control, 
convergence graph:; and extensive post-processing. 
Sensitivitv studv: this is supported by possibilities to 
define the design variables, shape animation to 
explore the design space. automatic global and local 
sensitivity-studies, sensitivity graphs etc. 
Qtimisar iPn,  . supported by a monitoring function on 
the automatic optimisation process, review of 
optimisation history and evaluation functions on the 
optimum design. 

2. 

3. 

Step 1 and 2 are most crucial in the optimisation process 
and require extensive knowledge of structural design 
(exclude details that are unimportant from a structural 
standpoint, select appropriate elements and select the 
important parameters for optimisation). Step 3 is fairly 
straightforward if the first two steps are carried out 
properly. 
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7 .  CONCLUDING REMARKS 

Multidisciplinary design and optimisation is primarily 
based on the ability of groups to communicate effectively. 
It is believed that multidisciplinary optimisation software 
can contribute significantly to this communication. 

However, successful application of structural optimisation 
software is primarily dependent on the quality and speed of 
the loads input on one hand and cost data/production 
constraints on the other. Only if the structural designer is 
provided with this data is he able to properly use his 
optimisation software. 

The primary advantage of structural optimisation software 
is that it aids a skilled designer in gaining a feel for the 
design space. It should thus aid the designer i n  his creative 
task instead of distracting his attention to using the 
software. This requires the software to be user friendly and 
to have built-in features for sensitivity studies. 
Optimisation software requires more, not less knowledge 
of the design problem and the model used. It helps a skilled 
designer in getting to the optimum. 
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- 1. I n t r o d u c t i o n  

Meanwhile a l ready the  second and near ly  
t h i r d  generat ion o f  a c t i v e  c o n t r o l l e d  c i -  
v i l  t r anspor t  A / C  i s  f l y i n g  and f o r  t he  
design engineer i t  has become a 

business as usual 

But before t h i s  happened, we a l l  had t o  
run through an i n tens i ve  l ea rn ing  process 
because we had t o  r e a l  i z e  t h a t  t he  i n t e r -  
a c t i o n  o f  t he  d i f f e r e n t  d i s c i p l i n e s  was by 
f a r  more i n tens i ve  than i n  a l l  o ther  A / C  
designs we d i d  before.  

Having now learned, and what i s  sometimes 
more d i f f i c u l t ,  having reached the  accep- 
tance o f  a l l  o rgan iza t ions  invo lved t h a t  

MORE INTENSIVE INTERDISCIPLINARY COOPER- 
ATION I S  NEEDED 

the  second problem appears 

how t o  t r a n s f e r  t h i s  i n t o  d a i l y  work. 

We a l l  know i n  theory how i t  could work 
and what the  t o o l s  t o  handle such problems 
could look l i k e  bu t  we do no t  wake up one 
morning and the  t o o l s  are there .  They have 
t o  be spec i f i ed ,  t o  be developed, t o  be 
va l i da ted ,  and i n  p a r a l l e l ,  as our main 
task,  we have t o  develop the  A / C  i n  t ime. 

What was sa id  before shows t h a t  we are i n  
f r o n t  o f  a very 

complex techn ica l  process 

and f a r  away from the  

i dea l i zed  labora tory  cond i t ions  

where one j u s t  s t a r t s  a sof tware and the  
r e s u l t  i s  t he  

i dea l  design. 

I t  i s  never the less be l ieved t h a t  i t  would 
no t  be wise t o  t r y  t o  make t h i s  t o  a f u l l y  
automated process, because i t  w i l l  be i m -  
poss ib le  t o  formulate a l l  t he  engineer ing 
experience and exper t i se  i n  an adequate 
manner and r e l a t i o n s h i p .  

So the  work i n  t h i s  f i e l d  has t o  be very 
pragmatic, and a t  t he  end o f  t he  design o f  
several A / C  o f  t h i s  k i n d  the re  might  e x i s t  
an adequate t o o l  t o  improve t h i s  process. 

We now want t o  present  such a pragmatic 
way o f  rea l  A /C  design under i n d u s t r i a l  
cond i t ions  and i n  an i n t e r n a t i o n a l  coope- 
r a t i o n  which does no t  s i m p l i f y  t he  problem 
a t  a l l .  F ig .  1 shows the  more i n tens i ve  
i n t e r a c t i o n s  o f  t he  d i f f e r e n t  d i s c i p l i n e s .  

2 .  I tems o f  t he  desiqn Drocess 

2.1 Geometrical ____- and s t r u c t u r a l  desisn 

The f i r s t  s tep i n  the  A / C  con f i gu ra t i on  
f i n d i n g  process i s  t he  geometrical design 
based on design c r i t e r i a  such as: 

number o f  passengers/payload t o  be 
t ranspor ted,  
range, c r u i s e  speed, f u e l  consumption, 
manoeuvrabi l i ty ,  c o n t r o l l a b i l i t y ,  
commonality and m a i n t a i n a b i l i t y .  

With the  geometrical design o f  t he  A / C  i t s  
p re l im ina ry  aerodynamic l ayou t  and pe r fo r -  
mance, p r i n c i p l e s  o f  s t r u c t u r a l  componen- 
t s ,  con t ro l s ,  and systems are given. 
I n  a subsequent design cyc le  the  s t ruc tu -  
r a l  design and a d e t a i l e d  system layout  i s  
c a r r i e d  ou t .  The s i z i n g  o f  t he  s t r u c t u r e  
i s  determined i n  the  f i r s t  s tep by the  
l g - ,  manoeuvre-, gust- and ground loads 
which are mainly in f luenced by the  o v e r a l l  
aerodynamic and mass d i s t r i b u t i o n ,  bu t  
a l so  by f a t i g u e  loads and the  f l u t t e r  be- 
hav iour  o f  t he  A / C  f o r  a l l  loading cases. 
Outputs o f  t h i s  s t r u c t u r a l  s i z i n g  process 
are among o ther  th ings:  

s t ress- ,  s t i f f n e s s -  and mass d i s t r i b u t i o n .  

Re l i ab le  s t i f f n e s s  and mass d i s t r i b u t i o n  
are besides the  steady and unsteady a i r -  
f o rce  d i s t r i b u t i o n  the  premises f o r  r e l i -  
ab le loads and f l u t t e r  standards. That 
means an i n t e r d i s c i p l i n a r y  op t im isa t i on  
process has t o  be c a r r i e d  through f o r  t he  
e l a s t i c  design o f  an A / C  which i s  made 
much more complex by an E lec t ron i c  F l i g h t  
Contro l  System equipped on the  A/C .  Usual- 
l y  the  s t r u c t u r a l  design i s  performed i n  
r e l a t i o n  t o  an o f f i c i a l  programme go ahead 
and i n  t h i s  frame a l o t  o f  s i g n i f i c a n t  
i tems has t o  be concluded and def ined as: 

o d e f i n i t i o n  and order  f o r  s t r u c t u r a l  long 
lead items as unconventional and conven- 
t i o n a l  ma te r ia l s ,  fo rg ings ,  ec t .  

o d e f i n i t i o n  and order  o f  major a i r c r a f t  
systems, as computers, servoactuators  
e t c .  

o d e f i n i t i o n  o f  manufacturing devices 
(p roduc t ion  t o o l s )  

o t ime schedule f o r  product ion drawings 
o manufacturing o f  engineer ing mock-ups 

and t e s t  specimen 

By tak ing  i n t o  account the  treatment o f  
the  mentioned po in ts  and manufacturing 
cons t ra in t s  i n  add i t i on ,  p a r t s  o f  the  
s t r u c t u r e  have t o  be f rozen j u s t  on a pre- 
l im ina ry  bas is .  
Therefore the  op t im iza t i on  process i s  ap- 
p l i c a b l e  on ly  on a reduced number o f  de- 
s ign  va r iab les  whereas the  knowledge un 
d e r l y i n g  the  design process increases w i t h  
progress ing t ime ( F i g .  2 )  C l ] .  

Presented at an AGARD Meeting on ‘Integmted Airframe Design Technology: April, 1993. ... . I 



10-2 

2 . 2  Problems w i t h  a r e l i a b l e  s t i f f n e s s  
model o f  the  A / C  

The s t i f f n e s s  d i s t r i b u t i o n  f o r  the A / C  i s  
der ived i t e r a t i v e l y  from the s t r u c t u r a l  
s i z i n g  process. A r e l i a b l e  s t i f f n e s s  d i s -  
t r i b u t i o n  f o r  an A / C  component i s  requ i red  
t ime ly  before the  f reez ing  date o f  the  
component. Th is  s h a l l  be under l ined by a 
t y p i c a l  example: 
The j i g  shape o f  an A / C  wing i s  determined 
by the  sub t rac t i on  o f  t he  deformation i n -  
duced by l g  loads f o r  c r u i s e  cond i t ions  
from the  mean opt imal  f l i g h t  shape de f ined 
by the  aerodynamicists. The performance o f  
t he  A / C  i s  wrong i f  f o r  such determinat ion 
u n r e l i a b l e  s t i f f n e s s .  o r  aerodynamic load 
d i s t r i b u t i o n s  are used. 
The best  representa t ion  o f  the s t i f f n e s s  
o f  an A / C  component i s  g iven by a FE-mo- 
de l .  Usual ly  the  FE-models are es tab l i shed 
by the  s t r e s s  o f f i c e  and used mainly f o r  
the  c a l c u l a t i o n  o f  s t resses o f  A / C  compo- 
nents. To ge t  a s t i f f n e s s  model f o r  the  
A / C ,  the  FE-models o f  t he  components have 
t o  be composed. But such a model requ i res  
the  c o r r e c t  i d e a l i z a t i o n  f o r  a l l  load 
paths which i s  no t  r e a l l y  necessary f o r  
s t ress  c a l c u l a t i o n  o f  A / C  components. That 
means the  representa t ion  o f  a r e l i a b l e  
s t i f f n e s s  d i s t r i b u t i o n  f o r  the  A / C  i s  an 
i n t e r d i s c i p l i n a r y  task f o r  the  d i s c i p l i -  
nes: s t ress ,  loads and aeroe las t ics .  V a l i -  
da t i on  p o s s i b i l i t i e s  f o r  t he  s t i f f n e s s  mo- 
de l  are the  Ground V i b r a t i o n  Test ( G V T )  
and/or t he  S t a t i c  S t i f f n e s s  and Strength 
Tests. These t e s t s  are performed a t  a t ime 
when the  above mentioned i t e r a t i o n  process 
i s  a l ready f i n i s h e d  long t ime ago. That 
means the s t r u c t u r a l  A / C  design has t o  be 
f rozen w i t h  s t i f f n e s s  d i s t r i b u t i o n s  f o r  
the  A / C  components which may be more o r  
less  r e l i a b l e .  From t h i s  p o i n t  o f  view 
s t r u c t u r a l  op t im isa t i on  r e s u l t s  may f a i l  
by us ing them f o r  weight saving procedu- 
res.  

3.0 E lec t ron i c  F l i q h t  Contro l  System 
( EFCS 1 

3.1 Sy-stem descr iD t ion  on Airbus A / C .  

Before s t a r t i n g  t o  g i ve  aim and o b j e c t  o f  
the  EFCS a sho r t  d e s c r i p t i o n  o f  some fea- 
tu res  o f  t he  f l i g h t  c o n t r o l  and the  EFCS 
i s  given. 
With except ion o f  the  hyd rau l i c  ac tua tors  
o f  t he  rudder the  ac tua tors  o f  a l l  o ther  
con t ro l  sur faces are e l e c t r i c a l l y  c o n t r o l -  
l e d  on t h e  concerned Ai rbus A / C .  The inpu t  
valves o f  the  rudder ac tua tors  are connec- 
ted  by push rods t o  the  yaw damper actua- 
t o r  outputs .  These are c o n t r o l l e d  mechani- 
c a l l y  w i t h  the  pedal i npu ts  by ropes as 
we l l  as e l e c t r i c a l l y  by the  f l i g h t  compu- 
t e r  s igna ls .  

F ig .  3 shows a p r i n c i p l e  sketch o f  the  
working method o f  an EFCS. The angles, 
ra tes  and acce le ra t ions  o f  the  a i r c r a f t  
are measured by the  A i r  Data I n e r t i a l  Re- 
ference U n i t  ( A D I R U ) .  Appropr ia te t o  the  
p i l o t  command the  f l i g h t  c o n t r o l  computers 
ca l cu la te  the  requ i red  c o n t r o l  sur face de- 
f l e c t i o n s  f o r  c o n t r o l l i n g  the  a i r c r a f t  
based on the  data measured by the  ADIRU 
which are fed  back t o  the  f l i g h t  c o n t r o l  
computer and incorporated by means o f  con 

t r o l  laws. The gains o f  t he  d i f f e r e n t  con- 
t r o l  laws depend on speed, M-number and 
con f igu ra t i on  fea tures  o f  the  a i r c r a f t .  
I n t o  the  EFCS the  P i t c h  Cont ro l ,  R o l l  Con- 
t r o l ,  Yaw Cont ro l ,  as w e l l  as Auto P i  l o t ,  
Act ive '  Contro l  Functions and so on are 
in tegra ted .  

3 . 2  General Features o f  EFCS 

The i n t r o d u c t i o n  o f  EFCS i n t o  the  Ai rbus 
design o f  

A 320 and A 321  
A 330 and A 340 

has t o  be regarded as a r e v o l u t i o n  i n  s i -  
v i 1  a v i a t i o n .  

The r e a l  layout  t a r g e t  was i n  general 

Handling Qua l i t y  ( H Q )  

by . t a i l o r i n g  the  HQ o f  an A / C  w i t h  redu- 
ced na tu ra l  s t a b i  1 i t y  through systems 

w i t h  the  f u r t h e r  i n t e n t i o n  t o  

improve the  sa fo ty  by p ro tec t i ons  o f  
- angle o f  att,ack 
- load f a c t o r  
- overspeed 
- bank angle I' r o l l  r a t e  

improve the  mai ntenance by 

e t c .  

- us ing anyway recorded f l i g h t  data 
in fo rmat ion  

- us ing s y s t e m  anyway a v a i l a b l e  f o r  
sa fe ty  mon i to r ing  
as in fo rmat ion  f o r  maintenance 
ground s t a f f  

reduce crew t r a i n i n g  i n  general bu t  
espec ia l l y  when changing from one type 
t o  another. 

Once having decided t o  go t h i s  way, t he  
EFCS o f f e r s  the  design engineer f u r t h e r  
chances i n  o ther  domains as 

general t rend  t o  reduce design loads 

spec ia l  a1 1eviat;ion devices f o r  
- manoeuvres 
- gust 

augmentation f o r  
- f l u t t e r  
- v i b r a t i o n  

improvement o f  r i d e  comfort 

a i r c r a f t  condit, ion mon i to r ing  f o r  fa -  
t i g u e  i n  r e l a t i o n  t o  
- inspec t ion  i n t e r v a l  
- A / C  l i f e  (see F ig .  4 )  

But as always i n  l i f e ,  every th ing  has more 
than one s ide .  So we expected a l ready t h a t  
we would be confronted w i t h  a much more 
compl ex 

System F a i l u r e  S i t u a t i o n  

which does no t  on ly  have 

Handling Q u a l i t y  Aspects 
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. but  a l so  relevancy f o r  

Loads 
F l u t t e r  
S t ruc tures  

dependent on the  f l e x i b i l i t y  on the A / C .  
Although the  main t a r g e t  was t o  have 

NO DESIGN CASES r e s u l t i n g  from EFCS 
Fa i l u res  

a t  the end we d i d  no t  t o t a l l y  succeed i n  
t h i s  phi losophy. 

Resu l t ing  from t h i s  experience the  Ai rbus 
par tners  worked ou t  t he  bas ic  phi losophy 
t o  handle systems w i t h  s t r u c t u r a l  relevan- 
cy as i t  i s  meanwhile taken over by the  
JAR-Authorit ies i n  t h e i r  NPA 25C-199 d e f i -  
n ing  t h a t  loads and f l u t t e r  have t o  be i n -  
ves t iga ted  

- a t  t ime o f  f a i l u r e  occurrence 

- f o r  con t inua t ion  o f  f l i g h t  
and 

under c e r t a i n  circumstances. 

This l e d  t o  the  phi losophy t h a t  the  sa fe ty  
f a c t o r  i n  a f a i l u r e  case i s  de f ined as 
func t i on  o f  

f a i l u r e  p r o b a b i l i t y  

respec t i ve l y  

t ime spent i n  f a i l u r e  s t a t e  

(see a l s o  [ 2 1 ) .  

A l l  t h i s  made the  a l ready complicated de- 
s ign  op t im iza t i on  process even more com- 
p lex i n  general,  bu t  espec ia l l y  i n  the  
e a r l y  design phases where a l l  the  re levant  
system in fo rmat ion  and f a i l u r e  d e f i n i t i o n s  
are 

- not  ava i l ab le  a t  a l l  
- o r  no t  a v a i l a b l e  i n  the  q u a l i t y  t o  

be in t roduced i n  h igh  soph is t i ca ted  o p t i -  
m iza t ion  processes 

3.3 Layout o f  the  c o n t r o l  laws 

A t  the  t ime being the  op t im iza t i on  process 
f o r  t he  l a y  ou t  o f  the  c o n t r o l  laws i s  
done f o r  t he  severa l  a i r c r a f t  d i s c i p l i n e s  
s tep by s tep.  That means i n  the  f i r s t  s tep  
the  c o n t r o l  laws are es tab l i shed t o  ge t  
a t t r a c t i v e  handl ing q u a l i t i e s  f o r  the  a i r -  
c r a f t  on the  bas is  o f  a s i m p l i f i e d  a i r -  
c r a f t  model bu t  on a r e a l i s t i c  .concept f o r  
s o f t -  and hardware f o r  t he  f l i g h t  c o n t r o l  
computers. The handl ing q u a l i t i e s  are jud-  
ged on the  Simulator w i t h  the  Cooper-Har- 
per judgement t a b l e  [31. 

But the  con t ro l  laws must no t  be chosen 
such t h a t  they destabi  1 i ze the  s t r u c t u r a l  
modes and increase the  loads. Th is  must be 
a l so  v a l i d  f o r  a l l  t he  f a i l u r e  cases o f  
t he  EFCS. That means t h a t  the  c o n t r o l  laws 
have t o  be proved by an i n t e r d i s c i p l i n a r y  
design work. F i n a l l y  t he  handl ing q u a l i -  
t i e s ,  t he  i n f l uence  o f  t he  EFCS on loads 
and ae roe las t i c  behaviour i s  judged and 
checked dur ing  the  f l i g h t  t e s t s  o f  the  

a i r c r a f t .  Therefore the  f i n a l  l a y  o u t  o f  
t he  c o n t r o l  laws i s  no t  e a s i l y  t o  be f i -  
nished before the  end o f  t he  f l i g h t  t e s t  
per iod.  That means the  techn ica l  progress 
reached w i t h  an EFCS f o r  a passenger a i r -  
c r a f t  must be pa id  by a l o t  o f  add i t i ona l  
t e s t s  and ca l cu la t i ons .  I n  the  nex t  chap- 
t e r s  i t  i s  shown how the  EFCS in f luences  
the  ae roe las t i cs  and the  loads and how the  
problems had been overcome. 

4.0 EFCS in f luence on f l u t t e r  

4.1 SDecial fea tures  o f  Aeroservoelast ics  

The a i r c r a f t  parameters are measured by 
the  ADIRU. I n  t h i s  u n i t  pick-ups are used 
which measure the  acce le ra t i on  a t  a speci- 
a l  p o i n t  o f  t he  s t r u c t u r e  o f  t he  a i r c r a f t .  
Th is  s igna l  conta ins no t  on ly  the  r i g i d  
body motion bu t  a l so  the  a i r c r a f t  response 
t o  s t r u c t u r a l  degrees o f  freedom. Th is  s i -  
gnal i s  f ed  back t o  the  f l i g h t  computers 
o f  the  a i r c r a f t  and used f o r  the  proces- 
s ing  o f  the  s igna ls  t ransmi t ted  t o  the  
con t ro l  sur face ac tua tors .  On t h i s  way the  
i n f l uence  o f  the  EFCS on f l u t t e r  and dyna- 
mic response behaviour i s  given. 

The in f l uence  o f  EFCS on the  f l u t t e r  beha- 
v iou r  i s  covered by aeroservoe las t ic  ca l -  
cu la t i ons .  For t h i s  reason the  f l u t t e r  
equation i s  supplemented by add i t i ona l  
terms which descr ibe the  e f f e c t  o f  the  
t r a n s f e r  f unc t i ons  o f  t he  EFCS and the  
ac tua tors  and the  f l u t t e r  vector  i s  supp- 
lemented by add i t i ona l  degrees o f  freedom 
w i t h  r i g i d  c o n t r o l  sur face modes. With 
t h i s  representa t ion  i n s t a b i l i t i e s  o f  con- 
t r o l l e r s  and ac tua tors  cannot be covered, 
because t h e i r  degrees o f  freedom are con- 
ta ined bu t  no t  e x p l i c i t l y  ex t rac ted  from 
the  f l u t t e r  equation. With a representa- 
t i o n  o f  the  f l u t t e r  equation i n  the  s ta te -  
space form inc lud ing  the  degrees o f  f ree-  
dom o f  the  c o n t r o l l e r s  and ac tua tors  the  
s t a b i l i t y  behaviour o f  t he  a i r c r a f t  w i t h  
EFCS and ac tua tors  i s  f u l l y  described. But 
i n  t h i s  concept the  unsteady a i r l o a d s  de- 
pendent on the  reduced frequency cannot be 
used. Instead the  unsteady a i r l o a d s  i n  the  
form o f  Pad6 polynomials 141 are appl ied.  
Some spec ia l  fea tures  o f  such an aeroser- 
v o e l a s t i c  c a l c u l a t i o n  should be mentioned: 

1 )  Usual ly  a l l  the  i n p u t  data f o r  t he  
f l u t t e r  c a l c u l a t i o n  are l i n e a r  i n  am- 
p l i t u d e  w i t h  except ion o f  g iven n o n l i -  
n e a r i t i e s  i n  s t i f f n e s s  which are very 
seldom. But the  t rans fe r func t i ons  o f  
the  EFCS a re  necessar i l y  non l inear  be- 
cause f i l t e r s ,  l o g i c a l  switches, l i m i -  
t e r s  and so on are used. Therefore, f o r  
a p p l i c a t i o n  i n  f l u t t e r  c a l c u l a t i o n  the  
t rans fe r func t i ons  have t o  be l i n e a r i z e d  
i f  necessary f o r  d i f f e r e n t  working 
po in ts  o r  the  method o f  t he  "Harmonic 
Balance" must be used. 

2 The s igna ls  t ransmi t ted  t o  the  c o n t r o l  
sur faces have t ime delays due t o  f o l l o -  
wing main e f f e c t s :  
o data a c q u i s i t i o n  
o analog t o  d i g i t a l  conversion 
o data t r a n s f e r  
o s igna l  processing 

These t ime delays can be cor rec ted  by 
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3 

the  con t ro l  BWS. To cover the  iil 
safe concept severa l  computers )r the  
f l i g h t  c o n t r o l  computer system are ne- 
cessary. The d i f f e r e n t  computers pro- 
dude d i f f e r e n t  t ime delays. These must 
be covered by c a l c u l a t i o n .  Var iab le  
t ime delay due t o  computer f a i l u r e s  may 
degrade t h e  e f f e c t  o f  a c t i v e  c o n t r o l  
system. 

Usual ly  a t r a n s f e r f u n c t i o n  i s  consider- 
ed as a bas ic  t r a n s f e r f u n c t i o n  m u l t i -  
p l i e d  by a ga in f a c t o r  and t h i s  ga in  
f a c t o r  depends on a i r c r a f t  parameters 
as: weight, cen t re  o f  g r a v i t y  l oca t i on ,  
f l a p / s l a t  con f i gu ra t i on ,  M-number and 
ve l  oc i t y  . 
Since the  a i r l o a d s  f o r  low v e l o c i t i e s  
are small  t h e  ga in  f a c t o r s  are h igh .  
When the  EFCS in f luences  the  f l u t t e r  
behaviour o f  an a i r c r a f t  then the  b ig -  
gest in f luences  may be f o r  h igh  ga in  
f a c t o r s ,  t h a t  means f o r  lower speeds. 
F l u t t e r  v e l o c i t i e s  are usua l l y  ex.pected 
a t  h igher  speeds. Therefore the  EFCS 
requ i res  d i f f i c i l e  aeroservoe las t ic  
i nves t i ga t i ons  f o r  lower speeds and i n  
con f igu ra t i ons  w i t h  extended f l a p s  and 
s l a t s  which are n o t  considered f o r  nor- 
mal f l u t t e r  work on a i r c r a f t .  

4)  The f l u t t e r  vec tor  i s  approximated by a 
s e t  o f  Eigenmodes. The ac tua tor  loads 
app l ied  on the  c o n t r o l  sur faces are 
used i n  form o f  a s e r i e s  o f  eigenmodes. 
This  co r re la tes  t o  the  representa t ion  
o f  fo rces  t o  the  "mode d e f l e c t i o n  me- 
thod" .  Th is  method leads t o  t runca t ion  
e r r o r s  by a too  small  number o f  modes 
used. I n  the  aeroservoe las t ic  ca lcu la -  
t i o n  add i t i ona l  modes are requ i red  due 
t o  t h i s  e f f e c t .  

The remarks 1 t o  4 a re  considered more i n  
d e t a i l  i n  [5J. 

4.2 In f l uence  o f  EFCS on f l u t t e r  q iven by 
examp 18s 

F i g .  5 shows the  i n f l uence  o f  a p re l im ina-  
r y  designed EFCS on f l u t t e r  behaviour. The 
f l u t t e r  damping p l o t s  w i thout  EFCS show no 
i n s t a b i l i t y  f o r  every degree o f  freedom. 
With EFCS the  damping f o r  the  modes 1 and 
5 are s i g n i f i c a n t l y  degraded. The damping 
values f o r  mode 1 al ready become negat ive 
f o r  small  speeds. To prevent the  degrada- 
t i o n  o f  the  f l u t t e r  damping f o l l o w i n g  mea- 
sures ought t o  be introduced: 

o a p p l i c a t i o n  o f  low pass f i l t e r s  on the  
s igna ls  t ransmi t ted  t o  t h e  ac tua tors  
( f i g .  6). 

o mod i f i ca t i on  o f  c o n t r o l  laws 
o reduc t ion  o f  ga in  f a c t o r s  

These measures are app l ied  stepwise and 
the  handl ing q u a l i t i e s  have t o  be kept  
a t t r a c t i v e  i n  t h i s  process. A f t e r  f i n i s -  
h ing  t h i s  adjustment process the  damping 
p l o t s  o f  the  f l u t t e r  r e s u l t s  w i t h  EFCS 
ought t o  a t t a i n  the  order  o f  t he  r e s u l t s  
w i thout  EFCS, because the  i n t r o d u c t i o n  o f  
an EFCS should no t  requ i re  design mod i f i -  
ca t ions  on the  a i r c r a f t  t o  get  a reasona- 
b l e  aeroservoe las t ic  behaviour. With the  
low pass f i l t e r  main ly  the  damping values 
o f  modes w i t h  f requencies h igher  than the  

corner p o i n t  (6 db) o f  t he  f i  
f luenced ( F i g .  7 ) .  

t e r  are i n -  

A s  long as the  f requencies o f  t he  r i g i d  
body modes are we l l  separated from the  
frequencies o f  t he  s t r u c t u r a l  modes low 
pass f i l t e r s  i n  the  feed back c i r c l e  o r  
the  normal low pass behaviour o f  t he  ac- 
t u a t o r  t r a n s f e r  f unc t i ons  he lp  t o  at tenu-  
a te  the  i n f l uence  o f  the EFCS on t h e  f l u t -  
t e r  behaviour. The c lose r  the  f requencies 
o f  t he  r i g i d  body modes and t h e  frequen- 
c i e s  o f  t he  s t r u c t u r a l  modes are the  more 
con t ro l  law changes compared t o  t h e i r  pre- 
l im ina ry  design become necessary t o  pre- 
vent the  i n f l uence  of  the  EFCS on f l u t t e r .  
On an a i r c r a f t  l i k e  A 320 s t r u c t u r a l  modes 
and r i g i d  body modes are w e l l  separated i n  
t h e i r  frequencies. Therefore no measure 
was necessary t o  reduce the  EFCS i n f l uence  
on f l u t t e r .  On an a i r c r a f t  l i k e  t h e  A 340 
w i t h  the  fundamental s t r u c t u r a l  frequen- 
c i e s  c lose  t o  1 Hz c o n t r o l  law changes and 
low pass f i l t e r s  were requ i red  t o  prevent 
a degradation o f  t he  damping o f  t he  s t ruc -  
t u r a l  modes by the  EFCS. 
Usual ly  the  adjustments o f  t h e  c o n t r o l  
laws performed dur ing  the  f l i g h t  t e s t s  o f  
the  a i r c r a f t  lead t o  minor changes. But 
f o r  a l l  m o d i f i c a t i o n s  ae rose rvoe las t i c  
c a l c u l a t i o n s  must show t h a t  they do n o t  
degrade the  f l u t t e r  behaviour. Th is  leads 
t o  a heavy work load dur ing  the  f l i g h t  
t e s t s  i n  a t i g h t  t ime schedule. 

5. EFCS In f l uence  $on Loads 

5.1 General fea tures  

For loads purposes the A / C  has t o  be mo- 
de l l ed  i n  a l l  i t s  impor tant  fea tures  as 

Geometry 
I n e r t i a  
S t  i f f nesses 
Aerodynamic 
Systems 

otherwise i t  w i l l  no t  be poss ib le  t o  d i s -  
cover a l l  t he  bene f i t s ,  which the  i n t r o -  
duc t ion  o f  EFCS w i t h  a c t i v e  c o n t r o l s  might 
have on loads, s t r e s s  and through t h i s  on 
design weight o r  c e r t a i n  disadvantages. So 
i t  must be the  t a r g e t  t o  in t roduce a l ready 
i n  the  e a r l y  loads c a l c u l a t i o n s  the  d i f f e -  
r e n t  c o n t r o l  laws and study t h e i r  i n f l uen -  
ce on the  d i f f e r e n t  loads q u a n t i t i e s  t o  be 
i n  a p o s i t i o n  t o  g i ve  the  systems layout  
people advice f o r  changes a t  a t ime where 
t h i s  has no t  ye t  hardware consequences. 
F i g .  8 and 9 show examples f o r  such a con- 
t r o l  arrangement. 
These system changes induced from the  
loads exper ts  have then again t o  be s tu -  
d ied  by the  HQ-experts t o  check i f  the re  
i s  an unacceptable adverse e f f e c t  on t h e i r  
t a rge ts .  

Th is  i s  normal ly  no t  t he  case because 
t h e i r  optima area are r e l a t i v e l y  f l a t .  

I n  several cases i t  was found t h a t  these 
changes in t roduced i n  the  Simulator  were 
no t  even no t iced  i n  d i f f e r e n t  A / C  behavio- 
u r  by the  p i l o t s .  

Because o f  the  fact. t h a t  dur ing  the  design 
process the  data q u a l i t y  improves, changes 
o f  gains and t ime constants are the  normal 

. 
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consequences r e s u l t i n g  from the  develop- 
ment o f  

Aero Data 
St i f fnesses  

To  take a l ready t h i s  t rend  i n t o  account i n  
i t s  e f f e c t  on s t r u c t u r a l  design and compo- 
nent weight, the  loads exper ts  w i l l  under- 
take 

S e n s i t i v i t y  Studies 

dur ing  which the  gains and t ime constants 
w i l l  be va r ied  and i t s  r e l a t i o n s h i p  t o  
each o ther  changed t o  f i n d  ou t  i n  which 
ranges loads might vary .  

The i n t r o d u c t i o n  o f  a l l  r e levan t  d e t a i l s  
o f  t he  EFCS c o n t r o l  laws and t h e i r  protec-  
t i o n s  i n  the  loads c a l c u l a t i o n s  requ i red  
t o  be ab le  t o  handle 

Non-L inear i t ies  

I n  some loads f i e l d s  which t r a d i t i o n a l l y  
were handled i n  t h e  frequency domain, t h i s  
i s  a major handicap which on ly  could be 
overcome by very labor ious  and c o s t l y  
changes i n  methods and sof tware.  One exam- 
p l e  f o r  such a problem i s  

Continuous Turbulence 

w i t h  t h e  
Karman Spectrum 

as gust i npu t .  

5 . 2  Non-Failures 

The i n t r o d u c t i o n  o f  t h e  EFCS w i t h  i t s  con- 
t r o l  laws has t h e  tendency t o  make the  
reac t i on  o f  t he  a i r c r a f t  motion smoother 
dur ing  manoeuvres which leads t o  a loads 
reduc t ion  i n  general compared w i t h  the  i n  
former t imes requ i red  somewhat a r t i f i c i a l  

Design Manoeuvres 

(see example i n  121)  

Fur ther  by i n t roduc ing  t h e  d i f f e r e n t  pos- 
s i b l e  p ro tec t i ons  the  designer has i n  hand 
another t o o l  f o r  t a i l o r i n g  an 

a t t r a c t i v e  handl' i  ng 

together  w i t h  an 

(see F ig .  1 0 )  

T o  a c e r t a i n  ex ten t  t h i s  i s  a l s o  the  case 
f o r  

acceptable Load Level 

Design Gusts 

by i n t r o d u c t i o n  o f ,  f o r  example, 

Yaw Dampers 

T o  op t im ize  s t r u c t u r a l  weight together  
w i t h  o the r  d i s c i p l i n e s  i s  an i t e r a t i o n  
process which has the  handicaps t h a t  

o i n  design phases where easy and cheap 
design changes are poss ib le  the  data 
q u a l i t y  i s  poor 

o i n  design phases where data q u a l i t y  i s  
good design changes become complicated 
and c o s t l y  

I t  w i l l  be necessary f o r  f u t u r e  designs t o  
synchronize the  d i f f e r e n t  design ac t i ons  
more c a r e f u l l y  than i n  the  past .  

5 . 3  System Fa i l u res  

I n  general i t  has t o  be demonstrated t h a t  
an a i r c r a f t  o f  such an EFCS l ayou t  can 
sa fe l y  be handled i n  a F a i l u r e  State.  

There might be d i f f e r e n t  ph i losophies how 
t h i s  can be rea l i zed .  But anyway the  s t a t e  
o f  t he  system w i l l  be d i f f e r e n t  from the  

Normal Law Sta te  

and might be c a l l e d  

A l te rna te  Law 

o r  f u r t h e r  degraded 

D i r e c t  Law 

These d i f f e r e n t  laws produce d i f f e r e n t  
a i r c r a f t  motions and as consequences d i f -  
f e r e n t ,  poss ib ly  h igher  loads. Th is  might 
a l so  lead t o  the  l oss  o f  one o r  t he  o ther  
p ro tec t i on .  

A l l  these d i f f e r e n t  system s t a t e s  have t o  
be i nves t i ga ted  i n  d e t a i l  a l so  i n  t h e i r  
consequences on loads and s t r u c t u r a l  de- 
s ign .  

Reduced sa fe ty  f a c t o r s  might be used de- 
pending on t h e  systems f a i l u r e  probabi l i- 
t Y .  

The normal tendency i s  t h a t  loads i n  such 
f a i l u r e  s ta tes  w i l l  be h igher  than i n  non- 
f a i l u r e  s ta tes .  

Th is  i s  easy t o  understand remembering 
t h a t  t he  systems were i n s t a l l e d  t o  improve 
the  r e l a t i v e l y  low na tu ra l  s t a b i l i t y  o f  
t he  a i  r c r a f  t. 

An unstable a i r c r a f t  would have u n l i m i t e d  
t a i l p l a n e  loads. The be fore  described 
f a i l u r e  s t a t e s  are  n o t  f a i l u r e  cases i n  
the  c l a s s i c a l  sense, they b e t t e r  should be 
c a l l e d  Systems Degradation. 

System f a i l u r e s  w i t h  an impor tant  e f f e c t  
on loads and s t ruc tu res  are "osc i  1 l a t i n g "  
and '*runaway". 

These have t o  be s tud ied  i n  t h e i r  loads 
consequences 

o a t  t ime o f  f a i l u r e  occurrence 
and f o r  
o con t inua t ion  o f  f l i g h t  

i n  the  cases where the  p i l o t  i s  no t  ab le  
t o  i d e n t i f y  those phenomena and can coun- 
t e r a c t  before dangerous ampli tudes are 
reached. 

The l a s t  cond i t i on  can lead t o  a very se- 
vere problem f o r  S t a t i c  Design and Fat igue 
Design too,  because the  NPA 25C-199 re- 
qu i res  f o r  s t a t i c  design t h e  superpos i t ion  



10-6 

o f  the  f a i l u r e  i duced loads w i t h  those 
r e s u l t i n g  from the  normal non - fa i l u re  de- 
s ign  cond i t ions .  

Even i f  the  f a i l u r e  p r o b a b i l i t y  i s  such 
t h a t  a sa fe ty  f a c t o r  equal t o  one i s  j u -  
s t i f i e d ,  t h i s  problem cannot be so lved 
w i thout  consequences e i t h e r  f o r  the  system 
o r  f o r  the  s t ruc tu re .  

I n  the  f i g u r e s  11  t o  13 o s c i l l a t o r y  f a i l u -  
r e  cases are described. 
The al lowed sur faces d e f l e c t i o n  diagrams 
show a concentrated overview o f  t he  c r i t i -  
c a l l i t y  o f  an o s c i l l a t o r y  f a i l u r e  i n  r e l a -  
t i o n  t o  s t r u c t u r a l  design loads: 

S o l i d  Line: 

Envelope o f  max. (a l lowab le)  sur face am- 
p l  i t udes  versus frequency > 1,5 Hz ,  which 
produce the  Design Loads on a l l  s t r u c t u r a l  
components and s t a t i o n s ,  from a l l  i n v e s t i -  
gated f l i g h t  and mass cond i t ions ,  der ived  
from a f u l l  dynamic ana lys i s  

Dashed/Dotted L ine:  

Actuator  Performance Curve, i . e .  max. pos- 
s i b l e  sur face d e f l e c t i o n  ou tpu t  ampli tudes 
versus frequency, on ly  one ac tua tor  can 
perform loaded wh i l e  the  standby ac tua tor  
i s  i n  damping mode. 

I f  the  ou tpu t  s igna l  i s  non-sinusoidal an 
energy f a c t o r  can be app l ied ,  r e l a t i n g  the  
energy contents  o f  t h e  non-sinusoidal out -  
pu t  s igna l  t o  a pure s inuso ida l  one ( F i r s t  
Harmonic Performance). 

Servo-Loop Fa i l u re :  

O s c i l l a t o r y  F a i l u r e  o f  e lect ron ic /hydrau-  
l i c  servo-loop. Main ly :  D/A - A/D conver- 
t e r s .  

ComDuter Fa i l u res :  

O s c i l l a t o r y  'Fa i l u res  o f  e l e c t r o n i c  e le -  
ments o r  due t o  ga in  v a r i a t i o n s ,  occur ing 
upstream o f  t he  ac tua tors  and i n f l u e n c i n g  
t h e i r  command channels. 

The repercussion o f  t h i s  type  o f  f a i l u r e  
can be cured i n  most o f  t he  cases by an 
adequate low-pass f i l t e r i n g  i n  the  command 
channels. 

C r i t i c a l l i t v  Condit ions: 

A c r i t i c a l  O s c i l l a t o r y  F a i l u r e  cond i t i on  
a t  "Time-of-Ocurrence" i s  ind ica ted ,  i f '  a 
"resonance"peak o f  t he  A1 lowable Surface 
De f lec t i on  Curve ( s o l i d  l i n e )  crosses the  
Actuator  Performance curve. I n  t h i s  case a 
s p e c i f i c  Design Load on a s t r u c t u r a l  com- 
ponent i s  exceeded by a c e r t a i n  margin. 

EFCS-Workinn Area: 

O s c i l l a t o r y  Fa i l u res  i n  the  EFCS working 
frequency band ( <  1,5 H z )  are  detected by 
the  P o s i t i o n  Mon i to r ing  System w i t h  a 
th resho ld  s e t t i n g ,  so t h a t  Design Loads 
are no t  exceeded. 

t i v e  Cont 1 Funct ic  s 
On an a i r c r a f t  f u l l y  equipped w i t h  an EFCS 
i t  i s  ra the r  simple t o  i n s t a l l  add i t i ona l  
Ac t ive  Contro l  fu r ic t ions  as a l ready men- 
t ioned.  These can use a l ready a v a i l a b l e  
systems and con t ro l s  j u s t  adding some sen- 
sors and software packages and poss ib l y  
pressure accumulators t o  reach h igher  de- 
f l e c t i o n  ra tes .  

Depending on the  i n d i v i d u a l  design s i t u a -  
t i o n  o f  an a i r c r a f t  as 

o gust  c r i t i c a l  wing design l i k e  an A / C  as 

o r  
o Manoeuver c r i t i c a l  wing design l i k e  an 

i t  might become a t t r a c t i v e  t o  add t o  the  
a l ready i n s t a l l e d  c o n t r o l  laws 

Airbus A 320 

A / C  as Ai rbus A 330/340 

Load A l l e v i a t i o n  Functions (LAF) 

F ig .  14 shows a scheme o f  such a Gust Load 
A l l e v i a t i o n  (GLA) w i t h  t h e  t a r g e t  t o  redu- 
ce Gust wing bending t o  the  maneuver l e -  
v e l .  

The i n s t a l l a t i o n  of  

Manoeuver Load A l l e v i a t i o n  (MLA) 

i s  even s impler  because t h e  h igh  c o n t r o l  
d e f l e c t i o n  ra tes  o f  t he  LAF are  no t  neces- 
sary. Nevertheless a l so  a l l  these func- 
t i o n s  have t o  be s tud ied  i n  r e l a t i o n  t o  
t h e i r  in f luence on o ther  d i s c i p l i n e s  a l s o  
here espec ia l l y  on t h e i r  e f f e c t  on 

Handling Q u a l i t y  

i n  non - fa i l u re  and f a i l u r e  s t a t e .  
Another example i s  a f u n c t i o n  f o r  impro- 
v ing  the  passenger r i d e  comfort o f  an A / C  
c a l l e d  "Comfort i n  Turbulence" (CIT) .  Fu- 
selage modes w i t h  small p a r t i c i p a t i o n  o f  
l i f t i n g  sur face v i b r a t i o n  may be l ess  
aerodynamically damped, mainly f o r  long 
and r e l a t i v e l y  slender fuselages. I n  heavy 
t u r b u l e n t  f l i g h t s  the  a i r c r a f t  might  v i -  
b ra te  i n  the  fuselage modes w i t h  frequen- 
c i e s  which main ly  degrade the  f l i g h t  com- 
f o r t  i n  the  forward and a f t  fuselage sec- 
t i o n s .  F ig .  15 shows the  p r i n c i p l e  scheme 
f o r  a C I T  func t ion  which c o n t r o l s  the  l a -  
t e r a l  fundamental fuselage mode by the  
rudder. The acce le ra t i on  pick-up i s  i n -  
s t a l l e d  a t  a l o c a t i o n  on the  f r o n t  fuse- 
lage. The s t r u c t u r a l  f i l t e r s  and the  phase 
compensation are shown i n  the  feed back 
c i r c l e .  The rudder i s  ac t i va ted  f o r  a ne- 
cessary v i b r a t i o n  angle o f  t he  rudder o f  
> 0,07'.  To prevent, a degradation o f  t he  
e f fec t i veness  o f  o ther  systems w i t h  h igher  
p r i o r i t y  the rudder angle ac t i va ted  by the  
C I T  i s  l i m i t e d  t o  1 ' .  F ig .  16 shows the  
necessary design work i nc lud ing  the  f l i g h t  
t e s t s  t o  ge t  c e r t i f i c a t i o n .  For c e r t i f i -  
ca t i on  i t  has t o  be subs tan t ia ted  t h a t  the  
CIT-system i n  a l l  i t s  f a i l u r e  cases does 
no t  degrade the  f l u t t e r  and does no t  i n -  
crease a l so  dimensioning loads. F ig .  17 
shows the  increase o f  modal damping f o r  
the  symmetrical fundamental fuse lage mode 
which i s  c o n t r o l l e d  by the  CIT- funct ion 
us ing the  e leva to r  EIS movable device. 
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7 .  Conclusion 

The h igh  complexity o f  an a c t i v e  c o n t r o l -  
l e d  c i v i l  ' t ranspor t  a i r c r a f t  design w i t h  
i t s  m u l t i p l e  i n t e r a c t i o n s  between the  d i f -  
f e r e n t  d i s c i p l i n e s  was presented. 

It was h i g h l i g h t e d  t h a t  i n  f u t u r e  design 
o f  t h i s  k i n d  d i f f e r e n t  design procedures 
have t o  be es tab l i shed w i t h  the  t a r g e t  

o t o  reduce the  dominance o f  one d i s c i p l i -  
ne by a m u l t i d i s c i p l i n a r y  op t im iza t i on  
process t o  ensure an o v e r a l l  a i r c r a f t  
optimum. 

This  has the  consequence t h a t  

o the  data a v a i l a b i l i t y  i n  a c e r t a i n  qua- 
l i t y ,  namely 

S t i f f nesses  
Aero Data 
Systems Data 

must be b e t t e r  synchronized w i t h  the  needs 
o f  t he  user o f  these data, namely 

Handling Qua l i t y  
Systems 
Loads 
F l u t t e r  
S t ruc tures  

and cos t  f unc t i ons  are in t roduced i n  the 
beginning o f  t he  design work t o  ensure a 
balanced design. 

I t  i s  the  f i r m  b e l i e f  o f  the  authors t h a t  
a l ready t h i s  would be an impor tant  s tep 
forward. 

Ac t ive  Contro l  systems are ra the r  e a s i l y  
capable o f  being i n teg ra ted  by having i n  
mind t o  use s igna ls  from add i t i ona l  sen- 
sors d i s t r i b u t e d  over the  A / C  than are 
ava i l ab le  from the  ADIRU.  

Flight Guidance 
and Control 

Systems 

I 

i 

t t  

t , 
Fig 1: Aircraft Design 

There are some doubts ha t  
t i o n s  and i n t e r a c t i o n s  i n  

11 these re la -  
r e a l  a i r c r a f t  

design can be replaced one day by a t o t a l -  
l y  automated process bu t  c e r t a i n l y  more 
p a r t s  as usua l l y  today have t o  be pu t  i n t o  
a process chain t o  improve q u a l i t y  and 
safe design t ime. 

To our op in ion ,  t he  r e a l  problem i s  no t  
on ly  t o  so lve the  techn ica l  problems, the  
more t ime consuming task w i l l  be t o  change 
behaviour o f  people invo lved.  
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ABSTRACT 

Current aircraft industry design practices produce high 
quality, safe and alTordable aircraft. I Iowcver, future advanced 
and integrated methods offer the opportunity to significantly 
reduce the cost and development time of aircraft designs. ‘This 
paper presenh an overview of the current design process and 
an example for subsonic transport wing box design. It also 
describes a future process which is presently being implemented 
at  the Douglas Aircraft Company, i.e. die Aeroelastic Design 
Optimization Program (ADOP), and its application to a similar 
subsonic transport wing. Specifically, stress and flutter are 
optimized and compression surface buckling and tension sur- 
face damage tolerance are integrated. Finally, the future 
direction of ADOP will be oiitlined which includes integration 
of aeroelastic loads, durability and damage tolerance and con- 
current structure and active controls optimization. 

CIJRRENT DESIGN PROCESS 

controlling factor and main element that lengthens cycle time 
and increases cost. 

Usually the structural design is completed before the 
drawing sign-out loads are available. This is due to the long 
lead time required for wind tunnel tests and critical load anal- 
ysis and selection. Also, the design is usually complcte even 
before the structural panel tests are done. The process is to 
issue the drawings and then check them after the fact. 

I f  a negative margin is found in the structure or the aircraft 
has a flutter or durability and damage tolerance problem, the 
problem is corrected and the drawing recalled and fixcd. ‘The 
positive margins, within limits, arc usually left alone, because 
of thc cost of trying to optimize every structural element, until 
a weight saving exercise is called for. 

Details of the process of wing sizing will be given to illus- 
trate current industry practices. Specifically, the methodology 
for: 1) compression surface optimization for rib and stringer 
spacing, 2) tension surface design for damage tolerance, 3) 
compression-bcndiiig shear interaction, 4) load definition, and 
5 )  flutter analysis will be discussed. 

OVERVIEW 
WING SIZING MEl’IIODOI,OGY 

The current structural design procedurc: for most aerospace 
companies is illustrated in Pig. 1-a as ii process done in a series 
that is iterated several times. Each iteration requires on h e  
order of six months to a year to coniplcte and requires data 
transfer across technical, political and sometimes geographic 
boundaries a t  each step in the process. 

The leader in each discipline must have cnouph experience 
to know what input data is needed from other disciplines, how 
to complete his own analysis and what output data is needed 
for the next step in the operation. Most of the time, direrent 
models of the aircraft structure and aerodynamics are devel- 
oped a t  each step of the process. This is done for several rea- 
sons: l )  direrent assiimptions and model fidelity are required, 
2) computer code formats are direrent and, 3) each discipline 
wants to get started without waiting for  someone else’s model. 
‘The drawbacks, of course, are that: 1) data input is sometimes 
duplicated, 2) errors and inconsistencies can develop among 
models, and 3) accuracy levels are not consistent among the 
various disciplines. 

During the initial design process, as opposed to the final 
check out, only preliminary data is available and, therefore, 
used. Every discipline is working with whatever data is avail- 
able to that discipline at  a particular point in time. Many times 
new data arrives midway through an analysis for a particular 
discipline but usiially this new d a h  is put on hold until the next 
iteration. The itonis that influence data changes are: 1) 
updated input from other disciplines, 2) configuration changes 
due to changes of mission or airline custonier feedback, 3) cost 
and performancc enhancements, 4) and completion of wind 
tunnel and structural tests. Obtaining the data necessary to 
completc an analysis or design in a particular area is usually the 

Chnpression Surface Optimization of Rib and Stringer Spacing 

In order to keep overall wing weight to a minimum, it is 
important to establish optimum stringer and rib spacing. If the 
spacings are arbitrarily set too large for the compressidn cover, 
in an elTort to reduce part count and subsequently cost, a severe 
weight penalty can occur which will ultimately jeopardize the 
number of aircraft sold due to inadequate performance wlien 
compared to competitor aircran. Therefore, to assure least 
weight, the following optimization procedure is performed: 

I 

1) Define wing compression cover loads (elastic axis) -- 
l h e  average in-plane load intensity (Pllbsfin) in the com- 
pression cover, shown in Fig. 2, is determined along the wing 
elastic ;ixis (defined Iialf way between spars) using the wing 
bending moments, wing box chord (rear spar to front spar 
normal to clastic axis), and average box depth. 

2) Deterniinc cover allowable compression stress -- for the 
compression surface, Douglas Aircraft Company has developed 
a compression panel optimization program [ 11 based on the 
classical optimization assumption that minimum compression 
panel weight is obtained when the applied stress (U = P / A )  is 
equal 10 the general instability stress U = nJ E,/(L/p)’ and the 
individual plate elenient instability stress U = kq E(t /6)2 .  l‘he 
program optimizes lJic stringer cross-sectional shape for a given 
stringer spacing, rib spacing, and stiffening ratio, A,,/Ask. A 
practical stringer depth (between 2”-3”) is employed to avoid 
torsional instability, keep the section neutral axis as close to the 
skirl as possible, and maximize stringer extrusion strength 
\~;llrics. The program is used to develop a family of panel 

Present& at an AGARD Meeting on ‘Integrated Aitjhme Design Technology: April, 1993. 
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weights versus load intensity curves for defined skin/stringer 
material, stringer spacing, rib spacing, and stiffening ratio. 

The stiffening ratio is set a t  0.50 in the early design phase 
to assure that sullicient skin thickness and subsequendy torque 
box GJ is available to prevent wing flutter and to assure s u n -  
cicnt stringer area is available for damage tolerance. From a 
pure compression panel weight optimization, lighter weight can 
be obtained at  higher stilTening ratios (minimum weight a t  1 to 
1.5 depending on the stringer shape) if stringer depth is not 
constrained. Ilowever, this can lead to flutter problems deter- 
mined at  a later time and may produce stringer depths that lead 
to non-optimum designs when all factors are considered. 

The future optimization process, ADOP, will allow the 
skin-stringer stiffening ratio to vary to maximize the com- 
pression allowable while still maintaining the proper flutter 
safety margin and stringer depths. There is more than one way 
to prevent flutter and setting this ratio to 0.5 may not always 
be the most eficient way to do it. Thus, although a very good 
rule of thumb, some improvement may be made and this 
improvement will be available early in the design. 

3) Determine upper cover weight -- The process is simply 
to divide the wing into spanwise sections or panels, say six of 
them, calculate the average running load, P I ,  per panel from 
Figure 2, and determine the incremental panel weight, W, from 
Fig. 3. 

4) Determine lower cover weight -- For the tension sur- 
face, the allowable stress is limited by damage tolerance 
requirement (discussed below). For preliminary design, 
I;, = 52,000 psi is used for aluminum alloys. Panel weight can 
be incrementally determined from the weight per unit area 
based on stress and the average running load, 
Wt 144pPl/F, (IhS/ft2). 

5 )  Determine rib weight -- Rib weight is generally about 
30 percent of the total cover weight (riot including spar caps). 
This high weight ratio is due to the fact that a large percentage 
of transport aircran rib weight is driven by externally applied 
forces such as flap and control surface loads. When thcse fac- 
tors are discounted, rib weight required to support the cover is 
about 5 percent of the total cover wciglit. Rib strength and 
stiffness requirements must be accounted for in the final design, 
but in practice, minimum gauge will usually satisfy the require- 
mcnts for ribs. Based on this assumption, rib weight is obtained 
as follows: 

WRi = Arov i n  p 

where A,,," is the avcrage surface area of ribs t is the rib thick- 
ness; n is the number of ribs; and p is the weight density. 

6) Determine panel/rib weight -- The overall weight is 
determined by summing the cover weighb and rib weights. This 
weight can be plottcd for various panel length and stringer 
spacings (Fig. 4). Prom the figure, 6-inch stringer spacing is the 
lightest weight a t  a rib spacing of about 35 in. Actually stringer 
spacings less than 6-inch are more optimum (about 5.3 inch). 
Ilowever, this spacing is too small for shear clip installation. 

Based on the optimum values for rib and stringer spacings, 
a wing structural arrangement drawing (for example, see Figure 
5 )  is created that first defines hardpoints for control surface 
hinges, flap hinges, pylon attach structure, and slat track 
location. Dased on these fixed rib locations, ribs are spaced 

approxirnatcly to the optimum rib spacing. Stringers are then 
spaced near the optimum spacing. 

Tension Surface Design for Damage Tolerance 

The wing structure is required hy the FAA to be damage 
tolerant to insure that if fatigue, corrosion, or accidental 
damage occur within the operational life of the airplane, the 
remaining structure will withstand reasonable loads without 
failure or excessive deformation until the damage is detected. 
Although not strictly required by FAA regulations, the wing 
should Ijc designcd for two-bay crack capability [2] so that the 
critical crack sizes are large enough to allow an inspection 
program that requires detecting these cracks safely with com- 
fortable repetitive inspection intervals. Specifically, the lower 
wing surface must be a b k  to arrest a two bay crack (broken 
stringer and two adjacent skin bays) a t  limit load. This means 
that the two bay crack is rendered non-critical and will not fast 
fracture. 

During preliminary design, the lower surface stringer 
spacing and shape are sct nearly the same as that for the upper 
surface and thc ratio of stringer area to skin area is set a t  0.5 
to assume maximuni allowable stress is obtained. A two-bay 
crack residual strcngth analysis is then performed to obtain the 
allowablc stress level. Llsually this level is the most critical 
compared to crack growth life, negative I-g buckling, or mate- 
rial allowables. 

'The fiiture dcsigri method ADOP accounts for the two-bay 
crack allowable in the optimization process as the ratio of 
stringer area and skin area changes and will not fix the ratio 
of stringer to skin area to a specific number. 

Fatigue and crack growth life is also analyzed for the 
lower wing surface but usually aner the design is complete. 
This analysis determines the inspection threshold and interval. 
The threshold is half of the life determined by test or a third of 
the life obtained by analysis blJt no greater than half of the air- 
craft life. Thc inspcction interval is equal to half the time 
interval between whcn a detectable crack appears and when it 
bccomes unstable. I n  some instances, unacceptable values of 
thc threshold and interval dictate an allowable stress that is 
lowcr than thc residual strength value in which case the design 
is beefed UP. 

Compression-RendinRShcar-Interaction 

?'he margins of safcty are calculated using an interaction 
equation that combines the various stress or buckling states. 
For instance, the compression surface margins are calculated 
form the following scmi-cmpirical equation 

(R, + RJ" + R," = 1.0 (2) 

wltcre n and m arc determined empirically and R,, Rb and R, 
are the ratio of actual strcss over the allowable stress for com- 
pression, bending (modulus of rupture) and shear respectively. 

The compression allowable P,, is usually found by com- 
hining panel test rcsults with the Johnson-Euler formula. The 
column fixity I;ictor c (1.0 for simple support, 4.0 for built in) 
is usually taken as no more than 1.5 for this'formula. The 
optimum stringer rib design discussed above usually places the 
stringer (plus effective skin) in the short-column range of the 
Johnsoti-Euler formula. 
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This compression surface interaction formula is semi- 
empirical but has proven successful for (.he DC-9, and DC-IO 
aircraft that have millions of safe flight hours. The tension 
surface uses principal stresses since buckling is not involved. 
The future design method, ADOP. can use these formulas or 
others, such as von Mise! as the designer wishes. 

Load Definitions 

Internal structural loads are required to size the structure. 
Iiowever, these loads are a direct function of the aeroclastic 
external loads which are, themselves, a function of the struc- 
tural stiffness. 

The structural model used for loads (and flutter) is usually 
a beam stick elastic axis for subsonic transport wings. Linear 
Doublet Lattice aerodynamics [ 3,4], corrected using wind 
tunnel data, are used for the gust loads and flutter analysis. A 
nonlinear semi-empirical model is used for mancuver loads 
which incorporates wind tunnel data. As stated in the overview, 
drawing sign-out loads are usually not available a t  the time of 
dcsign, and thus preliminary or advanced design loads must be 
used. These loads may not be based on up-to-date wind tunnel 
data. 

The process lo obtain drawing sign-out loads is outlined 
as follows. First, compute the elastic-to-rigid ratios for the sta- 
bility and control aerodynamics coellicicnts. The rigid coelli- 
cients are usually obtained from wind tunnel tests. These 
elasticity corrected cocnicicnts are then used to obtain trimmed 
conditions for static maneuver loads cases which range over Lhe 
entire flight envelope of velocity, load factor, altitude, c.g. and 
wcight. They are also used for abrupt pitch. roll and yaw 
maneuvers. The rigid wing tunnel data are also used to correct 
the unsteady doublet lattice method for use in PSD and discrete 
gust analysis as was mentioned above. 

A first pass a t  critical load selection is made at  this time 
where obvious cases are eliminated reducing the numbcr of 
cases to several thousand. 

The second step is to perform distributed maneuver loads 
analyses for the various aircraft componcnts and to perform a 
second pass a t  critical load selection based, for the most part, 
on interaction diagrams (Bendingflorque, Shear/Torque, 
BendinglShear). The cases that lie on the outer extremities are 
selected as candidate critical cases reducing the number of cases 
to about a hundred. 

Gust loading and taxi analyses are also performed and 
produce an additional set of candidate critical load cases using 
the interaction diagram approach. 

The final candidate load cases are then used to calculate 
internal loads. At this point the actual critical cases for all wing 
parts can be identified and uscd to check the desigti and rcsize 
the structure if needed. 

Flutter Analysis 

A V-g method is generally employed using empirically 
corrected Doublet Lattice aerodynaniics and a beam elastic 
axis structural model. Mass, inertia and cross products of 
inertia are employed in the model analysis. These modes are 
eventually corrected using Ground Vibratioii Test (GVI) 
results after aircraft roll-out. Obviously, the GVr does not 
impact the aircraft design but is used only as a safety check after 
the fact. 

The entire flight envelop is cleared for flutter with a margin 
of 15%. If a fluttcr deficiency exists anywhere, a stiffness 
increase requirement for wing or pylon is obtained (usually by 
thc trial and error method) and scnt to the designer who rede- 
signs ttie wing to produce the required stiffness. Sometimes, if 
only a small corner of the flight envelope or fuel state causes a 
problem lhc aircran can be “placarded” to reduce V,and vd 
and thus eliminate the problem, without changing the structured 
design. 

(iencrally for high aspect ratio wings, a beam stick struc- 
tural model is used. Modes are easy to obtain once estimates 
of EI,  G J ,  mass and inertia along the span are made. Making 
these estimates from finite-element models, however, can be 
time consuming. For low aspect ratio wings, plate theory must 
be used. In the future design method, ADOP, only one slruc- 
tural model is used for all analysis and design. This can cause 
an incrcase i n  cycle time because the finite-element model may 
he detailcd and rcquire more time in the modal analysis. But 
it is fclt that this inconvenience is more than compensated for 
by the hcticfiLs obtained using one accurate structural model. 

Because the ciirrcnt structural design procedure (Fig. 
I -a) does riot simriltaneorisly consider all disciplines such as 
stress, sizing, flutter, loads, etc. it requires a large amount of 
time and man-power to complete. Specifically, each design 
cycle Likes longer, more cycles are needed to reach an 
optimum. and numerous meetings and discussions are required. 
An aeroclastic design optimization program, ADOP, is being 
developed a t  ttie McDonnell Douglas Corporation to reduce 
cycle time, improve the quality and accuracy of the final design 
and reduce the number of design cycles (Fig. 1-b). This pro- 
gram will reduce the elapsed time required for drawing sign-out 
and rework of designs and their associated delays. Ultimately, 
cost, sclicdule, performance and quality will be improved. 

ADOP P R O G R A M  S’TRIJC‘TURE 

A I W I ’  inlcgratrs different analysis and design disci- 
plines, uses one arialysis model, and optimizes the model to 
achieve a minimum weight while simultaneously satisfying 
structural performance requirements. Compared with direrent 
modcls uscd by divcrse disciplines and incomplete weight min- 
imization in the current dcsign process, the advantages of using 
ADOP are already seen. 

ADOP is dcveloped for enicient static, dynamic, and 
acroelastic optimization of large finite element structural 
niodels. The program is modularized by discipline and logical 
tasks. Current modules include: 
o 
o hlalrix abstraction computations; 
o Static strength; 
o 
o Fully stressed design; 
o 
o Dynamic transient response; 
o Design sensitivity calculation; 
o Design variable linking; 
o Multidisciplinary oplimization. 
The modulcs are then linked together throu h a master control 
program (ACL; ADOP control language) @ 5 ]  and data base 
management systcm ADACt (ADOP disk and core system) 
[6]. ADACS uscs a dynamic memory and file allocation 

Finite element bulk data translation; 

Large ordcr eigenvalue and eigenvector extraction; 

k and p-k method flutter analysis; 
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scheme to store and retrieve data to allow for the manipulation 
of very large arrays associated wilh large structural models. 
ACL is developed to access discipline modules, perform matrix 
operations, and establish logical looping and branching. A 
graphical interface program is also implemented to perform 
intermediate and post processing associated with the analysis 
and design optimization. Case control logic is established to 
guide analysis and design flow in optiniization and access 
appropriate discipline modules. 

aircraft structures subject to: 
o Stress and strain constraints; 
o Displacement constraints; 
o Modal frequency constraints; 
o Flutter constraints. 

Presently, multidisciplinary design in ADOP optimizes 

Static strength optimization ensures that the stresses and 
strains are below the allowable values and the structural 
stifhess meets the deformation requirements subject to the 
design loads. Frequency constraints prevent the structural 
vibration modes from falling into a specific range of frequcn- 
cics. Flutter requiremcnts sometimes dictate the structure’s 
stilliiess. Thus, the aircraft structural size needs to be distrib- 
uted properly to avoid flutter. In an ADOP optimization iter- 
ation, structural response such as stress, displacement, vibration 
frequency and flutter speed will be evaluated. Violated con- 
straints are identified and the structure is resized with those 
response sensitivities. The program then selects a new structure 
which tries to minimize weight and satisfy h e  violated con- 
straints. The iteration continues until all constraints are satis- 
fied and the weight variation is stationary. 

FINITE ELEMENTS AND DESIGN VARIABLE LINKING 

The finite elements that can be designed in ADOP and 
their design variables are: 
o Area of 2-node rod; 
o Area and moments of inertias or real dimensions of beam; 
o Stihess  of linear and torsional springs; 
o Thickness of TR13 orthotropic membrane and plate-shell; 
o Thickness of QUAD4 orthotropic membrane and plate-shell; 
o Thickness of quadrilateral shear pariel; 
o Ply thickness and one orientation of composite membranes: 
o Mass and offset or lumped mass element; and 
o Stiffness of general flexibility/stiffness element (GENEL). 
Rigid elements and multiple point constraint capabilities are 
also implemented lo provide modelling flexibility. 

In the optimization process the number of design variables 
is limited by computer resources. It is impractical and unnec- 
essary to retain each element in a large structural model as an 
independent design variable, since in portions of a structure a 
simple rclationship of structural properties can be defined using 
the previous desigri experience and manufacturing constraints. 
Design variable linking [ 71 is acconiplished by representing 
finite element sizes by a few design variahlcs and a shape func- 
tion as follows: 

(3) 

where 1 is the element size vector, 
the independent design variables 0. 

is the ratio between and 

In ADOP, the features in design variable linking include: 
o Free and fixed design variables for the same group; 
o Constant, linear and bilinear shape functions; and 

o User input variations for high order functions. 

A global design variable linking is installed to complenient 
llie basic design variable linking. The technique allows users 
to definc the relationship.between design variables, so that, for 
example, a composite wing skin divided into several panels has 
ply thickness as design variables for each individual panel but 
has only one global orientation. Therefore, during optimization 
the ply thickness of each panel varies independently but all 
panels on the wing skin have to rotate together like a rigid sur- 
face. This can be resolvcd by equating the orientations of all 
panels Lo a representative orientation through the global design 
variable linking. 

S‘T A‘I’I C DES I GN TRCI ‘IN OLOGIFS 

ADOP uses the “fully stressed design” technique (PSI)) to 
resize finite elements and obtain a nearly optimum solution for 
static slrength before starting numerical optimization. This 
reduces the number of iterations in the optimization. The 
ADOP shtic design and analysis technologies include: 
o Point (aeroelastic), pressure, thermal, inertia, and combined 
loads; 
o l u l l y  stressed design (FSD) with design variable linking; 
o Compression pancl buckling criterion; 
o Tension 2-bay crack criterion in durability and damage tol- 
erance; 
o Stres!; and strain design criteria: 

-- Mises-1 lill stress, 
- -  Principal stress and strain, 
-- Maximum shear stress and strain, 
-- Tsai-Wu stress, and 
-- rruncated maxinium shear strain; 

o Displacement and stilrness design criteria; and 
o Analytic design sensitivity calculation. 

Compression panel buckling [ 1 ] and tension two-bay 
crack criteria [2] are used for metallic structures in both fully 
stressed design arid strength optimization. All possible buckling 
conditions including skin buckling between stringers, overall 
swinger buckling, stringer crippling, and the torsional stability 
or a skin-stringer combination are checked. The two-bay crack 
criteriori requires thal if a stringer and the skin in adjacent bays 
are broken, the crack bc: arrested by the stringers a t  both ends 
of the two bays to maintain the structural integrity. In lhe 
optiniixation proccdure, the design sensitivities of panel 
buckling and two-bay crack stress allowables are included and 
the allowables are updated according to the new element sizes 
in each iteration. The panel buckling and two-bay crack stress 
allowablcs are also used in the interaction equation (Eq. 2) and 
damage tolerance dcsign in the current design process as dis- 
cussed previously. I lowever, there is no update of these allow- 
ablcs in the current procxss until all disciplines are checked out 
and a new iteration begiris. 

The stress, swain and displacement constraints can be used 
in the optimization. ‘Ihey are written as 

G , =  - - 1  X 5 0  
XO 

(4) 

in which x may be the normalized von Mises equivalent stress, 
strain iri a particular direction or a specific displacement com- 
ponent. xo is the corresponding allowable value. 

‘The displacement design sensitivities are computed using 
the direct gradient mcthod as 
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where a g / a D j  and a p / a D ,  are the displacement and load sen- 
sitivity vectors, respktively. The load design sensitivities are 
only present for loads associated with structural sizes such as 
thermal, inertia and static aeroelastic loads. (Aeroelastic loads 
design sensitivities are being developed and will be discussed 
later.) a K / d D ,  is the design sensitivity of stifTness matrix. 

The constraint gradient of the Mises-llill criterion, Tor 
example, is expressed as 

".I a 

where ux, uy and T , ~  are the element normal and shear 
stresses; and SI, S2 and S12 are their corresponding stress 
allowables. 

The generalized interaction failure criterion for the com- 
pression surfaces (Eq. 2) and its constraint gradient can also 
be written in the forms of Eqs. 4 and 6, respectively. 

MODAL DFSIGN TECIINOLOGIFS 

An accurate and eficient modal analysis is essential to 
various dynamic evaluations of structures. Compared with 
using the beam-stick representation of aircran for modal and 
flutter analysis, a full linite elemenf aircran model is more 
appropriate because it can address the chordwise deformation, 
accurately represent the structural stiffness, and eliminate any 
confusion in model conversion between the finite element and 
beam models. 'roday, analysis of large unreduced structural 
models is possible with powerful computers and advanced 
computing techniques. ADOP has two lar e-order modal 
analysis methods, the block Lanczos method f8,9] and accel- 
erated subspace iteration [lo]. Both methods are designed to 
directly extract eigenvalues and eigenvectors of large structural 
models. The numerical problem caused by the return of con- 
verged eigenvectors is resolved by using a selective Gram- 
Schmidt orthogonalization. 

The full modal analysis methods require better modelling 
practices than the simple beam model. ADOP automatically 
diagnoses and restrains most singular degrees of freedom due 
to the use of rank deficient elements. Ilowever, singularities 
(unrestrained by ADOP and ignored in the static analysis) due 
to improper modelling need time to correct. The benefits of 
using the full finite element model far exceed the additional time 
paid for this correction because model conversion required in 
ttie current design process is not needed and higher quality 
results are generated. 

The frequency constraints allow engineers to restrain the 
structural vibration modcs from falling into a specified range 
of frequencies. The constraints can be written as 

in which f, andhow are the upper and lower bounds of the 
frequency and Ai is the corresponding eigenvalue. 

For eigenvalue &with m multiple roots the design sensi- 
tivities are solved using 

where l J K / a D j  and aA4/aDj  are the design sensitivities of the 
global stirness and mass matrices, respectively; and a A / a D j  is 
a diagonal matrix with dia onal terms equal to the design sen- 
sitivities of the eigenvalue Ii. (&, are the vibration modes and 
- r are the eigenvectors of Eq. 8. 

F1,lJ'I"IER DESIGN " X I  INOLOGIFS 

'I'he complexity of modern aircran structures makes 
automation of the flutter design cycle essential. An aircran has 
to he designed flutter-free for all payloads and altitudes. In 
AIIOP, flutter analysis is performed with the modal approach, 
i.e. st.ructural characteristics are simulated by a number of 
selected vibration modes. noth the k (V-g) and p-k flutter 
analysis methods are available in ADOP. The k-method flutter 
equatiori is written as 

where K a n d  _M are the generalized, or modal, stirness ahd 
mass matrices, respectively. A is the generalized aerodynamic 
infliiencc coeficient matrix. (JKe discrete aerodynamic influ- 
ence cocllicient matrix is computcd using the Doublet-Lattice 
method C3.41). A,,, and gm are the complex eigenvalue and 
eigenvector of the aeroelastic system, respectively, and 
Am = o)$/(l + ig,,,), where gm is the damping of the system 
and w,,, is the circular frequency. 'The above equation is solved 
step-by-step along the reduced velocity axis, l/k, and the 
A1)C)P flutter analysis module directly computes the flutter 
velocity and frequency. 

In the ADOP flutter optimization, a constraint is imposed 
with an allowable flutter speed. Flutter for all boundary con- 
ditions (symmetric and antisymmetric), payloads and Mach 
numbers can be designed simultaneously. This is much more 
preferable over the current design process which designs one 
boundary. payload and Mach number combination at  a time. 

The velocity constraint is written as 

v G - 1.0-- 
v4 

f -  

where Cg is ttie design flutter speed with a 15Y0 safety margin. 

If the constraint is not satisfied, the structural finite ele- 
ments have to be resized to increase the flutter speed to meet 
the design rcquirenicnt. The flutter design sensitivity can he 
expressed as 
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where b is the half reference chord length; aru,/dUI and 
a k / a D ,  are the design sensitivities of frequency and reduced 
frequency at  flutter, respectively. In the k-method, the two 
design sensitivities are computed by 

and 

where Re(.)  and Im(.)  are the real and iinaginary parts of the 
enclosed quantity. 
and a&f/aDI are t tk  design sensitivities of the generalized 
st.iffness and mass mat.rices, respectively. 

V$ is the left eigenvector of Eq. 9. aK/aD, 

OFTlM 1 ZATl ON S I R  ATEG Y 

Case control logic is implemented to guide the analysis 
and design flow and access appropriate discipline modules. 
ADOP allows for different boundary conditions of the same 
structure (symmetric and anti-symmetric) along wid1 multiple 
load cases, payloads and flight conditions (Mach and altitude). 
Case control is used to establish which analysis disciplines, and 
their related loads, payloads, boundary and flight conditions are 
required during an optimization iteration. 

The ADOP multidisciplinary design optimization flow 
chart is shown in Figure 6. The static strength, modal fre- 
quency and flutter analyses are performed between major iter- 
ations with the updated structure. The loads and aerodynamic 
data are generated before the optiniization iteration. Active 
and violated constraints from the analyses along with their 
design sensitivities are then collected for optimization. The 
method of modified feasible directions [ l l ]  is used in ADOP 
for numerical searcli. If all constraints are satisfied and the 
weight variation between iterations is within a tolerance, the 
optimization procedure slops and the results are reported. 
Otherwise, the iteration continues until it exceeds the allowable 
number of iterations. 

Including all active and violated constraints in the opti- 
mization procedure can be too expensive [ 1 1 1; therefore, in 
each design iteration only a subset of these constraints is 
selected. The constraints are evenly distributed among all 
design variable groups. Results from all bouridnry, payload 
and flight conditions and load cases are examined and inactive 
(very feasible) conditions are neglected in the next iteration to 
reduce computation. 

NUMERICAL STUDIES 

A 3-D finite element model of a large subsonic transport 
aircrafl, as shown in Fig. 7, is used to demonstrate the multi- 
disciplinary optimization capability in ADOP. Both stress and 

flutter design requiremerits are assumed and this study focuses 
on designing the primary wing structure, i.e. the wing box. The 
compression panel buckling allowables for the upper wing and 
tension two-bay crack allowables for the lower wing are used 
along with the von Mises criterion for materials. 

The aircraft .wing is modelled by 9636 finite elements 
including rods, membranes, shear panels, lumped masses and 
generalized stiffness elements (GENEL). However, only the 
element5 composed of the wing box were designed.. The 
fuselage and tail are modelled with simple beams and their 
presence is required for the flutter analysis and optimization. 
The model has a total of 9580 degrees of freedom. 

The upper and lower wing panels and stringers contained 
within the wing box include nearly 1000 finite elements. Design 
variable linking is necessary to reduce the size of the problem. 
The wing box is divided into two chordwise design groups for 
the skins and stringers separately on the lower and upper sur- 
faces since chordwise sizing variation is important for this wing. 
Additiotially, the wing box is divided into five spanwise design 
groups with the hountlaries corresponding to span breaks (Fig. 
14). The four corner elements of each group are specified to 
be the independent dcsign variables; a linear variation of 
thickticss and. area are defined hetween each corner variable. 
With 10 hilinear dcsign groups on the lower and upper wing 
defincd for both skins and stringers, there are 160 design vari- 
ables. 

Pigiires 8 and 9 present the flutter speed and weight versus 
iteration for the ADOP optimization process. Two fully 
stressed design iterations were performed before the numerical 
optimization. The optimization with stress criteria and a 
required flutter specd converged in five iterations with the final 
flutter speed 4vo higher than tlie required speed. Thus, this case 
is stress critical but not flutter critical. In order to test ADOI' 
for a flutter critical case the flutter speed requirement was 
arbitrarily increased and a new optimization preformed. 

'Twrlvc iterations were used before all design constraints 
were satished. 'Thr iteration history clearly indicates that the 
design iri the second case was flutter-critical because the final 
speed converged toward the requircd speed. In the fluttcr speed 
history (Fig. 8), four optimization iterations were performed 
before the required speed was exceeded. The remaining itcr- 
ations (7 - I3), prior to convergence, were used to reduce weight 
wliilc maintaining the stress constraints. An unexpected result 
was obtained as shown in the weight-iteration plot (Pig. 9). i.e. 
the final weight from the second optimization run nearly equals 
to that froni the first one. This means that very little weight 
penalty was paid for a substantial increase in flutter speed. 

'ro investigate this phenomenon, the skin thickness and 
stringer area distributions for both optimization runs arc 
examined (Pigs. I O  and 11). The skin distribution shows a 
increasing thickness near the wing root a t  the trailing edge for 
the sccond optimization run compared to that of the first run. 
The change of thickness in other areas is insignificant. Fig. 11 
shows that the stringer areas in the same location are reduced 
for the second run. This indicates that to increase the flutter 
speed the torsional stirnnness of the wing is increased by thicken 
the skin near the root at the trailing edge. Meanwhile, in the 
same area the stringer areas arc reduced to offset the additional 
weight and bending stiffness due to the increased skin thickness. 
These rcsults are very reasonable since an increase in torsional 
stiffness will separate the bending and torsional modes and thus 
benefit flutter. The reduction or stringer area and increase of 
skin thickness changes the stiffening ratio (0.5 preferred by the 
current design process) and slightly decreases the stress allow- 

- 

0 
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abies for the two-bay crack. This change in allowables 
accounts For the slight weight increase. Thus. the flutter 
requirement was mct using only a slight change in allowables 
and weight. 

Fig. I2 and 13 show the final panel buckling allowablcs 
and two-bay crack allowables on the upper and lower wing 
surfaces, respectively. The panel buckling allowables are 
reduced in the spanwise direction in accordance with the 
tapered element sizes. Only a slight variation of two bay crack 
allowables is observed, because the stifTening ratio (Fig. 14) is 
nearly constant along the wing span. 

The CPU time (on an InM 3090) used for the first opti- 
mization run was 6 hours (or 5700. in batch mode) and the 
second cost 10 hours (or 51,100.), which would be much more 
eficient than the weeks or months required for stress, sizing and 
flutter iterations in the current design process. In addition, the 
design generated by ADOP is generally superior to that from 
the current approach due to the simultaneous consideration of 
all disciplines. 

FIJI'URE DEVE1,OPMENTS IN ADOF 

Loads -- A major reduction of cycle time will be realized 
when distributed aeroelastic loads are brought into the auto- 
mated sizing procedure in ADOP. An interfaced procedure for 
updating these loads as the structure changes will allow rapid 
convergence of the aeroclastic loads and structural sizing. Such 
a procedure is the Advanced Integrated Loads Systern (AWS) 
which as being constructed to fit into ADOP (see Fig. 15 and 
Ref. 13). 

Currently, trimmed and balanced maneuver and gust 
loads are produced using a modal approach. Scnsitivities ofthe 
maneuver loads to design variables have also heen includcd so 
that aeroclastic load optimization can be undertaken. 
Aeroelastic load oplimization is very important since large 
potential weight savings are availahle if the structure can he 
induced to elastically dump load ofrtlie outer wing at limit load 
factors. 

AILS is currently being integrated into ADOP. Some 
iterated aeroelastic load - fully slressed design cases have been 
run but aeroelastic load optimization will be ready this year. 

Allowables -- Currently, buckling and two-bay crack 
allowables are calculated in A1)OP. Recently, tlie sensitivities 
of these allowables to design variables have been implcmentcd 
and linked to the optiniizer. Numerical studies that optimize 
the structure and allowables together will be undertaken this 
year. This is important since allowables optimization has a 
large potential to save weight just as aeroelastic loads opti- 
mization does. 

Future plans for this capability include tlie influence of 
fatigue and crack growth life on the allowables. Thus, 
inspection requirements can be used as constraints right up 
front in the design rather than aner the fact as is the usual 
practice. 

All of the allowables calculation arid sensitivities will be 
containcd in a sub-systcm call PASOS (Panel Allowables and 
Sub-Optimization System). In addition to allowables, this sub- 
system will do a panel optimization on the gcometry of the 
panel structure. For example, the spacing and shape of 
stringers will be optiriiizcd as describcd earlier for the current 

design procedure and the subsequent allowables passed on to 
the global optimizer in ADOP. 

Acroservoelasticity -- A module for aeroservoelastic sta- 
bility analysis with multiple-input multiple-output (MIMO) 
feedback control systems is currently being developed in 
ADOP. 'Tlie purpose is to be able to suppress flutter with both 
finite clement sizes and control law variables as design vari- 
ables. In the optimization procedure, the flutter design sensi- 
tivities for both structural sizes and control variables will be 
evaluated and flutter constraints will be satisfied with a min- 
imum weight increase. 1 low to set up a control design criterion, 
for example, by imposing consttainb on gain and ptiase for 
optimi7:rlion is still to he determined. 

Current and future design methods For large subsonic 
transport wing boxes has been described. Current methods 
produce high quality, safc and allbrdable structure, howcver, 
future multidisciplinary integrated methods ofTer the potential 
to significantly reduce cost and cycle time. 

The current Douglas AircraR Company design philosophy 
and procedure has been outlined and an example given. A 
future design system, ADOP (Aeroelastic Design Optimization 
Program), has also been described and an example of flutter 
optimimtion with buckling and two-bay crack allowables was 
given. 

Great potential of using ADOI' lo rcduce weight is also 
expectctl since stress, flutter, buckling, two-bay crack, 
aeroclastic loads arid active control systems can be siniultane- 
ously optimized. 
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INTEGRATED MULTIDISCIPLINARY STRUCTURAL DESIGN 
CURRENTSlRUCNRAL ANALYSIS 

FLUlTEA 

N N R E  STRUCTURAL OPTlMlZATlON 

Fig. 1. Schematic of Current(a) and Future (b) Design Processes 

Percent Seml-Span 

Fig. 2. Load Intensity (Ultimate, Inplane, Ibslin) Across the Wing Span 
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Fig. 3. Parametric Panel Weight vs. lnplane Load for Various 
Stringer Spacings at a Given Rib Spacing (30 in) and 
Stiffening Ratio (0.5) 
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25 30 35 40 

Rib Spacing (Inches) 

Fig. 4. Total Wing Box Weight vs. Rib Spacing for Various Stringer Spacings 
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P--- VIEW LWM I NO DOWN 
UPPER SURFACE 

\ 

Fig. 5. Typical Wing Layout Showing Fixed Rib Locations 

ADOP OPTIMIZATION FLOW CHART 

t 

Fig. 6. ADOP Muitldlscipilnary Design Optlmizatlon Flow Chart 
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Fig. 7. 3-D Flnlte Element Model lor Stress and Flutter Deslgn 

Fig. 8. Flulter Speed Versus Iteration 
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Fig. 9. Weight Versus lteratlon 
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Fig. 10. Comparison of Skin Thickness Dlstrlbutions 

Run #1 

A 

A 

II 

A 

Flg. 11. Comparison of Stringer Area Distributions 
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Flg. 12. Lower Surface 2-Bay Crack Stress Allowables 

MD-12 Upper Surface Buckling Slress Allouables 
2 FSD'. + 10 MOO'.. fluUer > 819 Knob 

Fig. 13. Upper Surface Panel Buckllng Stress Allowables 
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M012-T4V Lower Wing Sllllener Rallos 
2 FSD'. + I O  MDD'r, Flunor > 618 KEAS 

Fig. 14. Lower Wing Stiffening Ratios 

AEROELASTIC DESIGN OPTIMIZATION PROGRAM 

(AERODYNAMICSI 
S+RUCTURAL 

DATA 

ADOP 

m f l  
SENSITIVITIES 

CRITICAL GLOBAL 
SENSITIVITIES 

(FLUTTER, ETC. 

OPTIMIZATION 

Intern81 
loads 

t 
1 

PASOS 
FATIGUE BUCKLING LOCAL ALLOWABLES 

RESIDUAL STR. CRIPPLING OPTIMIZATION 

INSPECTION LOCAUGLOBAL CONSTRAINTS PROPERTIES 

Fig. 15. Future ADOP Capability for Loads (AILS) and Panel Sub-optimiratlon (PASOS) 
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THE INTEGRATION OF DESIGN AND MANUFACTURING 
PROCESSES AT ALENIA DVD 

L. Chesta, M. Flaccavento, G. Pollano and E Staropoli 
Alenia, Settore Aeronautica 

Divisione Velivoli Difesa 
Corso Marche 41 - C.P. 432 

10146 Torino 
Italy 

1. INTRODUCTION 2. ALN COMPUTATION CAPABILITY 

In Aeronautics the pioneers era, or, if you prefer, the 
age of high creativity like the one in the fifties with the 
introduction of the jet engines, or the one of the 
aero/structural revolution in the thirties which started 
the age of the monoplanes with metallic shell structure 
and ended the biplanes period, is passed. 

Nowaday, we are in a stall situation where the final 
increment in the basic performances (max speed, 
manouver capability) is usually excessively expensive. 

It is now the time when it is necessary to look to 
marginal areas to gain improvements in the 
performances, to use new materials like carbon fibers to 
tailor the structure to the needs and to simplify, with the 
help of electronics and servomechanism, complicate 
mechanical systems to obtain aircraft architectures 
otherwise impossible to be flown. 

But this is not enough and is absolutely necessary to 
improve also the costleffectivity ratio both increasing 
the reliability, availability and supportability of the 

weapon system to reduce the usage cost and to reduce 
the production cost of the aircrafts. 

This is not any more achievable using the single man 
capabilities on a single discipline but it is required a 
new type of working organisation which uses on one 
side sophisticated means of calculation integrated in 
order to optimize the overall design and on the other 
compresses the time of the process trying to exploit the 
synergism of the interdisciplinary couplings, 
overlapping as much as possible the design and 
manufacturing phases. 

Alenia Defence Aircraft Division being involved in 
several programmes both individual and in international 
cooperation has followed this evolution and is actively 
pursuing the adequacy of its operative structure to the 
new requirements by adopting advanced technology 
processes. 

The first step has been to operate on the computing side 
to rationalise the architecture of the system. 

The logic followed has been to have a common Data 
Base for lofts, loads, aerodynamics data and other from 
which, to allow flexibility, each department can take 
and introduce data with their own special software (of 
course following appropriate procedures to assure that 
the date are not corrupted) and using defined 
exchanging data protocols. 

The functional connections between the different 
computers and the main software tools used by the 
different departments and the main data bank are shown 
in fig. 2.1. 

Each office has work-stations for the interactive (3D) 
graphics and work-stations as servers for Xterminal, 
mainly used for editing work or plotting graphics. 
A server is dedicated to the scalar analyses and share 
data bases. 
The Cray Y-MP is for intensive computing (CFD, 
CST, ...). 

A detail on how structures and aerodynamics interfaces 
is shown in fig. 2.2. 
Both start, and finish, at geometrical model (i.e. CATIA 
model). 
Then, for structural analysis, a structural mesh is 
defined on the geometrical model, by means of 
specialised code like SDRChDEAS. 
The highly interactive work like the visualisation of the 
analysis results where standard and ad hoc code may be 
used, is performed on work-stations. 
The FEM analysis run on the Cray where 
MSCNASTRAN, MSC/DYNA or dedicated code are 
available. 
The Aerodynamic analysis is nearly based on in-house 
development computer codes. For the codes based on 
Euler equation a dedicated step of grid generation is 
necessary. 

Presented at an AGARD Meeting on ‘Integmted Ai@me Design Technology: April, 1993. 
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All the interactive graphics is carried out on the work- 
stations while the aerodynamic analysis take advantage 
of the vectorisation speed-up of the Cray. 

The hardware resources available to support the 
CAE/CAD/CAM system are shown in fig. 2.3 and 
consist mainly of a Cray Y-MP and an IBM 570 
connected between them and to the IBM RISC 6000- 
980 user as data bank via an high speed fibre optic 
channel. 
All the Working Station or Xterminals in the officies 
are connected to this channel together with the 
Numerical Control stations. 

3. COMPOSITE WING DESIGN AND 
MANUFACTURE 

This is one of the most complex example of integration 
achieved in ALN between design and manufacturing. 

This wing has many interesting design innovations, but 
the most interesting feature is that the spares are cured 
and bonded in one shot with the precured lower skin as 
shown in fig. 3.1 in order to reduce to the minimum the 
total weight of the wing and the assembly operations. 

After a first optimisation cicle at A/C level, a more 
detailed aerodynamdflight mechanicdloadstructure 
iteration was made in order to optimize the manouvre 
loads for the required roll rate capability and therefore 
minimize the trailing edge hinge moment and the 
associated actuators size and define the skin minimum 
thickness distribution according to the preselected fiber 
orientation. 

The typical grid used to simulate the box skin for the 
optimisation calculation is shown in fig. 3.2 while a 
typical isothickness plot obtained for the upper skin is 
shown in fig. 3.3. 

A further optimisation cicle, this time purely structural 
was then performed in order to take care of the local 
conditions like bucklings and local deformation (fig. 
3.9). 

The optimal skin thickness distribution, obtained in this 
way, after an exercise of design for manufacture in 
strict cooperation between the design office and 
manufacturing, is than transferred in a more realistic, 
from a manufacturing point of view, layer distribution 
(see fig. 3.4) that may be different in details for a 
component designed for manual or automatic 
lamination (fig. 3.5). 

In order to allow an ea.sy series production an automatic 
tape laying machine ( I O  axes c.n.c. controlled) capable 
to make parts up to 9 rneters long and 5 meters wide has 
been implemented in ALN-DVD plants (fig. 3.6), fully 
integrated in the CAD/CAM system. 

Both during the design and the numerical control 
programming phase, a software tool called 
ACRAPATH is usefully employed (fig. 3.7-3.8) by 
manufacturing as a production tool, in order to create 
the numerical control instructions for the tape laying 
machine motion and by design office as a simulation 
tool to control in advance the design tolerance. 

The available loft data base has also been used to derive 
the design of the surface of the moulds on which the 
wing skin layers have been laid down and to check 
them. 

The strict interaction achieved during the definiton 
phase between design and manufacturing has also 
allowed to approach the problem of the assembly line in 
an integrated way. ‘The result is an intuitive mounting 
sequence with parts designed with forms and tolerances 
favourable for an easy assembly and a minimum 
number of tools and jigs to complete the assembly 
sequence (fig. 3.12). 

4. DESIGN FOR MANUFACTURING 

The wing is a good example of the effort made in order 
to obtain a design not only compatible but also 
optimized for the: facilities available and for the 
automatic manufacturing of the parts but is not the only 
one. 

All designs and most industrialisation activities are 
performed using CAE/CAD/CAM tools in an integrated 
managed manner, supported by appropriate procedures 
(see fig. 4. I). 

The data generated in the design department are directly 
available to engineering and production in the required 
form (see fig. 4.2). The results are shortened processing 
times for the product, enhanced quality and higher 
efficency due to the better form of data exchange. 

As an example it is possible to follow one machined 
part (an engine aft mount support) from the initial lay- 
out to the NASTRAN schematisation (fig. 4.3) to the 
coloured stress distributions (fig. 4.4), the stressed lay- 
out, the tooling drawings (fig. 4.3,  the preparation of 
tapes for the N/C machine milling tool, the check for 
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quality control inspection machine and finally the parts 
list for product support pubblications (fig. 4.6). 

5. SYSTEM INSTALLATION OPTIMISATION 

Another area in which there have been some 
development in ALN is that of the use of 3D models to 
build up an electronic mock-up for complex 
installations. 

The construction of mock-ups, although they are made 
of easily available and not expensive materials which 
are not subject to stress or fatigue, requires costs and 
realisation times, often heavily impacting on the total 
cost of the project. 

The introduction of CAD tools and the following 
evolution of design methodologies to the 3D modelling, 
has made possible an analytical approach to the test of 
design. 

The checks performed on the physical mock-ups are 
now performed using specific analysis software on 
digital models, which are available since the first phases 
of design. 

The example shown is the design of a bay in the rear 
fuselage, very difficult because of its shape and the 
complexity of the equipment installation and the cables 
and pipes routing. 

The design route followed in ALN is shown in the flow 
chart (fig. 5.0). 

The other pictures show the structure the systems 
designed in 3D and the total installation of all the 
systems. 
Each figure is related to the relevant level of the above 
flow chart. 

The benefits gained can be summarized as follows: 

- lower costs due to the elimination of physical 
models; 

- greater accuracy and time reduction, bacause the 
digital mock-up is built using the 3D models created 
by designers and soon available in the design cycle; 

- possibility to perform a digital preassembly of all the 
components in a bay to decide the best installation 
sequence and design the assembly jigs in advance 
with perfect reference points reducing the risk of 
errors during final assembly. 

A fall-out of this way of operating are the drawings of 
the cable looms and pipes, including the bills of 
materials obtained automatically and also the possibility 
to transfer directly the information in the data base to 

the special machine in the shop to automatically bend, 
cut and finish the pipes. 

A tool at the moment in the experimental stage at ALN 
that is expected to provide big advantages is ALEX (fig. 
6.1). 

ALEX is an expert system developed in ALN that on 
the basis of the 3D design of bay structure, of 
established design criteria like minimum distance 
between lines, aggregations and separation rules 
provides automatically the optimal cables routing, loom 
aggregation and connector selection. 
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INTERACTIONS BEETWEEN GEOMETRICAL MODEL 

AND AERODYNAMIC I STRUMENTAL DESIGN 
CAE / CAD / C A M  ARCHITECTURE 
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AUTOMATIC TAPE LAYING MACHINE 

WING ASSEMBLY SEQUENCE 
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AFT ENGINE MOUNT 

MANUFACTURING ACTIVITY FLOW CHART 
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AFT ENGINE MOUNT - TYPICAL STRUCTURAL GRID 
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FIG 5.1 : CLASS 1 STRUCTURE 

FIG 5.2 : FUEL SYSTEM -CLASS 1 
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FIG 5.3 : HVDRAUUC SYSTEM -CLASS 1 

FIG 5.4 : DMU INTEGRATION - CLASS 1 



FIG 5.5 : CLASS 3 STRUCTURE 

FIG 5.6 : ELECTRIC SYSTEM -CLASS 3 

12-13 

L 

i 

5 i 



12-14 

FIG 5.7 : ENVIRONMENT CONTROL SYSTEM -CLASS 3 

FIG. 5.8 : DMU INTEGRATION -CLASS 3 
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MULTI-DISCIPLINARY COUPLING FOR INTEGRATED DESIGN OF PROPULSION SYSTEMS 
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and 

S. N. Singhal 
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SUMMARY 

Effective computational simulation 
procedures are described for modeling 
the inherent multi-disciplinary 
interactions for determining the true 
response of propulsion systems. 
Results are presented for propulsion 
system responses including multi- 
discipline coupling effects via (1) 
coupled multi-discipline tailoring, 
(2) an integrated system of multi- 
disciplinary simulators,(3) coupled 
material-behavior/fabrication-process 
tailoring, (4) sensitivities using a 
probabilistic simulator, and (5) 
coupled materials/structures/ 
fracture/probabilistic behavior 
simulator. The results show that the 
best designs can be determined if the 
analysis/tailoring methods account for 
the multi-disciplinary coupling 
effects. The coupling across 
disciplines can be used to develop an 
integrated interactive multi- 
discipline numerical propulsion system 
simulator. 

1. INTRODUCTION 

Propulsion phenomena are inherently 
multi-disciplinary, i.e., the true 
system response is the coupled effect 
of all the participating disciplines 
and the aggregate of the responses and 
interactions of the system components. 
Present analyses tend to focus on 
single-discipline aspects of the 
phenomena within a local region, e.g., 
a single component. Suitable 
approximations are then used to extend 
these analyses to subsystems and 
systems. 

The performance and reliability of 
propulsion systems depend on the 
interaction of their subsystems which, 
in-turn, depend on the interaction of 
their respective components (ref. 1). 
And, the performance of a specific 
component depends on the coupling 
effects of the system multi- 

disciplinary interaction on the 
component response (Figure 1). 
Further, the integrated system response 
depends on the progressive and 
interacting influence of the coupled 
service loads/ environments at all 

component, to sub-system, to system. 
Interaction phenomena of interest 
include flutter, rotor instability, 
fatigue, flow separation, nonuniform 
combustion, blade containment, and 
noise suppression. The determination 
of aerothermodynamic system performance 
has traditionally relied on prototype 
tests while structural reliability has 
been calculated from field data. 

The analysis of propulsion phenomena 
involves a combination of disciplines 
including fluid mechanics, thermal 
sciences, structural mechanics, 
material sciences, acoustics , 
electromagnetics, and control theory. 
The degree of resolution within a 
specific discipline is determined by 
the magnitude of local effects and the 
extent of their region of influence. 
In order to credibly quantify these 
local effects, coupled multi- 
disciplinary methods are needed. 
Therefore, the objective of this paper 
is to describe formal coupled multi- 
disciplinary methods for evaluating the 
i n h e r e n t m u l t i - d i s c i p l i n a r y i n t e r a c t i o n  
in propulsion systems. 

levels from sub-component, to 

2. Multi-disciplinarv Coupling Methods 

Recent advances in the computational 
simulation of fluids, thermal, 
structural, material, acoustic, and 
electromagnetic response and 
computational controls make it timely 
to consider the development of coupled 
multi-disciplinary computational 
simulation methods. These coupling 
methods provide the formalism to 
generate the terms shown in the array 
in Table 1, as would be described 
extensively in section 2.7. Single 
discipline simulations produce the 

Presented at an AGARD Meeting on ‘Integrated Airfmme Design Technology; April, 1993. 
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diagonal sub arrays while coupled 
multi-disciplines produce the off- 
diagonal terms. Considerable 
infrastructure is available for single 
disciplines as was mentioned 
previously. In this section, we 
describe how available (existing) 
infrastructure is used to simulate the 
multi-discipline coupled response of 
various propulsion components which 
are subjected to a multitude of 
simultaneous loads. 

2.1 Coupled Multi-discipline Tailoring 
- A coupled multi-disciplinary 
composite-materials/hygral/thermal/ 
structural/acoustic/electromagnetic 
analysis/tailoring code, CSTEM (ref. 
2 )  can be used to tailor the single or 
multi-discipline responses of 
propulsion structures. CSTEM was used 
for tailoring a multi-layered 
composite fan blade subjected to 
multi-discipline loads (Figure 2). 
The composite materials behavior was 
analyzed via an integrated composite 
analyzer (ref. 3 )  starting from the 
lowest composite scale (fiber/matrix 
constituents) to higher scales (ply, 
laminate) using composite micro- 
mechanics and laminate theories 
(Figure 3 ) .  The laminate scale 
materials behavior is used to 
determine global structural response 
using finite element analysis. The 
global structural response is then 
decomposed to the lower composite 
scales using laminate theories and 

nonlinear material characterization 
model (Figure 4) is used at the 
constituents scale to account for the 
effect of service environments. The 
results of the tailoring of the fan 
blade for individual disciplines are 
shown in Figure 5. Two cases, also 
shown at the bottom of Figure 5, are 
for the coupled multi-disciplines: (1) 
coupled composite-mechanicslheat- 
transfer/vibrations case - the effect 
of heat transfer loads is carried 
through the temperature profiles at 
all composite scales that in-turn 
affect the materials behavior and thus 
the vibration response of the blade, 
and ( 2 )  coupled composite-mechanics/ 
heat-transfer/vibrations/acoustic 
responses - the ,effect of heat 
transfer loads is carried through the 
temperature profiles at all composite 
scales that in-turn affect the 
materials behavior including acoustic 
characteristics and the vibration 
response of the blade. Thus, the 
acoustic response includes all the 
interaction effects, namely: (i) heat- 
transfer loads, (ii)thermal, 
mechanical, and acoustic resistance of 
the material, and (iii) blade 
vibration characteristics. This 

composite micro-mechanics. A 

provides a wealth of information such 
as the laminate configurations required 
for tailored responses of different 
disciplines, which can sometimes be 
opposite to each other, as is evident 
from Figure 5 .  The off-diagonal terms 
in Table 1 can be developed by 
evaluating the other disciplines at the 
optimum design. 

2 . 2  Multi-Objective Optimization - This 
example demonstrates the capability to 
optimize the structure response due to 
several disciplines simultaneously. 
Figure 6 (ref. 4 )  shows a candidate 
composite structure optimized for 
single and multi-objective functions. 
The best design is obtained when the 
multi-objective function is used. 

2.3 Integrated System of Multi- 
disciplinary Analysis - A nonlinear 
materials behavior simulator (ref. 3 )  
and a specialty finite element code 
(ref. S ) ,  and the coupled multi- 
discipline code CSTEM (ref. 2 )  were 
integrated for simulating the fatigue 
behavior of a multi-layered hot and wet 
composite panel acoustically excited by 
an adjacent vibrating hot panel (Figure 
7 ) ,  typical of aircraft components. 
Figure 8 shows that the fatigue life of 
the acoustically excited panel can be 
increased substantially by keeping the 
off-axis plies on the outer surface of 
the laminate. The important point is 
that the coupled multi-disciplinary 
response of composite structures can be 
computed for best designs, with no 
surprises when operating in real-life 
service environments since the analysis 
captures the various multi-disciplinary 
coupling effects (interactions). 

2 . 4  Coupled Material-Behavior/ 
Fabrication-Process Tailoring - The 
fabrication process of a composite 
laminate can be tailored for desired 
optimum single discipline or multi- 
discipline objective value via a Metal 
Matrix Laminate tailoring code, MMLT 
(ref. 6). The results in Figure 9 show 
the correct laminate characteristics 
(extensional stiffness, compressive 
load capacity, bending stiffness, and 
bending load capacity) that can be 
attained for individual stiffness or 
load maxima as well as for concurrent 
stiff ness / load maxima . 
2 . 5  Sensitivities via Probabilistic 
Methods - The sensitivities of the 
effective stress for a second stage 
turbine blade at. two different blade 
locations were assessed via a 
probabilistic structural behavior 
simulation (ref. 7 ) .  The importance 
factors for five dominant variables at 
different blade locations were found to 
be different and with different 
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importance ranking (Figure 10). These 
are respective off-diagonal terms in 
the array, Table 1. 

2.6 Coupled Materials/Structures/ 
Fracture/probabilistic behavior 
simulator - A progressively more 
inclusive integration of the various 
discipline-specific simulators is made 
possible with the existing 
infrastructure at the NASA Lewis 
Research Center. The results of a 
coupled materials/structures/fracture 
behavior of a rotor blade including 
interactions due to uncertainties in 
various design variables at their 
lowest levels (called primitive 
variables) are shown in Figure 11. 
The true direction of the fracture 
path is decided, not by a specific 
analysis, but by the above-mentioned 
coupled effects. 

2.7 Multi-discipline Sequential 
Optimization - An integrated simulator 
for propulsion systems will entail 
potentially very large number of 
coupled (interrelated) variables. 
Clearly, in addition to coupled multi- 
discipline simulators discussed above, 
innovative approaches are needed to 
reduce the dimensionality of the 
system description while still 
retaining the essential system 
behavior. The viable approaches 
include sequential iterations between 
disciplines, specially-derived system 
matrices, and coupling at the 
fundamental equation level. The 
coupling across disciplines in a 
concurrent multi-disciplinary 
formulation can be represented by 
couplir,g relations. The coefficients 
(elemencs) in these relations define 
the ccupling of a specific variable 
from cne discipline with respective 
variables from interacting disciplines 
(Table 1 ) .  

Perturbation of the variables in the 
coup1ir.g relations provide a measure 
of the sensitivity of the interacting 
disciplines to this perturbation. A 
priori ciescription of this sensitivity 
r e l a t i o n s h i p  e n h a n c e s  t h e  
computational simulation in several 
respeccs: (1) scoping the degree of 
couplir.g, (2) identifying the 
interacting disciplines, (3) resolving 
timelspace scales, (4) selecting time/ 
space scale for loosely coupled 
interacting discipline intervention 
during the solution processes, (5) 
deciding on a solution strategy, and 
(6) imposing convergence criteria. 

Four 5ifferent methods are being 
pursued for defining and deriving 
sensiti-Jity relations. These are: (1) 
heuristic - based on available 

traditional single discipline 
approaches and expert opinion, (2) 
m u l t i - d i s c i p l i n e  s e q u e n t i a l  
optimization - based on determining the 
primitive variables for optimum 
response within a single discipline, 
determining the response for optimized 
primitive variables for all coupling 
disciplines, and repeating the process 
for each discipline of interest, (3) 
probabilistic evaluation - based on 
determiningthe sensitivities of multi- 
disciplinary response to interrelated 

fundamental coupled formulation - based 
on mixed-field finite elements coupling 
the primitive equations. The results 
for the multi-discipline coupling of 
the propulsion component responses 
using these techniques are being 
acquired. These results will then be 
processed to compute the coupling 
coefficients of the specialty multi- 
disciplinary matrices. 

3. U s e  of Multi-Parallel Processor 
Computers 

primitive variables, and ( 4 )  

The examples discussed above are 
currently scientifically/technically 
feasible using the existing computer 
hardware. The computer systems are 
becoming more sophisticated and more 
powerful with continually increasing 
p r o c e s s i n g  s p e e d s  t h r o u g h  
parallelization. This concurrent 
development of the computer hardware 
would reduce the turn-around time, 
necessary for modeling the whole 
propulsion systems including all the 
interactions. However, due emphasis 
must be placed on innovative coupled 
analysis/tailoring schemes to decipher 
the importance of the various 
interactions for propulsion systems of 
interest, as demonstrated in section 3 
above. Figure 12 (ref. 8) shows the 
architecture of the multi-discipline 
coupling of structural-analysis and 
reliability methods. 

4. Numerical Propulsion Svstem 
Simulator 

The existing infrastructure can be used 
to develop an integrated interactive 
multi-disciplinary compu t a t iona 1 
simulator. Such a system is under 
development and it is called Numerical 
Propulsion System Simulator (NPSS) 
shown schematically in Figure 13 (ref. 
1). NPSS would allow comprehensive 
simulation of the entire propulsion 
concepts and designs before committing 
to hardware. It would include recent 
multi-disciplinary comput at iona 1 
tailoring models to allow the selection 
of better, cheaper, and faster 
propulsion designs for desired 
performance. A l s o ,  reliability-based 
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propulsion design would be possible 
with the recent progress in 
probabilistic methods that account for 
all the uncertainties inherent at 
various levels of the propulsion 
systems. This will greatly reduce (1) 
the design space for new systems, (2) 
our dependence on extensive hardware 
testing for proof-of-concept and 
system integration demonstrations, and 
(3) the need for testing and 
identifying potential operational 
problems early in the design process. 

The NPSS simulator will enable the 
incorporation of new methodologies 
such as concurrent engineering into 
the propulsion design process. This 
will provide the capability to conduct 
credible, multi-disciplinary analyses/ 
tailoring .of new propulsion concepts 
and designs at true cost and time 
minimums. 

In essence, the NPSS simulator will 
include all the key enabling 
technologies for integrated multi- 
disciplinary analysis and tailoring of 
propulsion systems. The existing 
infrastructure will be used while 
maintaining flexibility to utilize 
emerging massively parallel computing 
hardware platforms. The simulator 
architecture as shown in Figure 14 
consists of the simulator executive 
controlling the various simulation 
codes, libraries, data management 
facilities, controls, graphic 
visualization facilities, information 
systems, and expert systems. A 
schematic of the multi-discipline 
coupling for propulsion components in 
Figure 15 shows (1) the interactions 
between the aero/heat-transfer effects 
and the mechanical clearance of the 
structures, (2) the interactions 
between the aero system response and 
the inlet fan map, (3) the coupling of 
structures system response and fan 
loads, and (4) the coupled aero blade 
load and blade tip clearance effect. 

5. CONCLUDING REMARKS 

Computational simulation is natural 
and most cost-effective way to 
evaluate multi-discipline coupling. 
Concurrent development of multi- 
disciplinary modular stand-alone 
transportable computer codes has 
provided the infrastructure to 
comput at iona 1l-i s imu lat e multi- 
discipline coupling. The coupling 
across disciplines in a concurrent 
multi-disciplinary formulation can be 
represented k : ~  coupling relations. 
The coefficients in these coupling 
relations can be determined by various 
techniques including sequential 
optimization, probabilistic 

approaches, and coupled fundamental 
formulations. The results show that 
coupling effects can be modeled using 
existing codes. The coupling methods 
combined with other suitable 
infrastructure are being used for 
developing a numerical propulsion 
system simulator for designing/ 
analyzing propulsion systems. 
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Table 1 - Coupled Multi-discipline Represenation for 
Aerospace Propulstion Systems 
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Figure 1 - Engine Components Under Service-Environment Loadings 
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Figure 2 - Multi-material Multi-layered Composite Fan Blade: 
initial Design under Multidisciplinary Loadings 
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Figure 8 - Coupled Composite-materials/hygral/thermal/structural/acoustic 
simulation: Effect of Laminate Configuration 
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Figure 9 - Metal Matrix Laminate Tailoring to Improve Load Carrying Capacity 
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Figure 10 - Probabilistic Component Stress and Sensitivities Analyses 
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Figure 11 - Fracture Path of a Rotor Blade 
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TENDANCES DANS LA MEMODE DE CONCEPTION 
DES CELLULES D’AVlON MILI‘IAIRE 

F N D S  OF DESIGN METHODOLOGY OF AIRFRAME) 

par 

c. Peiillu 
Dassault Aviation 

78 Quai Marcel Dassault 
92214 Sr Cloud 

France 

RESUME 

Nous rappelons que l ’organisat ion de l a  conception 
des c e l l u l e s  d‘avion es t  l i e e  aux performances des 
o u t i l s  dont on dispose. Ces performances condit ion- 
nent l e  nmbre e t  l a  nature des i t e r a t i o n s  du pro- 
j e t .  

NOUS presentons e t  analysons 1 ’organisation d’au- 
jourd’hui qu i  e s t  cons t ru i te  autour des moyens de 
CAO, de ca lcu l  e t  d ‘opt imisat ion mathhat ique d is-  
ponibles. 

La conception se f a i t  par une premiere d e f i n i t i o n ,  
s g i v i  d’une v e r i f i c a t i o n  experimentale, avec un 
r o l e  c l e f  pour l e s  essais en vo l .  On en deduit l a  
d e f i n i t i o n  d e f i n i t i v e  qu i  es t  ver i f iee  a l ’a ide  des 
mde les  de ca lcu l  recalee sur l e s  essais. 

Nous examinons ensui te  l e s  facteurs d ’evolut ion de 
c e t t e  organisation dans l e  fu tu r  que sont : 
- l a  d ispos i t ion  d”Historiques’ de l ’ensmble des 

- l a  CA0 parametree e t  l ’opt imisat ion de forme, - l ’ o p t i n i s a t i o n  m u l t i d i s c i p l i n a i r e ,  
- l a  conception par  ’Feature-, - l e  progres des rnethodes de ca lcu l .  

NOUS concluons en soul ignant 1 *inter& qu’auraient 
l e s  i n d u s t r i e l s  de 1 ’aeronautique, l e s  fournisseurs 
de l o g i c i e l  e t  l e s  chercheurs 
developper l e s  methodes de conception du fu tur .  

ABSTRACl 

We s h a l l  f i r s t  remind t h a t  organization o f  airframe 
design i s  d i r e c t l y  l i n k e d  t o  the  performances o f  
ava i lab le  too ls .  As a matter of fac t ,  they condi- 
t i o n  t h e  number and nature of p ro jec t  i t e r a t i o n s .  

We present and analyse t h e  organizat ion vh ich 
should nowadays be r e c m e n d e d  i n  view of the  means 
of CAD, canputation and mathematical opt imizat ion 
a t  our disposal. 

This leads t o  a f i r s t  design, fo l lowed by experi- 
mental v e r i f i c a t i o n s  with a key r o l e  fo r  f l i g h t  
tests .  The f i n a l  design i s  checked w i t h  t h e  help of 
ca lcu la t ions  models c a l i b r a t e d  on tes ts .  

Then we s h a l l  examine t h e  new t o o l s  which are t h e  
factors of fu ture evo lu t ion  o f  design methodology : 
- To dispose o f  ’Design History’ corresponding t o  

the  whole data of t h e  process 
- P a r m t r i c  CAD and Shape opt imizat ion 
- ~1 ti d i  s c i  p l  i nary opt imizat ion 
- ’Feature’ Design 
- Improvement o f  computation methods 

donnees du processus de conception, 

se concerter pour 

As a conclusion we i n s i s t  on the  fac t  t h a t  a i r c r a f t  
manufacturers, CAD suppl iers  and s c i e n t i f i c  sear- 
chers w i l l  be we l l  advised t o  create a dialogue as 
t o  f u t u r e  design methodology. 

1 - INTRODUCTION 

La mhthode de conception e s t  l ’ a r t  de met t re  en 
oeuvre 1 ’ensemble des travaux specia l ises condui- 
sant l a  d e f i n i t i o n ,  l a  r e a l i s a t i o n  e t  l a  qual i -  
f i c a t i o n  d’un produi t .  E l l e  determine l a  nature 
exacte e t  l‘enchainement des taches a mener. E l l e  
e s t  directement dependante des moyens disponibles 
t o u t i l s  de CAO, Moyens de ca lcu l ,  Technologie, 
etc.. . ). 
La tendance e s t  souvent de ra t tacher  l a  decm- 
p o s i t i o n  des taches d‘etude a c e l l e  du produ i t  
mater ie l  ; ce qui  a b o u t i r a i t  pour une c e l l u l e  
d’avion l a  decomposition suivante : 

Dans une s i t u a t i o n  idbale, l a  d e f i n i t i o n  de chaque 
niveau de sous-produits se f e r a i t  a p a r t i r  des sp& 
c i f i c a t i o n s  recues du niveau suphrieur, e t  en fonc- 
t i o n  des p o t e n t i a l i t e s  des niveaux i n f e r i e u r s  sup- 
pos&s connues. 

La f a b r i c a t i o n  du produ i t  e t  sa v e r i f i c a t i o n  a 
chaque niveau de sous-produit se f e r a i t  en ordre 
inverse de l a  conception. 

En prat ique c e t t e  organisat ion ne peut fonctionner 
qu’avec des i t e r a t i o n s  de deux types : 

. I t e r a t i o n s  d’etudes en t re  un niveau e t  ses 
niveaux in fe r ieurs  pour apprehender l a  pert inence 
des speci f icat ions e t  pouvoir d e f i n i r  1:s 
in ter faces ent re l e s  sous-produits de mme 
niveau. 

. I t e r a t i o n s  de v e r i f i c a t i o n s  experimentales. E l l e s  
necessitent l a  fabr icat ion e t  l ’essai  de 
-prototypes‘ de sous-produits e t  de l ’av ion 
lu i inene.  

Le nombre e t  l a  nature de ces i t e r a t i o n s  e s t  e t r o i -  
tement dependant : 

- du degre d‘ innovation demand6 au produi t ,  

Presented afan AGARD Meeting on ‘IntegmtedAirfmme Design Technology: April, 1993. 
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- du contexte technologique dans lequel on se trou- 
ve, en particulier : 

. l a  f l ex ib i l i t e  des out i ls  de definition (CAO) 
dont on dispose, 

. l a  f i a b i l i t e  e t  de l a  f l ex ib i l i t e  des out i ls  de 
simulation numerique, 

. l a  disponibil i te de myen d’essais, 

. l a  disponibilite d‘outil d’optimisation mathe- 
matique. 

Nous allons i l l u s t r e r  ce propos en analysant l’or- 
ganisation de l a  conception db l a  cellule d’un 
avion de cunbat avec l e s  myens disponibles aujour- 
d’hui .  

On examinera ensuite quelles sont les  evolutions 
possibles de ces myens qui  influencerons l’orga- 
nisatlon de l a  conception des cellules dans l e  f u -  
tur. 

2 - ANALYSE D’UNE ORGANISATION A C M L L E  DES ETUDES 
DE STRUCTIRE 

Cette organisation correspond au developpement d’un 
avion de canbat -classiquew aujourd’hui (Enploi des 
materiaux cmposites a grande Cchelle, cmmandes de 
vol -electriques-). 

Parmi l e s  myens dont on dispose, ceux qui condi- 
tionnent l e  plus l‘organisation sont : 

- un  outi l  de CFAO efficace (CATIAI caoablp d ’ a l i -  
~~~ .-r - _. . 

menter une base de donnee g i d t r i q u e  c m n e  a 
tous l e s  niveaux (y canpris l a  fabrication) : 

- un outi l  d-analyse e t  d’optimisation du dimen- 
sionnement (ELFIN1 ), coup1 a n t  directement les  
calculs d‘aCroelasticit6, des charges, de l a  res- 
istance des materlaux, e tc . .  . (voir r6ference 1).  
Cet out i l  es t  directement connecte au system 
CATIA par son mailleur.*topologique*. I1 permet 
d’analyser a faible cout e t  delais un t r t s  grand 
nanbre de varlantes de l a  d e f i n i t i o n ,  grace a 
1 ’association : . de l’optimisation structurale qui f a i t  que les  

Bchantillonnages dpiennent les  sorties des 
calculs au l ieu d’etre des donnees d fournir, 

. du mailleur topologique qui rend les  donnees du 
maillage relativement peu sensible aux 
variations de g h k t r i e ,  . de l’existence d m  -Historique- de l‘ensemble 
des donnees des maillages e t  des calculs, ,ce 
q u i  permet de l e s  rejouer dans l e s  i terations 
en ne modifiant que celles qui changent. 

- La maitrise globale des technologies qu’on se 
propose d-ut i l iser  ; ce qui  inplique l a  
disponibil i te d’un Standard de conception (Design 
Handbook) valide, avec les rdgles d e  calcul 
associees. 

La logique de developpement de l a  structure doit 
aussi tenir  conpte du  niveaux de f i a b i l i t d  des 
methodes de calcul e t  des myens d’essais d i r p o -  
nlbles, entre autre : 

- de l a  precision myenne des calculs thhriques 
d’aeroelasticite e t  de charges ; e l l e  ne devient 
bonne qu’aprhs un recalage sur l e s  essais en 
vol ; 

- de l a  home precision, en principe, des calculs 
d’elast lc i te  (calcul des champs de contrainte en 
fonction des charges) avec l a  possibil i te de 
f a i r e  des -zoom’ d‘analyse locale non l inealre 
aussi precis q u ‘ i l  es t  nkessaire ,  mais avec un 
risque omnipresent d’erreur humaine : . dans les  maillages, e t  dans leur representati- 
vi te  de l a  structure d e l l e ,  . dans l’analyse des resultats,  . dam la  gestion des impasses sur les calculs 
raffines. 

- de l a  faiblesse des cr i thres  theoriques de con- 
traintes admissibles ten statique pour les  compo- 
sites, en fatigue pour les  metalliques). 11s n6- 
cessitent une calibration experimentale extensive 
couvrant 1 ’ensemble des configurations autori sees 
par le Standard de Conception. 

Dans ce contexte, l’or anisation de l a  conception 
des structures es t  mede avec l‘enchainement 
present6 planche 1. 

Les grandes lignes de chaque etape sont l e s  sui- 
vantes : 

- AVANT PROJET 

Dans cet te  phase l a  definition de l a  structure es t  
inplicite,  son influence est  prise en conpte par 
des formules enpirlques. 

- CONCEPTION GENERALE DE LA CELLULE EQUIPEE 

A par t i r  d’une forme exthrieure donnee on d e f i n i t  
plus precisement l‘implantation des principaux 
equipements, du poste de pilotage, des reservoirs, 
e t c  ..., cela en association e t ro i t e  avec un dessin 
general de structure ( d i t  7 o i l e s  e t  Planchers-1, 
donnant l e  maillage general e t  les  grands choix 
technologiques tdont les  materiaux). 

Le dimensionnement general de l a  structure e s t  rea- 
l i s 6  en parallele du dessin general, i l  canporte : 

- l a  realisation d’un noddle e l h n t  f i n i  global 
(Figure 1 )  q u i  s e r t  de base 
d’analyse qui  suivent : . les  calculs d‘a6roelasticite statique et de 
f 1 utter,  . l e  calcul des charges, . 1 ’analyse globale de l a  resistance mkanique en 
statique e t  en fatigue. 

tous l e s  types 
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Une o p t i n i s a t i o n  m a t h h a t i  le gere d i rectenent  
l’ensemble de ces analyses e l l e  f o u r n i t  l’echan- 
t i l l o n n a g e  (epaisseur de F IU, sect ion de r a i d i s -  
seur, nombre de p l i s  de chaque d i r e c t i o n  pour l e s  
panneaux cmpos i tes ) ,  l e  r e s u l t a t  correspondant i 
l a  masse minimale t o u t  en s a t i s f a i s a n t  simultane- 
nent  des c r i t e r e s  d ’aCroClast ic i t6  s ta t ique,  de 
v i t esse  de f l u t t e r ,  de res is tance des materiaux, 
e tc . .  . (Vo i r  Reference 1 ). 

C’est dans c e t t e  phase de conception gCnPrale que 
se rCuss i t  un avion. I 1  en r e s u l t e  l a  nbcess i te  
d ’ i t e r e r  sur un grand nombre de conf igurat ions du 
dessin general de l ‘ a v i o n  e t  de l a  s t ruc tu re .  
Le dimensionnement corresppndant 6 chacune des con- 
f i g u r a t i o n s  peut e t r e  extremenent rap ide  e t  l ‘ o p t i -  
misat ion mathematique g a r a n t i t  1 ’ o b j e c t i v i t e  des 
conparai sons. 

- CONCEPTION DES TRONCONS EQUIPES 

Les dessins de l’am6nagement des tronqons e t  ceux 
de l a  s t r u c t u r e  (dessins d’ensembles e t  dessins de 
pieces) se font en complete i n t e r a c t i o n ,  i l s  sont 
soutenus par l e s  analyses : . de l a  res is tance s t ruc tu ra le ,  . de l ’ a ~ t i t u d e  a l a  f a b r i c a t i o n .  . de l ’ a p t i t u d e  au sout ien l o g i s t i q u e  ( e t  autres 

etudes -RAMS’) 

Ceci necessite : 
- l ’ o rgan isa t i on  de l a  concer tat ion e n t r e  l e s  

d ivers in tervenants (Concurrent Engineering), 
- un systeme de base de donnee informatique commun 

federant t ou tes  l e s  a c t i v i t e s  ; c’est  l a  
-Maquette numerique- c o n s t r u i t e  a p a r t i r  des 
modeles CATIA.  

Le c a l c u l  de l a  res i s tance  mkanique du tronqon 
s’appuie sur des modPles ra f f i nes  ( v o i r  F igu re  2 )  ; 
i l s  sont generalement non l i n e a i r e z  (post-flambage, 
p l a s t i c i t e ,  contact ) .  Les condi t ions aux l i m i t e s  de 
ces c a l c u l s  locaux sont p r i ses  dans l e  ModPle 
General par une technique de *Super element-. 

Figure 2 - 
La per t inence de l’an6nagenent e s t  v e r i f i e e  a l a  
f o i s  avec l a  maquette numerique e t  des maquettes 
physiques. 

La conception de d e t a i l  anene a considerer des 
s i t u a t i o n s  p lus  complexes que c e l l e s  envisagees 
dans l e s  standards de dessins d isponib les i n i -  
t ia lement .  I 1  en r e s u l t e  l a  necessite de v a l i d e r  
ces conf igurat ions par  des essais  p a r t i e l s .  I 1  f a u t  
f a i r e  des c a l c u l s  comparatifs pour v a l i d e r  l e s  
cond i t i ons  de chargement des eprouvettes de ces 
essais p a r t i e l s  par  rappor t  a c e l l e  de l ’ av ion .  

Les moyens u t i l i s a b l e s  aujourd’hui pour l a  jus-  
t i f i c a t i o n  de l a  d e f i n i t i o n  d e t a i l l e e  ( c a l c u l s  e t  
essais) sont dans l‘ensemble t r o p  lourds pour per- 
me t t re  p lus  de 1 ou 2 i t e r a t i o n s  ; l ‘ o u t i l  d ’opt i -  
misat ion ma thha t ique  de ELFIN1 n’est pas actuel- 
lement operationnel B (:e niveau (Analyses non l i n e -  
a i res,  dominante des pmametres de forme). 

I 1  en r e s u l t e  que 12 f a b r i c a t i o n  d’un avion de 
developpement peut e t r e  lancee sur une d e f i n i t i o n  
qu’on s a i t  pertinemment opt imisable.  

- ESSAIS SUR LES AVIONS DE DEVELOPPEMENT (Au so l  e t  
en v o l )  

On v e r i f i e  l a  I’ensemble du fonctionnement de 
l ’ av ion  e t  son ap t i t ude  au sout ien l o g i s t i q u e  ; 
pour v a l i d e r  l e s  m d e l e s  s t ructuraux on e f fec tue  en 
p lus  l e s  4 types d’essais suivants : 

. Etalonnage s ta t i que  de l ’ av ion  au so l  (Reponse 
de quelques centaines de jauges de contra i .n te 
sous l ’ i n f l u e n c e  de quelques d iza ines de 
chargements i ndependants), 

. Essais de v i b r a t i o n  au so l ,  

. I d e n t i f i c a t i o n  des charges en vo1 au t r a v e r s  de 
l a  reponse de jauges de con t ra in tes  pendant 
d i ve rs  types de manoeuvres, 

du modele de f l u t t e r .  
. Essais de v i b r a t i o n  en vo1 pour l a  v e r i f i c a t i o n  

- CELLULE D’ESSAIS STATIQUES ET DE FATIGUE 

C’est e l l e  qu i  fonde l a  q u a l i f i c a t i o n  de l a  s t ruc-  
t u r e  pour l a  rbs i s tance  mecanique, e l l e  permet de 
demantrer l e s  marges Cventuel les. L‘essai s t a t i q u e  
d’une c e l l u l e  complete r e s t e  necessaire ca r  on ne 
peut g a r a n t i r  qu’aucun defaut de -dessine ne passe 
l e  f i l t r e  des c a l c u l s  e t  des essais p a r t i e l s .  

On l i m i t e  l e  r i sque  de rup tu re  prematurCe de 1.6- 
prouvet te  en menant l e s  essais s ta t i ques  progres- 
sivement e t  en reca lan t  constamnent l e s  modeles de 
c a l c u l .  

Pour rCdui re l e s  r isques de dbcouverte t r o p  t a r d i v e  
des d i f f i c u l t & ,  ces essais se font  sur l a  d e f i n i -  
t i o n  de developpement. La j u s t i f i c a t i o n  de l a  
d e f i n i t i o n  s e r i e  e s t  ext rapolee ensu i te  par analy- 
se. 

- MISE A JOUR DE LA LIASSE POUR L’AVION DE S E R I E  

Les modeles generaux (Elastique, Dynamiques, 
ACroClastique, Charges) sont recales i p a r t i r  : 

des essais  des avMns de developpement, 

. des madelisations f ines des troncons. 

On repasse ensui te  sur l a  d e f i n i t i o n  e t  l a  v e r i -  
f i c a t i o n  du dimensionnement des tronqons avec des 
charges l oca les  actual isees.  
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On reprend en compte : 

. l e s  lecons t i r ees  des vols e t  de l a  mise en 
oeuvre de l'avion de dkveloppement, 

. l e s  contraintes l ikes i l 'organisation de l a  
production indus t r ie l le  qui sont alors mieux 
analysees, 

specification qui seraient arrivees entre 
temps. 

. l'ensemble des remords, e t  des modifications de 

- OPERATIONS ULTERIEURES 

Nous y trouvons : 

- l e s  etudes des versions modifiees de l'avion ; 

- l es  etudes de derogations, rkparatiotis e t  de 
reponses aux  incidents divers ; 

- les mesures des spectres de charge en service ; 

- l 'etude des prolongations ou des r e t r a i t s  de 
services. 

La methode de conception i n i t i a l e  n 'est  pas indif- 
ferente pour ces travaux, qui devraient idealement 
se  mener en recuperant e t  en actualisant les  
modeles mis au point initialement. 

- REMARQUES : CHEVAUCHEMENT DES OPERATIONS 

Le processus reel e s t  moins sequenciel que nous 
l'avons schkmatisk, ainsi : 

On n'attend pas que so i t  figee l a  definit ion 
generale pour lancer : 

- 1'Ctude des de ta i l s  cri t iques faisant l 'objet  
d'essais par t ie l s  ; 

- l e s  travaux de preparation de l a  fabrication 
demarrent des qu'une definit ion preliminaire 
des pieces e s t  connue ; 

tionner pendant l a  fabrication e t  l e s  essais de 
1 'avi on de devel oppement . 

- l a  definition de de ta i l s  continue se perfec- 

3 - FACTEURS D'EVOLUTIONS POSSIBLES 

Les developpements de nos ou t i l s  ont h sa t i s f a i r e  
plusieurs types d'ambitions, quelquefois contra- 
d ic to i res ,  par exemple : 

- rkduire l a  duree des cycles e t  du c o h  des opera-* 

- t en te r  l a  reussite du l e r  coup (pas de prototype) 

t ions ,  

quand on n 'a  pas d ' i n n o v a t i o n  technologique 
majeure, 

- diminuer l e s  risques programmatiques, 

- une meilleure optimisation des performances du  
produit : 

- f a c i l i t e r  l a  prise en compte de nouvelles speci- 
f ications q u i  obligent i innover par rapport aux 
solutions de dessin standardise ; 

- e t c . .  . 

Pour s a t i s f a i r e  tout ou partie de ces ambitions 
nous voyons poindre les  techniques suivantes : 

- La manioul ation d"Hi storiaues General i ses" de 

G e c t r i c e  e s t  que 1 'ensemble des travaux 
de definition e t  de jus t i f ica t ion  se materiali- 
sent aujourd'hui par des donnees entrees par des 
hommes dans des systPmes informatiques (donnees 
des ou t i l s  de CA0 e t  de calcul,  edit ions des 
dossiers de jus t i f ica t ion ,  e t c . .  ). Pour effectuer 
les  mises i jour  necessitees par l e s  i t e ra t ions  
de projet i l  doit  suf f i re  de rejouer ces donnees 
qui o n t  et6 stockees l a  premiere i te ra t ion  avec 
leurs motivations, en n'introduisant que les  
differences avec l a  definit ion preckdente. 

- La definit ion des parametres d'optimisation 
structurale directement au niveau de l 'ou t i l  de 
defini,tion CAO, e t  l a  poss ib i l i t e  d'effectuer les  
analyses de sens ib i l i t e  directement i par t i r  de 
ces 'parametres CAO". 
Aujourd'hui un des f re ins  pour e la rg i r  l e  champ 
d'application de 1 'Optimisation Structurale de-la 
version actuelle de ELFINI, e t  des ou t i l s  de meme 
type, e s t  que les  Variables de Conception sont 
definies seulement au niveau du mail lage elements 
f i n i s .  I1 e s t  maintenant necessaire de f a i r e  
1 'effort  : 

. de definir  ces parametres i l a  source de l a  
definit ion tc'est-h-dire l e  modele C A O ) ,  

. de developper l e s  ou t i l s  permettant l e  calcul 
des derivees par t ie l les  du maillage E .F .  pa r  
rapport i ces parametres, tau-deli 1 'outil 
existe voir r e f .  11, 

. de definir  l e s  nouvelles contraintes 'topo- 
logiques" de conception, 

. d'adapter 1 'optimiseur mathkmatique A ces 
nouvelles contraintes. 

Cet outil permettra aussi de pratiquer l 'opti-  
misation avec les  analyses non l ineaires des 
dessins de detail  qui font pratiquement toujours 
i nterveni r des parametres gkometri ques. 

- 0 timi sation mu1 t i d i  scipl i naire 
Dysposant d'une CA0 mani.pu1 ant les  param6tres de 
forme on peut envisager de facon r ea l i s t e  de pra- 
tiquer une optimisation mathematique analysant 
simultanement 1 'abrodynamique, l e s  performances, 
l es  quali tes de v 0 1 ,  l a  structure,  e t  s i  besoin 
des aspects de fu r t iv i t e .  

Gette optimisation multidisciplinaire pourrait 
e t r e  menee 6 par t i r  d'une technique de "conden- 
sation" des sous-problemes d'optimisation de cha- 
que discipline,  comme de ce l le  exposee dans l a  
reference 2. 

- Conception par "Feature" 
Les pieces sont decrites par une su i te  de t r a i t s  
aeneriaues d i t s  "Features" (Exemoles : Tole, 
Soyage,' Bord tombe,  Trou,.  . . ). A ces 'Features' 
sont rattachees des caracterist iques de toutes 
natures dont les-relations avec l a  geometric. 
L'ensemble peut e t r e  decrit  dans un langage 
'nature1 ' . 
Le modele gkomktrique n'est q u ' u n  des resu l ta t s  
de l a  definit ion par Feature. 
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On peu; a t tacher  5 l a  d e s c r i p t i o n  de l a  p iece 
elle-meme, c e l l e  de son processus de f a b r i c a t i o n  
en a l l a n t  j u s q u ' i  l a  d e f i n i t i o n  des o u t i l l a g e s .  
Un processus s i m i l a i r e  peut s'appl iquer au ma i l -  
lage e t  au c a l c u l  de resistance. 

Les standards de conception sont i n t r o d u i t s  dans 
l a  programmation des Features, l e u r s  reg les  peu- 
vent y e t r e  manipulees par des techniques d ' i n -  
t e l l  igence a r t  i f  i c i  e l  1 e. 

En d e p i t  des apparences un c e r t a i n  degr.6 d'inno- 
va t i on  peut r e s t e r  avec l a  conception par Fea- 
tu re ,  en concevant des combinaisons o r i g i n a l e s  de 
'Features' blementaires. 

La conception par Feature n'est pas exc lus ive des 
techniques precedentes ( h i t o r i q u e  des donnees, 
CA0 parametrke, opt imi  sa t i on )  auxquel l e s  sa 
programmation peut f a i r e  appel. 

La conception par Feature es t  potent ie l lcment  un 
fac teu r  de reduc t i on  considerable des couts e t  
des d e l a i s  de l a  d e f i n i t i o n  e t  de l a  preparat ion 
des f a b r i c a t i o n s  des s t ruc tu res .  E l l e  m a t e r i a l i s e  
un v e r i t a b l e  'Concurrent Engineering' en t re  Bu- 
reau d'Etude e t  Bureau de Fabr icat ion.  E l l e  e s t  
un fac teu r  de f i a b i l i t e  par l a  s tandard isat ion 
q u ' e l l e  implique. 

- Le perfectionnement des methodes de c a l c u l  

I 1  joue potent ie l lement  : 

. pour r e d u i r e  l e  nombre d'essais, 

. pour pouvoir envisager des dessins s'ecartant 
du Standard sans m u l t i p l i e r  l e s  essais par- 
t i e l s ,  e t  a i n s i  f a c i l i t e r  l ' i n n o v a t i o n  en gbne- 
r a l .  

Parmi l e s  domaines oir des progres sont i esperer e t  
qu i  cont ra ignent  actuel lement l e  p l u s  
l ' o rgan isa t i on  de l a  conception, on peut c i t e r  : 

. l e s  c a l c u l s  Clastoplast iques t r id imensionnels  
des assemblages ; i l s  devront permettre l 'eva- 
l u a t i o n  en fa t i gue  e t  en to lerance au dommage 
des elements non standardises, pour lesquels  on 
ne dispose pas de donnees experimentales, 

. l e  c a l c u l  des reponses aux impacts toiseaux) 
qu i  do ivent  devenir f i a b l e s  e t  a i n s i  mieux sup- 
p o r t e r  l a  recherche d'un dessin acceptable, 

. l e s  modeles dynamiques moyenne frequence qui  
i n te rv iennen t  : 
- pour l e  systeme de c o n t r c l e  du vo l  quand on 

veut augmenter sa bande de frequence e t  l u i  
donner une fon t i on  de con t ro le  du f l u t t e r ,  

- pour l 'analyse des problemes de f a t i g u e  
akroacoustique e t  de v i b r a t i o n  des equipe- 
ments. 

. Les c a l c u l s  d'aerodynamiques s ta t i onna i res  e t  
i n s t a t i o n n a i r e s  qui  i n te rv iennen t  dans l e  
c a l c u l  des charges e t  l 'analyse du f l u t t e r ,  

. l e s  techniques de c a l i b r a t i o n  des modeles sur 
1 'ensemble des r d s u l t a t s  d isponib les d'essais 
ou l e s  r e s u l t a t s  de c a l c u l  'locaux' p lus  so- 
ph i  s t iquks.  

4 - CONCLUSION 

L 'a r r i vee  de ces nouvegux out  1s peut r e d u i r e  s i -  
gn i f icat ivement  l e s  couts e t  es d e l a i s  d'etude i 
tous l e s  niveaux ; l a  standar i s a t i o n  impliquee par 
ces nouvelles procedures sera un fac teu r  de qua- 
l i t e .  
L ' o p t i m i s a t i y  de l a  s o l u t i o n  d e v r a i t  e t r e  b ien  
me l l l eu re  grace I l a  f a c i l l t e  d ' i t e r e r  I f a i b l e  
cout dans l e s  etudes e t  grace 6 l ' a i d e  des o p t i -  
m i  seurs mathkmatiques. 

Independamment des besoins de v C r i f  i c a t i o n  venant 
des autres domaines e t  du Soutien Logis t ique,  l e  
manque de f i a b i l i t b  des c a l c u l s  c o n t i n u e r a i t  A n6- 
c e s s i t e r  l a  grande i t e r a t i o n  : D e f i n i t i o n  W v e l o p -  
pement' - D e f i n i t i o n  'Serie'. 

Actuellement sur beaucoup de po in ts  c e t t e  fa ib lesse  
n 'est  pas due i 1 ' jnex is tance d ' o u t i l s  appropries 
mais I c e l u i  du cout  de l e u r  emploi systematique. 
Ce fac teu r  d e v r a i t  diminuer avec l e  temps, I l a  
f o i s  par l 'augmentation 'nature l le '  de l a  puissance 
in format ique d isponib le ,  e t  par l a  s i m p l i f i c a t i o n  
de l a  mise en oeuvre des ca l cu l s ,  come c e l l e  
esperee du 'Feature Modeling'. Les modeles de 
c a l c u l  standardi#ses generes par l e s  nouveaux o u t i l  s 
diminueront aussi l e s  r isques d 'er reur  humaine I l a  
f o i s  dans l e s  donnees e t  l e s  r e s u l t a t s  des c a l c u l s .  

Au demarrage d'un p r o j T t  d'avion en cooperation l e s  
par tenai res doivent  s ' e t re  entendus sur l a  methode 
de conception q u ' i l s  veulent p r a t l q u e r  ca r  c ' es t  
e l l e  qu i  determine l a  l i s t e  des taches I e f f e c t u e r  
donc I se partager ; - e l l e  determine aussi l e s  i n -  
t e r faces  en t re  ces taches. Les par tenai res doivent  
aussi disposer des o u t i l s ,  des Standards e t  du sa- 
v o i r  f a i r e  correspondant c e t t e  methode. 

I 1  en rCsulteAque l ' e t u d e  de l a  mkthode de con- 
cept ion doi,t  e t r e  comrnencee t r e s  en amont des pro- 
grammes : 

- pour i d e n t i f i e r  l e s  mhthodes p o t e n t i e l l e s  e t  
emettre l a  s p e c i f i c n t i o n  des o u t i l s  l o g i c i e l s  
qu'el l e s  impl iquent  vers l e u r s  fourn isseurs,  

- pour developper e t  t e s t e r  ces o u t i l s ,  

- pour me t t re  en p lace e t  v a l i d e r  l e s  Standards de 
Conception i n f o r m a t i  s6s associes aux mbthodes 
(su r tou t  avec l e  Feature Modeling), aux techno- 
l og ies  e t  aux materiaux proposes. 

Pour & re  e f f i caces  et. moins co i teux ces travaux 
doivent  f a i r e  1 'ob jet  d'une la rge  concer ta t i on  
e n t r e  l e s  i n d u s t r i e l s  de l 'abronautique, l e s  fou r -  
n isseurs de l o g i c i e l  de CA0 e t  l e  monde de l a  
Recherche Sc ien t i f i que .  
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