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Aerodynamic Design and Optimisation of Flight
Vehicles in a Concurrent Multi-Disciplinary
Environment

(RTO MP-35)

Executive Summary

The theme of the Fluid Dynamics Sessions of the AVT Panel Fall 1999 Symposium was Aerodynamic
Design and Optimisation of Flight Vehicles in a Concurrent Multi-Disciplinary Environment. The
objective was to survey the current and future scene given the trend in industry towards a more
concurrent and multi-disciplinary approach to aerospace vehicle engineering for air vehicle products
procured by NATO Nations.

The conference included a Keynote Session where invited speakers, primarily from industry and
military organisations, set the scene by discussing the lessons learnt from the past, the current and
future capabilities in order to meet the military’s operational requirements in Aerodynamics. The
Sessions were well attended and there were lively discussions on the future needs of industries to
develop competitive products. In particular there was a debate on the future role of the Aerodynamicist
and the need for engineers who have both a broad appreciation whilst retaining depth in a particular
specialist skill.

The impact of modern information technology and the move towards joint projects with a number of
partners led to the question of how to appropriately support multi-national projects. During the other
sessions consideration was given to the technologies being developed to support aerodynamic design
optimisation particularly in the concept phase of a project. The importance of good quality data in the
concept phase and its impact on early decision making was highlighted. This is an area in which the
technical community could make a significant impact on the quality of the product and reduce the risk
in future procurement programmes. The need for the scientific community to address this issue was
emphasised.

The Technical Evaluator reflected that whilst optimisation with multi-disciplinary constraints was
evident in the work presented, the impact of true multi-disciplinary optimisation was not clear. To
ensure an optimum product for the military, the question was asked as to whether it was still relevant to
train people to be purest aerodynamics engineers.

The meeting was considered to be successful in addressing and raising several issues of high priority
which will need to be taken forward by the community for future events to ensure that military
products are optimum and that the programmes to be developed are at minimum risk. A number of
these issues are also discussed in the Technical Evaluator’s Report.
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la Conception et ’optimisation aérodynamiques des
véhicules aériens dans un environnement
pluridisciplinaire et simultané

(RTO MP-35)

Synthese

Le symposium d’automne 1999 de la commission AVT a eu pour theme la conception et I’optimisation
aérodynamiques des véhicules aériens dans un environnement fait de disciplines multiples et
concomitantes. L’objectif a été de faire le point de la situation actuelle dans ce domaine et de prévoir
les développements futurs, étant donné 1'évolution générale vers une approche toujours plus
concurrente et pluridisciplinaire du génie aérospatial en ce qui concerne les véhicules aériens achetés
par les pays membres de ’OTAN.

La conférence comprenait une session d’ouverture au cours de laquelle des conférenciers, dont la
plupart travaillent dans I’industrie ou pour des organisations militaires, ont introduit le symposium en
débattant des enseignements a tirer du passé, ainsi que des possibilités actuelles et futures devant
satisfaire aux besoins opérationnels des militaires en matiére d’aérodynamique. Ses sessions ont
accueilli de nombreux participants, avec des discussions animées sur la nécessité pour ’industrie de
développer a I’avenir des produits compétitifs. En particulier, un débat a eu lieu sur le futur rodle de
I’aérodynamicien et le besoin qui se fait sentir d’ingénieurs ayant a la fois une large culture technique
et des connaissances approfondies dans un domaine particulier.

La prise en compte de I’impact des technologies modernes de I’information, associé a la tendance qui
se dessine en faveur de projets conjoints réunissant un certain nombre de partenaires, a conduit & une
réflexion sur le meilleur moyen de soutenir les projets internationaux. Les autres sessions ont pris en
considération les technologies en développement devant concourir a I’optimisation de la conception
aérodynamique, en particulier lors de la phase de conception initiale d’un projet. L.’ importance de
disposer de données fiables lors de cette phase, ainsi que son impact sur la prise de décisions en amont,
a aussi été soulignée. Il s’agit d’'un domaine ou les spécialistes techniques pourraient avoir une
influence considérable sur la qualité du produit, tout en permettant de réduire les risques inhérents aux
futurs programmes d’approvisionnement. La conférence a insisté sur la nécessité, pour la communauté
scientifique, d’examiner ces questions.

L’évaluateur technique a noté que bien qu’il lui semblait évident, sur la base des travaux présentés, que
I'optimisation soit accompagnée de contraintes pluridisciplinaires, 1’impact d’une véritable
optimisation pluridisciplinaire était loin d’étre clair. La question a été posée de savoir s’il était encore
utile, dans 1’optique de la réalisation d’un produit militaire optimal, de former des ingénieurs en
aérodynamique pure.

Il a été considéré que la réunion avait réussi a soulever et & examiner un certain nombre de questions
prioritaires, qui devront &tre étudiées plus en avant afin de s’assurer que les futurs produits militaires
soient optimisés, et que les programmes soient développés avec un risque minimum. Un certain
nombre de ces questions sont aussi examinées dans le rapport d’évaluation technique.




Contents

Executive Summary

Synthese

Theme/Théme

Publications of the RTO Applied Vehicle Technology Panel

Symposium Programme Committee

Technical Evaluation Report
by P.W. Liddell

General Keynote: Multi-Disciplinary Design of Combat Flight Vehicles
by G.A. Hasen

KEYNOTE SESSION: LESSONS LEARNT/ REQUIREMENTS FOR THE FUTURE
REGARD TO THE ROLE OF AERODYNAMICISTS IN A CONCURRENT
MULTI-DISCIPLINARY DESIGN PROCESS

Eurofighter: Aerodynamics within a Multi-Disciplinary Design Environment
by K. McKay

The Future Role of ‘Virtual’ Design Teams
by C. Guthrie

The Multidisciplinary Engineer in the Context of Concurrent Engineering
by D.J. Moorhouse

Role of the Aerodynamicist in a Concurrent Multi-disciplinary Design Process
by L.M. Nicolai and A. Carty

Learning Through Experience: Group Design Projects on the Masters Course in Aircraft
Engineering
by R.I. Jones and R.G. Scott

SESSION I: THE ROLE OF AERODYNAMICS IN CONCEPT PHASE
OF A PROJECT DESIGN

An Optimisation Procedure for the Conceptual Analysis of Different Aerodynamic
Configurations
by G. Lombardi, G. Mengali and F. Beux

Aero-Mechanical Design Methodology for Subsonic Civil Transport High-Lift Systems
by C.P. van Dam, S.G. Shaw, J.C. Vander Kam, R.R. Brodeur, P.K.C. Rudolph and
D. Kinney

Page

iv

ix

xi

Reference

T




Conceptual Design and Optimisation of Modern Combat Aircraft
by C.A. Crawford and S.E. Simm

Paper 9 withdrawn

SESSION II: MDO AND THE AERODYNAMICS DESIGN PROCESS

Multi-Disciplinary Constraints in Aerodynamic Design
by P. Perrier

Aspects of Aerodynamic Optimisation for Military Aircraft Design
by B. Probert

Progress towards a Multi-Disciplinary Analysis and Optimisation Capability for Air Vehicle
Assessment and Design — a UK Research Establishment View
by D. Lovell and P. Bartholomew

The Application of Pareto Frontier Methods in the Multidisciplinary Wing Design of a
Generic Modern Military Delta Aircraft
by S.V. Fenwick and J.C. Harris

An MDO Application for a Weapon Released from an Internal Bay
by G. Moretti, D. Spicer and N. Sharples

Paper 15 withdrawn

Aerodynamics for MDO of an Innovative Configuration
by G. Bernardini, A. Frediani and L. Morino

SESSION III: METHODOLOGIES/TOOLS FOR AERODYNAMIC OPTIMISATION

Soft Computing in Multidisciplinary Aerospace Design - New Directions for Research
by P. Hajela

An Optimal Control Theory Based Algorithm to solve 2D Aerodynamic Shape
Optimisation Problems for Inviscid and Viscous Flows
by S. Hiernaux and J.-A. Essers

A System for the Aerodynamic Optimization of Three-Dimensional Configurations
by M. Orlowski and W. Tang

Alenia Multidisciplinary Design Optimisation — Topics and Approaches
by V. Selmin, P.L. Vitagliano, A. Pennavaria and L. Crosetta

Design and Optimization of Wings in Subsonic and Transonic Regime
by F. Monge and J. Jiménez-Varona

A Multiobjective Approach to Transonic Wing Design by Means of Genetic Algorithms
by A. Vicini and D. Quagliarella

Application of Micro Genetic Algorithms and Neural Networks for Airfoil Design
Optimization
by D.CM. Tse and L.Y.Y. Chan

Multi-Objective Aeroelastic Optimization
by M. Stettner and W. Haase

vi

10

11

12

13

14

16

17

18

19

20

21

22

23

24




Emergent Aerospace Designs Using Negotiating Autonomous Agents
by A. Deshmukh, T. Middelkoop, A. Krothapalli and C. Smith

Paper 26 withdrawn

SESSION IV: APPLICATION OF METHODOLOGIES/TOOLS
FOR AERODYNAMIC OPTIMISATION

A Conceptual Design Methodology to Predict the Wave Drag of a Transonic Wing
by T. KriBller

Airfoil and Wing Planform Optimization for Micro Air Vehicles
by J.G. Sloan, W. Shyy and R.T. Haftka

Design Tools for Performance Assessment of Fighter Aircraft Incorporating New
Technologies
by A. Kutschera and P.M. Render

Multi-Flight Condition Optimization of Three Dimensional Supersonic Inlets
by G. Carrier, C. Bourdeau, D. Knight, Y. Kergaravat and X. Montazel

Inlet / Body Integration Preliminary Design for Supersonic Air-Breathing Missiles Using
Automated Multi-Disciplinary Optimization
by Y. Kergaravat, E. Vives and D. Knight

SESSION V: TECHNIQUES FOR RAPID DATABASE GENERATION

Development of X-33/X-34 Aerothermodynamic Data Bases: Lessons Learned and Future
Enhancements
by C.G. Miller

Rapid Aerodynamic Data Generation Using an Iterative Approximation Method
by C.A. Toomer

Design and Aerodynamic Optimization of a New Reconnaissance Very Light Aircraft
through Wind-Tunnel Tests
by V. Giordano, D.P. Coiro, F. Nicolosi and L. Di Leo

Rapid Generation of Conceptual and Preliminary Design Aerodynamic Data by a

Computer Aided Process
by L. Fornasier and T. Gottmann

vii

25

27

28

29

30

31

32

33

34

35




Theme

Military air planes must fulfil a plethora of requirements which is continually growing. The impact of design
objectives, compatibility and total life cycle cost requirements on design complexity is high. Reduction of design
cycle time through concurrent engineering and reduction of risk through better multi-disciplinary interactions in
the early stages of flight vehicle design are primary objectives of the military aerospace industry. Rapid
turnaround aerodynamic, propulsion integration, structural and electromagnetic procedures are required for this
purpose.

The symposium contributed to the understanding of the state of the art in the aerodynamic design and
optimisation field, and that which can be expected from new developments in aerodynamics, information
technologies, and optimisation theory. The objective is to survey the current and future scene given the trends
towards a more concurrent and multi-disciplinary approach to aerospace vehicle engineering.

A particular theme of the symposium was the multi-objective, conceptual and preliminary design of flight
vehicles in a concurrent, multi-disciplinary environment. Requirements for and capabilities of existing and new
aerodynamic design and optimisation methods will be identified and discussed.

The format of the conference included an initial Plenary Session where invited speakers primarily from industry,
set the scene by discussing: Requirements, lessons learnt from the past, current and future capabilities with
regard to the role of aerodynamics in the future. This was followed by scientists and engineers contributing to
better and faster design, and military technologists had the opportunity to express their views and needs.

Theme

Les aéronefs militaires doivent satisfaire 2 des spécifications multiples et en accroissement permanent. La
réduction des délais de conception grice aux techniques de conception simultanée et la diminution des risques
par I’amélioration des interactions pluridisciplinaires lors des phases préliminaires de conception des véhicules
aériens représentent les objectifs prioritaires de ’industrie aéronautique militaire.

Le symposium a contribué a définir ’état actuel des connaissances dans le domaine de la conception et de
I’optimisation aérodynamiques, et les développements prévisibles dans le domaine de I’aérodynamique, des
technologies de I'information, et de la théorie de I’optimisation. La réunion avait pour objectif de faire le point
de la situation actuelle dans ce domaine et de prévoir les développements futurs, en tenant compte de la tendance
générale vers une approche simultanée et pluridisciplinaire de 1’ingénierie aérospatiale.

L’un des themes spécifiques du symposium était I’étude des I’origine, de la conception des véhicules aériens
dans un contexte pluridisciplinaire et avec des objectifs multiples. Les spécifications et les possibilités des
méthodes de conception et d’optimisation aérodynamiques actuelles et futures furent identifiées et discutées.

La conférence débuta par une séance pléniére au cours de laquelle les conférenciers, dont la plupart travaillent
dans I’industrie, introduisirent le symposium en discutant des besoins, des enseignements 2 tirer du passé et des
possibilités actuelles et futures de 1'aérodynamique. Cette séance préliminaire fut suivie de contributions de
scientifiques et d’ingénieurs visant & accélérer et & améliorer le processus de conception. Les technologues
militaires eurent I’occasion d’exprimer leurs points de vue et leurs besoins.
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TECHNICAL EVALUATION REPORT

Applied Vehicle Technology Panel Symposium on

AERODYNAMIC DESIGN AND OPTIMIZATION OF FLIGHT VEHICLES IN A
CONCURRENT MULTI-DISCIPLINARY ENVIRONMENT

P.W.LIDDELL

BRITISH AEROSPACE
MILITARY AIRCRAFT AND AEROSTRUCTURES
FORT WORTH, TX

Introduction

concurrent and multi-disciplinary approach to
aerospace vehicle engineering.

The Fall 1999 Meeting of the Applied Vehicle Technology
Panel comprised several discrete events. Following the
opening session on the morning of October 18", three
separate Symposia were held. This report addresses one of
these, the Symposium on Aerodynamic Design and
Optimization of Flight Vehicles in a Concurrent Multi-
Disciplinary Environment.

The following notes review this Symposium, assessing the
degree to which the objectives apparent in its title and

“A particular theme of the symposium will be
the  multi-objective,  conceptual  and
preliminary design of flight vehicles in a
concurrent, multi-disciplinary environment.
Requirements for and capabilities of existing
and new aerodynamic design and optimisation
methods will be identified and discussed.

“The format of the conference will include an
initial Plenary Session where invited speakers

declared theme were actually met.

The Symposium

The published program for this Symposium comprised 35
papers, however, in the event, three of these were withdrawn.

The following was the declared “theme” for the Symposium;

“Military airplanes must fulfil a plethora of
requirements which is continually growing.
The impact of design objectives, compatibility
and total life cycle cost requirements on
design complexity is high. Reduction of
design cycle time through concurrent
engineering and reduction of risk through
better multi-disciplinary interactions in the
early stages of flight vehicle design are
primary objectives of the military aerospace
industry.  Rapid turnaround aerodynamic,
propulsion  integration,  structural  and
electromagnetic procedures are required for
this purpose.

“The symposium will contribute to the
understanding of the state of the art in the
aerodynamic design and optimisation field,
and that which can be expected from new
developments in aerodynamics, information
technologies, and optimisation theory. The

- objective is to survey the current and future

scene given the trends towards a more

primarily from industry, will set the scene by
discussing: Requirements, lessons learned
from the past, current, and future capabilities
with regard to the role of aerodynamics in the
future. This will be followed by scientists and
engineers contributing to better and faster
design, and military technologists will have
the opportunity to express their views and
needs.”

The Need for Concurrency and
Multi-Disciplinary Operation

The keynote papers did make the case for developments in the
areas of Concurrency and Multi-Disciplinary operation,
highlighting the implications/consequences of real progress,
including, for example, identifying the possible need for a
different kind of aerodynamicist to ensure successful
operation in the environments likely to emerge.

These and other references repeatedly make the compelling
case for a fundamental rethink of the overall design process,
within which specific aerodynamic problems are identified
and addressed. These arguments typically cite the importance
of rigorous work in the early phases of the process, often by
identifying the particular importance of early decisions (the
“cost committed versus cost incurred” argument which
appeared, for example, in papers 2 and 3 in this Symposium).
Of course, a key concern has to be the ability, or lack of it, to
achieve significant improvements in “quality” in early
program stages as, typically, tool and data’knowledge base
development has been keyed to established, rather than novel,
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processes. Given the role of this Symposium as a potential
focus for future research efforts, it is disappointing that more
emphasis was not given to the issues involved in achieving
real improvement in this important (or even crucial?) domain.

Further, it seems ironic that following an opening plenary
session, the screens were then drawn isolating the structures,
acrodynamics and propulsion communities from each other,
particularly as in at least two of the resulting enclaves the
implications and the importance of multidisciplinary
operation were then discussed in splendid isolation!!

This reviewer firmly believes that there is significant
advantage to be captured if the issues surrounding the
achievement of improved quality and depth of product
understanding very early in the product realization process
can be resolved. However, these are very real, even perhaps
intractable, issues that warrant significant review and which
will require much effort, even fundamental research, to
resolve.

In my verbal report delivered at the end of the Symposium, I
raised a series of deliberately provocative thoughts and
questions. To prompt some contextual view of these, I
showed the following diagram, taken from Norman
Augustine’s book “Augustine’s Laws”, essentially to focus
thinking on just how improved “up-front quality” should
impact beneficially on the overall process.

This particular chart shows the (predictable?) mismatch
between “expectation” and “realization”.

¢ EXAMPLE - AUGUSTINE'S DATA
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I suggested that this is probably a characteristic with which
we are all too familiar. We all know that this happens. I
surmised that we probably each have a good idea as to why
this happens. I further suggested that we probably all would
rather that this did not happen.

This trend is apparently endemic to many spheres of activity,
not just aerospace. This mismatch between projection and
outturn seems almost inevitable in any complex undertaking.
Generally, organizations faced with the manifestation of such
problems, i.e. the awareness that this relationship is actually
developing, see the issue as one of “management”, or perhaps
the lack of it, and typically react by investing in
“improvements” in their management processes. There can
be little doubt that the “science” of program management has
developed over the years and that organizations undertaking
complex activities have introduced progressively more

sophisticated management processes. What does seem
remarkable, however, is that all these developments have had
hardly any impact on the trend shown above. Indeed, where
impact is discernible, often it is adverse!

This does rather suggest that all this investment of time and
effort in fact is addressing the wrong problem. If overall
performance is not sensitive to the quality of management
against a prescribed plan, then the only conclusion possible is
that the fault lies in the quality of the initial plan itself. If the
plan is bad, no amount of management quality can change
that.

This statement very closely paraphrases an observation that
anyone working in the conceptual design domain will
immediately recognize, that is that choice of the incorrect
concept at the outset of the process can never be rectified, no
matter how good the quality of the subsequent detailed
design. Of course this similarity is hardly surprising as the
proposed realization plan for a new product is an essential
part of its conceptual description, i.e. the plan is part of the
design.

It seems clear that success in complex product realization
programs is critically dependent on conceptual “quality”. Put
another way, it seems obvious that we should (ideally) fully
understand the problems inherent in any proposed endeavor
before establishing plans and committing businesses to such
programs, rather than discovering inherent problems after we
have established the plans, resources, schedules, etc.

As I have already noted, several of the papers presented at the
Symposium argued the importance of early decision making
to ensuring overall success, generally by using the “cost
committed v cost incurred” argument. A number of the
papers presented built their theme on the need to complete the
design process more quickly. However, the preceding
paragraphs suggest that, however fast the initial parts of the
design process might be completed, by far the overriding
pressure must be to ensure that the design is “correct”. This
observation prompted the following question posed in my
verbal report:

What is more important - to deliver our
products quickly, or to deliver them when
we say we are going to deliver them?

To determine the proper balance between haste and
correctness is itself a subtle multi-disciplinary optimisation
problem. This reviewer doubts that the tools exist properly to
study such a trade-off. However, regardless of the precise
balance that might ultimately be identified as “ideal”, we
cannot shift from today’s position without the tools and
capabilities necessary properly to improve quality in the early,
conceptual, stages of the design process.

The Multi-Disciplinary Environment

I questioned whether “multi-disciplinary” was a unique
descriptor. This was based on a belief that multi-disciplinary
operation demands differ at different stages in the design




process. This was demonstrated by showing how the design ‘

process shifted from periods of “analysis” to “synthesis” in a
cyclic manner. Conceptual design is dominated by the need
for good “synthesis”, but much of the tool development we
have seen over the years has focused primarily on improved
analysis.

This prompted me to ask a two-part question: 1) is there more
than one distinct multi-disciplinary environment set?; 2) if so,
do different conditions appropriate to such sets postulate
distinctly different multi-disciplinary problems and issues? 1
was attempting to generate some thought as to whether multi-
disciplinary synthesis might depend on different tool and
competency sets than would be required for multi-disciplinary
analysis.

I noted an observation by Douglas Adams, author of A
Hitchhiker’s Guide to the Galaxy, on an UK radio program
some years ago. In answer to a particular question, he said:

“The real power of the computer is that it
enables synthesis where previously we have
been capable only of analysis”

This observation when coupled with an understanding of the
overall process leads to the following line of reasoning:

1) Conceptual design is a process with heavy demands
on “synthesis”.
2) The product development processes we currently

operate were established before the emergence of
the computer and therefore primarily reflect
“human” abilities, i.e. they are likely to be weak on
“synthesis” and strong on “analysis”.

3) Processes have evolved largely  through
development of analytical tools (log tables to slide
rules to mechanical calculators, and so on). This
begs questions regarding the extent to which
computers are now used simply in lieu of these
earlier analytical tools. How much of the IT in use
now is simply dedicated to better analysis, i.e.
failing to capture its “real power”?

4) What processes emerge if the real power of the
computer were to be captured, ie. if we really
thought through the benefits to be derived from
enhanced synthesis? If it is true that much of
today’s investment is aimed at solving problems
caused by the lack of adequate early synthesis,
rectifying that problem could render much of this
development nugatory in future processes.

5) However finally, to what extent can the “real
power” of the computer practically be captured?

This latter point expresses [my] concern over simulation
based processes applied to the development new products,
often entirely new concepts, when issues such as design
validation have to be addressed.

This reasoning leads toa specific set of questions for a group
such as the AVT Panel:

T-3

1) Does history actually support the contention that
hitherto decision making within the preliminary
design process has been inherently poor?

2) If so, do we understand why this has been the case?

3) What needs to be done to improve the quality of
initial decision making?

This latter question is particularly germane if the group is to
sponsor activities/research that are designed to “help”.

The Conceptual Design Problem

Flight vehicles are complex.

Traditionally, complex problems have been addressed by
subdividing them into sets of smaller, more manageable
problems. Why has this been necessary? What are the
limitations that cause this to be so?

The air vehicle design problem is highly multi-dimensional.
At least one paper presented in the symposium attempted to
quantify the levels of dimensionality (degrees of freedom)
involved in air vehicle design. However the human has very
limited ability to think in many dimensions. Thus, rather than
“more manageable” problems, are we really simply reflecting
our own limitations and generating “more understandable”
problems?

If human capacity is indeed a limiting factor, how are we ever
to achieve the ideal conceptual objective, assuming we
support the view that the decision process should not be
automated, i.e. we still wish the human to be fully involved
and “in control” of the design process?

Many papers presented in this symposium confirmed not only
that problems are still having to be subdivided, but even then
are having to be further “simplified” to render them
“manageable”.

Subdividing a problem before it is addressed to some extent
must predetermine the outcome of subsequent study. Further,
the risks inherent in “sub-optimization™, i.e. addressing only a
small of part of the problem domain and seeking an
“optimum” locally in that domain, should be clear. One
wonders to what extent our development of truly integrated
systems is being compromised by our need to subdivide these
systems simply to allow them to be studied, particularly when
this subdivision is almost always based on “traditional”
architectures.

At least one paper noted that it is actually potentially
dangerous to think in terms of “optimization”, where design is
complex and is inevitably about “compromise”. A so called
“optimum” solution in a highly multi-variate domain can
easily be quite “unstable”, i.e. very specifically dependent on
the particular values of the many variables. This might be
visualized as a solution “balanced” on a sharp peak in the
design  space. Alternative  strategies involving the
identification of solutions that are more highly robust, i.e. less
sensitive, in the face of parameter variations might be more
preferable and have been the subject of various research
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programs to date. In other words, rather than seeking the
ultimate “peak™ in the multi-dimensional domain, a better
solution may be in the middle of a “plateau”, even if the
“altitude” of this plateau is somewhat below the ultimate
summit.

However, any “optimisation”, or choice of alternative
parameter sets, depends on assigning “value” to the
alternatives. Do we properly understand value criteria that
should be used to determine “best” compromise? Aircraft
designers tend to think quantitatively (speed, range,
technology level, etc.) but customers buy “capability”
(effectiveness, reliability, availability, etc.). “Value” should
only really be assessed in terms that matter to the customer,
and selected value criteria need to reflect this.

The customer’s preference, or otherwise, for any particular
product is determined by his perception of that product’s
“benefit ratio”, i.e. the ratio between what the product will do
for him and what it will cost him. A product’s benefit ratio is
largely determined by its initial design. Remember the papers
that presented the “cost committed” v “cost incurred”
argument. As well as largely committing overall program
costs, initial decisions have the tendency largely to determine
the product’s overall effectiveness as well.  Thus the
product’s “benefit ratio”, and hence customer acceptance, can
be largely determined by decisions taken very early in the
design process. Are we properly able even to consider, never
mind to model robustly, all facets of this critical parameter in
initial design?

The Presented Papers

This part of the report will review the extent to which the
aims, both declared and implied, were actually met through
the papers presented.

Each paper has been reviewed in the context of the
Symposium’s aims as expressed in the Symposium Title.

SYMPOSIUM ON AERODYNAMIC DESIGN AND
[AERODYNAMIC] OPTIMIZATION OF FLIGHT
VEHICLES
IN A CONCURRENT MULTI-DISCIPLINARY
ENVIRONMENT

Attachment 1 comprises a table that summarizes the extent to
which, in the opinion of this reviewer at least, each paper
actually addressed the four distinct elements captured in this
title.

This table suggests that proportionately more attention was
paid to “aerodynamic design and optimization” than to the
“multi-disciplinary concurrent environment”.

Many of the papers did allude to, make specific reference to,
or claimed actually to address, “multi-disciplinary”
optimisation, but more often than not this simply represented
the addition of non-aerodynamic objective functions into the
optimisation process. In other words, the papers had more to

do with “multiple-criteria™ optimisation than with design in a
true multi-disciplinary environment.

Those papers that did address the concurrency and
multidisciplinary aspects of the problem admirably identified
some of the key issues that need to be addressed. For
example, development of required personal skills to work in a
truly concurrent environment, development of tools
appropriate to the fundamental objectives of improved
concurrency in conceptual design, and so on.

Looking more specifically at the second and third paragraphs
of the Symposium “aims” statement, i.e.;

“The symposium will contribute to the
understanding of the state of the art in the
aerodynamic design and optimisation field,
and that which can be expected from new
developments in aerodynamics, information
technologies, and optimisation theory. The
objective is to survey the current and future
scene given the trends towards a more
concurrent and multi-disciplinary approach to
aerospace vehicle engineering.

“A particular theme of the symposium will be
the multi-objective, conceptual and
preliminary design of flight vehicles in a
concurrent, multi-disciplinary environment.
Requirements for and capabilities of existing
and new aerodynamic design and optimisation
methods will be identified and discussed.”

it will be seen that generally the objective of the first of these
paragraphs was met. However, the Symposium did not fully
succeed in addressing the second of these paragraphs,
specifically the final sentence.

Recommendations

Given the importance of these issues, and given that they
were only partly addressed in this symposium, it is
recommended that the Panel gives serious consideration to
arranging a more complete session at some future date. At
that time it would perhaps be better not to close the partitions
between individual subsidiary seminars, but rather to address
true concurrency in a necessarily more open forum.

This reviewer believes that there are numerous issues that will
need to be addressed if real progress towards true concurrency
is to be achieved. Some of these developments will
necessarily require fundamental research, into, for example,
process development, tool development, competency
identification, and so on. A major objective must be to
improve the level of human interaction with complex problem
solution other than by merely simplifying the problem. It is
highly desirable that such research, which probably will be
happening anyway, be “channeled” to support a consistent
objective vision.

It is Panels such as these that are in a position to establish
such “vision”.
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Attachment 1 to the Technical Evaluator’s Report for the Symposium on Aerodynamic

Design and Optimization of Flight Vehicles in a Concurrent Multi-Disciplinary Environment.

vv
v

Paper #

Aerodynamic

Design?

Optimization?

Multi-

Disciplinary?

Concurrency?

1

2 v v
3 v v
4 v v v v
5 v v

6 v

7 v v

8 v v v

10 v Vv

11 v v

12 v vv

13 v v v

14 v v v

16 vV

17 vv

18 v vv

19 v v

20 v v

21 v vv

23 v v

24 v v

25 v v v
22 v v

27 v

28 v v

29 v

30 v v

31 v v

32 v

33 v

34 v

35 v

= strong contribution
= some contribution.




MULTI-DISCIPLINARY DESIGN

COMBAT FLIGHT VEHICLES

G. A. HASEN
DIVISION CHIEF, AERONAUTICAL SYSTEMS SECTOR
AIR FORCE RESEARCH LABORATORY
1864 4™ STREET, SUITE 1
WPAFB OH 45433-7131, USA

INTRODUCTION

This paper discusses some of the multi-disciplinary
technology development we are pursuing at the Air Force
Research Laboratory. Although multi-disciplinary design is
pervasive throughout the Laboratory, I will concentrate on
the area of technology development for combat flight
vehicles.

Our mission at the Laboratory in support of the United
States Air Force is to “lead in the discovery, development,
and integration of affordable warfighting technologies.” A
large portion of these development and integration activities,
by their very nature, involve multi-disciplinary design. I
might also add that the majority of this work is actually
performed by the aerospace industry under research and
development contracts; we in the Laboratory lead and
coordinate these efforts, but they are executed by our
industry partners.

INVESTMENT STRATEGY

Just over two years ago, the Air Force consolidated its seven
science and technology organizations into one single Air
Force Laboratory (Fig. 1). This consolidation has greatly
aided in the integration of technologies across the broad
spectrum shown in this chart. Today, it is much easier to tie
these individual technology disciplines together as multi-
disciplinary technology applications become ever more
important. In our Air Vehicles Directorate, we have
established a center of excellence for multi-disciplinary
design in order to provide a focus for these high payoff
efforts.

At AFRL, our investment strategy is to pursue a balance of
technologies with high pay-off, some in the near-term, but
many not until the long term of 20 years or more. In the
present fiscally-constrained environment, we are pursuing
technologies which give significant improvements in not just
performance, but also in affordability and sustainment. In
particular, we are highly interested in technologies which
have the potential to reduce the cost of ownership for our
systems by at least 50%.

In the aircraft arena, we have historically seen that as the
capability of our weapons systems have increased
dramatically, so has the cost (Fig. 2). Our current goal in the
Laboratory is to break this trend, giving our warfighters high
performance, yet affordable aircraft. One key to achieving
this goal is through the application of multi-disciplinary
design and technology integration

MULTI-DISCIPLINARY TECHNOLOGY EXAMPLES

Modern combat aircraft rely on a broad range of highly-
integrated technology sets. Multi-disciplinary design is a
key area required to bring these technology disciplines
together in an integrated fashion. In this paper, I'll quickly
cover five AFRL technology areas heavily dependent on
multi-disciplinary design, followed by a quick look at an
advanced combat flight vehicle demonstrator heavily
dependent on multi-functional designs.

The five multi-disciplinary technology areas I'll cover are:
Active Aero-elastic Wing; Advanced Inlet Integration;
Advanced Fluidic Nozzles; Multifunctional Airframes;
Turbine Engine High Cycle Fatigue. I selected these
particular efforts to span the broad areas of acromechanics,
structures, avionics, and propulsion.

The first area, called the active aero-elastic wing, involves
the integration of the areas of acrodynamics and structures
known as aero-elasticity (Fig. 3). When coupled with the
science of flight mechanics in a multi-disciplinary design
approach, we can achieve great benefit in both aircraft
performance and air vehicle weight. In this example, the
wing design is no longer driven by static stiffness
requirements, but uses multiple control surfaces to drive the
wing shape at flight speeds. This approach can reduce the
aircraft gross weight in the range of 5 to 20 percent. This
approach is currently being demonstrated by the Laboratory
in a cooperative program with NASA on one of their F-18
test aircraft with redesigned control surfaces and a much
“floppier” wing.

This multi-disciplinary design approach will have a high
potential payoff to a broad range of flight vehicles (Fig 49)In
addition to potentially reducing the required structural
weight and maneuver performance relative to traditional
wing designs, this technology can also result in significantly
reduced levels of drag, and thus greatly increased flight
vehicle range.

Our second example is in the area of advanced inlet
integration (Fig 5). In this case, to achieve our weight goals
for the inlet system, we need a multi-disciplinary design
approach in the areas of fluid dynamics and structures to
overcome the limits imposed by traditional design
approaches. Here, we want to exploit the advantages of
advanced composite structures, while accurately predicting
the maximum level of structural loading induced by flow
distortion and phenomena known as hammershocks.

Paper presented at the RTO AVT Symposium on “Aerodynamic Design and Optimisation of Flight Vehicles in a
Concurrent Multi-Disciplinary Environment”, held in Ottawa, Canada, 18-21 October 1999, and published in RTO MP-35.
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Specifically, we currently are pursuing this multi-
disciplinary approach to develop and demonstrate an inlet
system for an unmanned flight vehicle, which is 50 percent
lighter than one that would be achieved using the present-
day conservative approach (Fig 6).

Our third example deals with the area of advanced integrated
nozzles (Fig 7). If you follow the arrow, you can see that
historically, nozzle cost and weight have risen with
increased nozzle performance. We are trying to achieve a
major shift as shown by the down arrow that would reduce
the weight and cost of the nozzle system simultaneously. In
order to make such a revolutionary change, we need an
innovative set of enabling technologies. We are currently
investigating the technology of fluidics ( Fig 8), using a
secondary injection of compressed air from the engine, to
allow these advances to be achieved. The promise of an
advanced, thrust-vectorable nozzle with no moving parts
may well be achieved if we are able to integrate fluidics with
the traditional aspects of nozzle design in a multi-
disciplinary manner.

The integration of these technologies will enable thrust
vectored nozzles without all of the mechanical complexity
present in the current generation of nozzles such as those on
the F-22 fighter aircraft.

Our fourth example involves the integration of advanced
structures technology with the area of avionics to achieve
affordable, lightweight, multi-function structural
components in future airframes (Fig 9).

A key enabling technology in this area is that of affordable
composite structures. Under current aircraft structures
methodology, assembly is the major cost driver, as shown by
the huge number of components and fasteners used (Fig 10).
Affordable composite technology promises to make a huge
leap in the cost factor.

By applying multi-disciplinary design to the area of
structurally integrated avionics, we can eliminate many of
the compromises in both structural and avionics performance
that currently result from traditional design methodology
(Fig 11). Currently, the myriad of required apertures and
antennas can degrade aircraft aerodynamics and LO
performance, and compromise the structural integrity of an
aircraft. The solution is to design and build high-
performance, multifunction antennas and apertures that are
integrally part of the load-bearing aircraft structure.

Our last example is in the area of turbine engine
development. As we have developed increasing air
breathing propulsion capability (Fig 12), we have frequently
encountered multi-disciplinary phenomena that can
drastically affect the durability of turbine engines in our
combat aircraft systems. This is particularly critical for
single engine fighters such as the F-16 and the future Joint
Strike Fighter.

After solving numerous low cycle fatigue problems that
emerged during the 1970s, high cycle fatigue has now
become the principal area of concern regarding turbine
engine durability. Although other problem areas such as
acoustically coupled fatigue and thermo-mechanical fatigue
are emerging, high cycle fatigue has the highest adverse
impact to the combat aircraft fleet.

High cycle fatigue in turbine engines has serious
implications in terms of both safety and maintenance cost.

By aggressively developing multi-disciplinary technology in
this area, we hope to save both lives and Air Force resources
for not only the present fleet, but also in future combat
aircraft.

Current technology development efforts in our High Cycle
Fatigue program are focused in the 7 areas shown in Figure
13. Many of these areas involve the application of
multidisciplinary design in the areas of structural dynamics,
fluid dynamics, and thermodynamics, and material
properties.

This concludes our quick survey of some technology areas
where multi-disciplinary design is of critical importance. To
conclude my talk, I would like to give you a short overview
of an exciting, near term technology demonstration program
where the use of multi-disciplinary design is crucial. This
program is our Unmanned Combat Air Vehicle advanced
technology demonstrator program, which we are jointly
developing with the Defense Advanced Research Projects
Agency.

UNINHABITED AIR COMBAT VEHICLE

Shown in Figures 14 and 15 are six current Department of
Defense Unmanned Air Vehicles, grouped by their primary
mission areas for tactical support and for high altitude,
endurance-type operations. All of these air platforms are
used primarily in the roles of intelligence, surveillance, and
reconnaissance.

The Unmanned Combat Air Vehicle, or UCAV, takes the
concept of unmanned aircraft from the unarmed ISR role to
a fully combat-capable role that involves carrying a lethal
weapons load. Specifically, UCAVs are being examined for
the roles of Suppression of Enemy Air Defenses, or SEAD,
and Precision Strike against mobile targets (Fig 16 ). These
missions have traditionally been very costly in terms of
manned aircraft. These unmanned vehicles are meant to
augment the future manned combat force structure, not
replace it altogether. In addition to being an extremely lethal
combat system, UCAV must also be significantly more
affordable than the manned alternatives in order to be
seriously considered. As this chart shows, we will be trying
to achieve a 65 to 75 percent reduction in both acquisition
and operating costs

The UCAV demonstrator is much more than just a flight
vehicle demonstrator. The UCAYV system consists of three
tightly integrated segments: the air vehicle, a mission control
station, and the external interfaces used for information
transmission to and from the other two segments.

In the UCAV program, we are able to optimize the aircraft
for the mission, not to accommodate the human pilot (Fig
17). This greatly expands our design trade space, and allows
us to move away from traditional air platform
configurations. Many of the advanced multidisciplinary
technologies we just covered are naturals for UCAV
applications. If we are able to aggressively apply new
technologies in an integrated manner, our studies have
shown that we can reduce air vehicle size by over 40 percent
for the same mission performance.

Figure 18 shows the preliminary air vehicle design by
Boeing, which will be building our UCAV

Demonstrator system consisting of two flight vehicles, a
mission control station, and associated support equipment
for long term storage and world-wide transport. As you can




see, the UCAV is much smaller than either the F-16 or the F-
117 aircraft. If this program proceeds as planned, we will
have two of these flight test vehicles in the air within three
years.

Just as we plan to optimize the air vehicle for the mission,
we can do the same for the human interface. We are not
envisioning taking the man out of the loop, just out of the
cockpit. There is still a huge amount of work to be done to
determine functional allocations between team members and
the degree of autonomy of an unmanned flight vehicle
carrying lethal weapons. A major goal in this area is to
reduce the number of controllers handling UCAV missions
in order to greatly impact operational costs.

Figure 19 lists the critical technologies and shows that
UCAV is not just an air vehicle development program.
Some of the most challenging aspects of this concept lie in
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the areas of information links, command and control, and
sensor integration. This is definitely an area where multi-
disciplinary design can greatly help us in achieving both our
cost and performance goals.

As we look beyond the near term for unmanned flight
vehicles (Fig 20), we can see that in terms of system
attributes and mission relevance, the level of technology
challenges will continue to increase significantly. In my
view, the requirement for multi-disciplinary design and
technology integration will continue to grow at a quick pace

SUMMARY

We can see that over the span of 55 years, things haven’t
changed much. Research including multi-disciplinary
design, will remain an essential for
power in the future.
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BREAK THE PARADIGM THAT HIGH PERFORMANCE
CAN ONLY BE ACHIEVED AT HIGH COST

STEALTH

INCREASE
AGILITY

COST
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RANGE
CARRY
WEAPONS
FLY

PERFORMANCE

ENABLE DRAMATIC COST REDUCTIONS & PERFORMANCE GAINS
THROUGH THE DEVELOPMENT & INTEGRATION OF
MULTIDISCIPLINARY TECHNOLOGIES

Figure 2
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+ A Design Approach that Integrates Structures,
Controls and Aerodynamics

+ Uses Aero-elasticity For a Net Benefit

— Multiple Control Surfaces Used as “Tabs” to Drive Wing
Shape at High Dynamic Pressures

— Wing Design no Longer Driven by Static Aero-elastic
Stiffness Requirements

GOAL.:
Reduce Take-off
Gross Weight by
5-20%

Figure 3
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Validated probabilistic design criteria

+ Reduce inlet hammershock prediction
uncertainty
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propagation

» Exploit damage tolerant composite structures
Determine and define damage tolerant
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Figure 5
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OBJECTIVE

* Demonstrate Reduced Weight and Life
Cycle Cost for a Highly Survivable and
Maintainable Inlet Aerostructure

APPROACH

* Scale component demos of UAV inlet
system

~ All weather capability

~ Inlet/fengine compatibility
— Structural integrity

* UAVintegrated Air Induction System/
Engine Demo

~ Static & Transient Loads

— Thermal & Acoustic
— Hammershock/Engine Coupled
PRODUCT

» All weather, damage tolerant, inlet
system that weighs 50% less than F-22

Figure 6

‘Nozzle Weight & Cost

it

Increasing Nozzle Capability

Figure 7




GOAL: Move from heavy, fully variable mechanically vectoring
nozzles to fully integrated, light weight, fixed
Sluidic vectoring exhanust systems

Future UCAV

STRUCTURAL INTEGRATION IS AN
ENABLING TECHNOLOGY:

APPROACH: DEVELOP & VERIFY MULTIDISCIPLINARY DESIGN AND
STRUCTURAL DEMONSTRATION OF INTEGRATED AIRFRAME

Figure 9
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~15,000/ 7,500 Ib Gross/Empty Weight
* High subsonic med/high altitude

* 500-1000 nmi mission radius

+ 1000-3000 Ib weapons payload

* Wide range of current & advanced weapons _
+ ESM & On-Board SAR Targeting Solution
¢ All electric

* Affordable Stealth to the Next Level

Figure 18

« Affordable Vehicle Design” 2
*Low System MainfetjanCe,;%
* Reduced Peacetime Opera ‘

ologies
~» Miniature Air Launched Decoy

..+ ISR Platforms & Architectures.
e Targeting Architectures

Figure 19




Attributes

« Affordable

« Light weight, compact
« Reliable

* Mixed manned and
unmanned operations

Mission Relevance
* SEAD/Strike
* Recce

Attributes
« Affordable sets of vehicles

» Modular structure / subsys
¢ Enhanced strike
 Coordinated UAV package

» Extended range / endurance

Mission Relevance
« Battlefield Management
« ISR, Bomber, Tanker/Airlift

Figure 20
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Eurofighter: Aerodynamics within a Multi-Disciplinary
Design Environment

By

Keith McKay

British Aerospace
Military Aircraft & Aerostructures
Building W310C, Warton Aerodrome
Warton, Preston, Lancashire, PR4 1UN
United Kingdom

Abstract

The art and science of aerodynamics have been
developing continually to meet the changing needs of
aircraft of all types. in many cases, combat aircraft design
drives this development farther and faster in the search
for improved combat effectiveness. One result has been
that an ever broadening of the individual but heavily
integrated aspects of aerodynamics into a set of
interdependent, diverse fields, covering fluid dynamics,
structural dynamics, solid body mechanics, ballistics,
acoustics and more recently electro-magnetics. Together,
these individual disciplines are combined together into a
term sometimes referred to as aerodynamic technology,
as described in a recent Royal Aeronautical Society
edition V.,

This paper will examine the requirements placed upon
these disciplines in the light of the multi-disciplinary
design optimisation process that took place on the
Eurofighter project, specifically highlighting the roles of
the aerodynamic technologies within that process and the
lessons learned from their application in this
environment. The paper will also provide some
recommendations for improvements in the design
capabilities based upon the experience gained and lessons
learned from the design of the Eurofighter Weapon
System.

Introduction - The Need for an
Integrated Design Environment

The first air to air conflicts occurred in the Great War.
Here, aircraft were, for the most part marginal with
regard to performance, stability and controllability.
Indeed, many combat losses could be attributed to these
shortcomings rather than the action of the enemy.
However, some of the aircraft were regarded, and still
are, as models of the agile fighter, particularly in the
hands of an expert pilot, or "ace". The basic skills

required were the ability to remain in control and shoot
accurately.

For subsequent conflicts, the same basic skills were
required, although airframes were better stabilised and
controlled and had increased power available, resulting in
higher speeds. With radar and radio, it became possible to
receive guidance towards the targets that the ground
control perceived as the prime threat. Weapons remained
visual range, however, but regardless of this, the
increased speeds and the added information changed the
difficulty of the pilot's task due to the implications on his
situational awareness and choice of tactics. Increasingly,
the combat results became more clouded by the
interaction of the systems available to the pilot and his
ability to assimilate the information provided.

The advent of jets, airborne radar capability, missiles and
counter offensive equipment have all tended to
complicate the picture whilst attempting to improve the
ability to perform the same basic tasks, i.e. finding the
opposition and shooting him down. Korea demonstrated
the benefits of high performance combined with good
handling, to the detriment of the Communist forces.
However, some lessons were forgotten, and had to be
relearned in later conflicts.

Effectively, the processes described above have resulted
in individual areas developing their capabilities for the
goal of increased effectiveness, all with the aim of
making the task of the pilot or crew easier to perform.
However, what resulted was a management problem
within the cockpit, i.e. each time a system improved to
make it easier to use, another one or two were added.

In the case of Eurofighter, the decision was made to make
the management of many of the systems automatic, such
that they should look after themselves and allow the crew
to concentrate on his tactics and operation, whilst the on-
board systems do all the housekeeping. All of this was
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required whilst achieving new levels of performance and
handling of the aircraft, thereby ensuring that the crew
always have the upper edge in any combat or other task.

The environment in which a fighter pilot operates is
subject to continual change due to technology advances
and the altering world situation. The only prediction that
can be made with confidence is that profound change
should continue to be expected.

The Growth in Complexity of Crew Tasks in Combat
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The Eurofighter, now known as Typhoon for the export
market, was designed into an age where this statement
was never so true. The aircraft was conceived during the
latter stages of the Cold War, where the primary threat
was still considered to be the Soviet Bloc. Late in 1989,
the Berlin Wall fell and the whole scenario changed
politically across Europe. However, the various
programme delays allowed for a re-assessment of the
aircraft and its requirement, with experience of the Gulf
War and early operation in the Balkans feeding into the
military awareness. The result was that the need for the
design was re-affirmed with relatively minor changes to
the requirement being defined and accepted by the
contract reorientation.

The primary reason for the success of the aircraft design
concept lay in the inherent flexibility that could be
achieved from the combination of the technologies
employed in the aircraft and the integrated nature of the
aircraft-weapon system design. From the outset, the
aircraft was designed around air-air and air-ground roles,
and this latter role has been strengthened in the recent
past without requiring major upgrades to then design.

The whole weapons system design is driven by the need
for agility, flexibility and availability, and rather than
adopt a traditional approach, the vehicle and the weapon

system has been designed to be blended and integrated to
make this achievable.

A concise definition of agility is provided by the report
from AGARD on agility ®, which states

“Operational Agility is the ability to adapt and respond,
rapidly and precisely, with safety and poise, to maximise
mission effectiveness.”

This addresses the whole weapon system, but Operational
Agility can be considered as being made of three essential
components, i.e. the Airframe, which we will take to
include the Flight Control System, the Mission Systems
and the Weapons. Our concern within this review is the
Airframe and the place of the Aerodynamic technologies
within this design process.

The role of aerodynamics in this design optimisation was
one of enabling the levels of performance required with
the stability and control characteristics required for the
generation of agility combined with carefree handling,
which has proved to be a major engineering activity to
ensure that this is achieved satisfactorily.

Whilst the work on the control system development is
ongoing, the level of manoeuvre capability and airframe
agility that has been demonstrated already is breath
taking.

The Weapon System Specification

Traditional combat aircraft  specifications  and
requirements were not really appropriate for the complex,
integrated vehicles that have to result from attempting to
meet the requirements. The more traditional processes
often arrived a set of aircraft systems that had to be
managed individually, rather than having an integrated
management. The very complexity of the vehicles often
means that decisions relating to the design options may
not take into account all the influences, leading to
engineering difficulties and expense later in the processes
of development and procurement.

There was a need to change the way in which Weapon
Systems were formulated. The concepts involved in total
mission system engineering and simulation have assisted
in the process of determining what the Weapon System
Specification should contain and in the design and
subsequent evaluation of the vehicle that results.
Eurofighter, as a project, has followed this integrated
approach and has been deeply influenced by the transition
from a more serial process to one of extensive
parallelism.



Process for Determination of the Vehicle Roles and the
Integration of the Technologies to be applied.

::"m:" the Examine the possible world-wide theatres

Operational and likellhood of operation
scenarios

Define the Within the theatre, what tasks might be required, and

::;:,',ﬂ,f,""“ what might prevent execution of those tasks?

Specify detall How might the vehicle be used?
misslon What systems and performance does
proflles it require?

Evaluate possible
Technalogies for
performance v cost

Selectthe
required options

What was required was a method of defining the intended
role of the vehicle, then breaking this down into a series
of missions, then mission tasks, then mission task
elements. From these, it should be possible to establish
the interactions of the various technologies that can be
applied to the aircraft. One of these technologies relates
to the vehicle aerodynamics.

" Eurofighter at Paris, 1999

o

In the case of Eurofighter, this process resulted in a
Weapon System Specification being agreed and
contracted in 1988. This Specification has been subject to
continuous review, particularly during the period of
reorientation of the contract, culminating in a re-signature
of the contract in 1994 and the subsequent placements of
the Production Investment and Production contracts
during 1998 and 1999. The result is a total Weapon
System, i.e. an aircraft, its sensors, processing and
displays and weapons package, that is flexible, highly
integrated and supportable, with low life cycle costs and
high availability. Indeed, the specification places as much
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emphasis on these latter aspects as it does on overall
performance.

Aerodynamic Technology in the

‘Initial Design

From the very outset of the project, aerodynamics played
a very significant part in determining the nature of the
vehicle that would fulfil the requirement to be met.
Whilst a considerable data base had been constructed
from the previous aircraft projects, such as TKF-90 in
Germany, the tri-national ACA study and real projects
such as X-31A and EAP (Experimental Aircraft
Propgramme), the Eurofighter requirement also added
something new. By changing the balance of the design
requirements, changes to the configuration were allowed
with a different optimum solution resulting.

A number of examples can be shown where this
integrated design approach was required and in which the
aerodynamics team played a significant role.

Aircraft Configuration and Wing Design

The requirement emphasis on a combination of agility,
low and moderate speed manoeuvrability and supersonic
sustained performance directly resulted in the choice of
the delta-canard configuration. Extensive use was made
of wind tunnels and CFD methods, as an integrated
design activity, to ensure that the design met its particular
requirements in terms of the aerodynamic performance.

Wing Planform Optimisation (1)
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The design process required a closely integrated study
with the aircraft structural designers, with information
being regularly passed back and forth between the two
areas. Key decisions for both disciplines resulted from the
need to ensure that the aeroelastic stiffness of the wing
was achieved, whilst being able to tailor the stiffness such
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that the required aerodynamic shapes were maintained for
both cruise and manoeuvre conditions.

Wing Planform Optimisation (2)

Effect of Planform Parameters on High AcA Recovery
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Wing trailing edge angle, flap position and sizing,
including the size of the powered actuation system all
result from the trade studies that were performed. This
required the integration of the structural model, available
via versions of Nastran, with aerodynamic models that
existed in a number of different aerodynamic tools. The
Nastran aerodynamic packages were not used as they
were not sufficiently advanced to cope with some of the
transonic and separated flow conditions that were of
prime interest.

Significant effort was placed in correlating the results of
the different aerodynamic design methods with
experimental data from early wind tunnel tests to ensure
that consistent results were being obtained, and that the
overall aerodynamics of the wing matched the
performance requirements and the needs of the flight
control system. This latter demand placed significant
burden on the aerodynamic designers to achieve as linear
a design, in terms of pitch stability, as possible. Past
experience from many previous projects with similar
configurations indicated that some level of non-linearity
was inevitable, however.

The demand for linear aerodynamics for the flight control
system is always present with every aircraft design.
However, there is also a view that, because the FCS is
clever, it can cope with very non-linear aerodynamics.
The phrase often heard was “never mind, the FCS will
take care of it!” In the case of Eurofighter, the level of
instability that was required for the overall aircraft was
such that linear aerodynamics became a much firmer
requirement, together with good aerodynamics from the
flying controls. The whole success of the aircraft concept

relies upon the aircraft being controllable in a carefree
manner throughout its envelope of normal operation.

Wing Planform Optimisation (3)
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Further, having achieved a satisfactory theoretical design,
the final step of the wing design activity is to take account
of the wing structure to arrive at the shape that has to be
manufactured in jig, in order that the shape in flight is
correct. This reveals a “less traditional” interface with the
manufacturing engineering organisations. Dialogue here
reveals what can be built easily, and allows a further
round of optimisation to ensure that the design is not so
demanding that it cannot be built.

Foreplane

In regard to the foreplane, when factors such as aircraft
layout, access, visibility from the cockpit and the
aerodynamic interference with the wing are taken into
account, then only two positions for the foreplane remain
viable for further evaluation. These are forward and low
or high and aft, using the wing plane and leading edge
apex as a reference.

Extensive investigation over a period of years prior to
defining Eurofighter had shown that intermediate
positions were disastrous, regarding the aerodynamic
interference with the wing, due to inadequate separation
of the surfaces.

Consideration of aircraft performance dictates the
maximum possible instability to avoid excessive induced
drag penaities, which leads to the requirement for
foreplane volume. The minimum induced drag occurs
with a level of instability equivalent to about 16% of the
mean aerodynamic chord, which is approximately twice
that that the FCS can cope with. The high AoA recovery,
i.e. the ability to pitch the aircraft down from high angle
of attack, whilst at low speeds, dictates that the
configuration should be neutrally stable with the



foreplane off, which is equivalent almost to an unloaded
foreplane. This dictates that the foreplane volume has to
be such as to generate around 8% m.a.c. instability at low
speeds. A low forward foreplane position then results in
the smallest foreplane area, with a consequent benefit on
supersonic drag.

Choice of Foreplane Location (1)
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Further, at the level of instability chosen for the aircraft,
there was little effect on maximum lift of either position,
whilst for a less unstable aircraft, a high aft foreplane
does provide some benefit on lift. Further, the low
forward foreplane is more effective as a control surface,
with consequent benefit for nosewheel lift, trim and
manoeuvre capability. This increase in effectiveness is
maintained, even at high angle of attack, where the effect
is to provide more pitch recovery capability for high
angle of attack recovery.

Choice of Foreplane Location (2)
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Hence, with all these considerations, the foreplane
position used on Eurofighter was chosen. It is to be noted
that most of this particular design optimisation was
performed from an experimental data base using
empirical techniques, as adequate capability to fully
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model all of the aerodynamic interference did not exist
within the CFD modelling capability in use at the time.

Fuselage Shaping

One of the key drivers for good sustained supersonic
performance derives from the combination of stability
level and flap or foreplane angles to trim. Clearly, the
wing itself has a significant contribution, but a major
effect comes from the fuselage itself. Recognising this as
a result of experience flying EAP, significant effort went
into developing a capability to predict the effect of the
fuselage effective camber shape on the zero lift pitching
moment.

EAP had shown a significant change in this term as the
Mach number increased through M=1.0, with consequent
larger flap angles required to trim than had been desired.
To avoid this with Eurofighter, significant effort was
placed on modelling the aerodynamics using CFD
methods. Design changes were restricted to the wing root
camber and overall fuselage camber, within the
constraints provided by the need for good vision from the
cockpit and the chosen chin intake configuration and the
need to minimise the basic form drag of the aircraft.
These changes were then evaluated via wind tunnel test at
transonic speeds, before finalising the aircraft lines for
build.

Optimisation of the Overall Aircraft Camber

Zero Lift Pitching Moment, All controls neutrat
Change from EAP to Eurofighter due to body and wing raot optimisation

cmo

ons J EAP, Wind Tunnel data

20
Mach No

Interestingly, even with this effort, this has still proven to
be an area where the aircraft in flight is slightly different
to prediction, although the discrepancy is a fraction of
that noted on EAP.

Fin design

From the early days of the configuration development,
there has been a debate about the number of fins. The
early configuration studies examined both single and twin
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fins, but eventually the single fin was found to be the best
optimum in terms of structural mass, drag, adverse flap-
fin interaction for roll control transonically and effects on
stability and lift.

However, this still left a decision as to whether the
aircraft should adopt an all flying fin, or a more
conventional fixed fin and rudder. The fin is sized by the
directional stability requirement for flight at M=2.0. In
the trade studies that followed, it became apparent that
the fixed fin, because of its much greater structural
efficiency, was smaller and lighter. Had control power
been the more dominant requirement, then the all moving
fin would have provided the better optimum.

In the end, the fixed fin and rudder was confirmed. The
decision was again driven by the balance between
reduced drag and greater control power, which would
have been provided by a smaller all moving fin, against
the aeroelastic stiffness problems it introduced in
achieving the stability requirement, together with the size
of the actuation system required.

However, the rudder is still the largest control actuator on
the aircraft.

It should be said that there were some engineers, who had
worked on the BAC TSR-2 project which was cancelled
in 1966, who were extremely relieved at the outcome,
despite the advances in technology that had taken place,
due to concerns with that design over the structural
coupling. Past experience suggested the likely outcome
from the start, and even with the advances in materials for
the aircraft structure, improved actuation systems and
design techniques, the conventional fin is best, and that
the all flying fin represented an unacceptable risk for the
project, at least from this aspect.

Weapons Layouts

Whilst Eurofighter initially was thought of as an Air
Superiority Fighter, it has always had a ground attack
requirement, which is becoming stronger with time with
all the partners Nations. One advantage of the
configuration is that it provides a very large flying
surface for the weapons engineers to hang a lot of
external ordnance upon. This allows for a large number
of weapon stations, and permits the aircraft to carry its
Air-Air (A-A) and Air-Surface (A-S) weapons at the
same time.

Improvements were being made in the ability to model
weapons trajectories in the early phase of the release from

the aircraft. It was possible to consider packing the

Eurofighter
lHustration of the Weapon Packing Density

weapons together more densely and to reduce the amount
of basic wind tunnel testing that was to be planned into
the programme from the outset. Further, the aerodynamic
modelling processes, as proven on current previous
projects, had shown that the need for such test techniques
as twin sting rigs, or for wind tunnel measurement of
external flow fields, were no longer essential. As a direct
consequence, all flow field data is generated via CFD
calculation. The only test evidence that is now used are
the installed loads data, or, in the case of missiles, loads
measured at the end of stroke or end of rail positions.

Eurofighter
Configured with Air-Ground & Air Weapons

The Changing World

As the project moved through its Development Phase into
the Flight Test Phase, and activity started to build up
towards Production, a number of significant changes have
come about to the world in which the aircraft was to
operate. The Berlin Wall came down; there were
numerous conflicts and a change in role for the Air
Forces of the Nations within NATO. The role of the
aircraft was reconfirmed, with an increased emphasis



being placed on the A-S capability, with the requirement
moving to a very much more flexible aircraft, capable of
operating autonomously for extended periods.

These changes do not affect the aerodynamics of the
vehicle itself, but do have a very significant impact on the
aerodynamicists involved in the project, and indeed upon
every other engineer involved within the Eurofighter
project and across all partner companies. The changes
affect the way in which the engineers work, which in
turn, impacts back onto what they have to do.

No longer could any area work in isolation from the other
areas of the team. Affordability became a key driver for
all the engineering and manufacturing areas, changing the
working processes employed. This change is the move
from the old cost plus environment, where everyone was
paid for the work they did, to a fixed price contract
structure, with both penalties and incentives. This has
forced the adoption of parallel working in Integrated
Product Teams, changing both the technical processes
that are used and the management and leadership skills
that are required to deliver the results.

Achievement of the recently placed Production
Investment and Production contracts by the four Nations
is totally dependent on the success of implementing the
changed working practices, tool-sets and behaviours of
the people involved in the project, wherever they work
within the Customer — Supply chain.

This chain of events is set to continue throughout the life
of the project, with every Customer and with every
Supplier

The Changing Role of the
Aerodynamic Technologies

As the project has developed with time, the role of the
Aerodynamics specialists has changed, to meet the
demands that have been placed upon the project by both
the Customer and Industry. This situation is continually
developing and is likely to increase the pace of change as
the Customer base for the project increases.

The project is moving to a vision of being able to respond
to changes in Customer needs on a regular basis,
particularly as the need to integrate new weapons
increases. This drives a range of Airframe related
activities and the associated changes in Avionics or Flight
Control System.
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The aerodynamic technologies, which relate to optimising
the design or installation, completing the design data and
then generating the appropriate flight clearances have
required significant modernisation and adaptation in order
to be able to contribute to the overall integrated product.

Two main areas can be considered where the change can
best be described, namely in the Processes involved in the
technical work and in the management of the integrated
product teams.

Process Changes

To maximise support for the project activity, dedicated
project teams have been established. These teams are
broken down into product based teams, populated with
members drawn from those areas that have to work
together to achieve a final, deliverable product. All the
team members are focussed on delivery of their
individual products to the project stream. This has
resulted in significant changes to both the tool sets that
are employed and to the development of concurrent
engineering management practices, supported by
excellent modelling environments.

Technical Processes

A key change that has occurred with the production
activities is the change from a drawing based
environment to an electronic product definition, with the
concurrent activities requiring major attention to
configuration control and release of data. This has
enabled a change to the total process of design and
manufacture, with the ability for the design teams to
interact directly with the product being manufactured. To
meet the challenges that this environment has posed, new
working environments have been developed. This new
environment is known as the Integrated Product
Development (IPD) Process.

This process, supported by a software based configuration
management tool, Product Manager, is becoming the
established means of controlling the output of all
engineering tasks on the project. Initial work with the
process focussed upon the creation of the replacement for
the traditional drawing sets, with all designers and the
manufacturers having access to the data concurrently, but
only able to use it for its defined purpose once formally
released electronically. This is now being extended to
cover the functional aspects of the design, such that the
data pertaining to all the aircraft systems, which include
all the aerodynamic “discipline” based systems, are all
included. Hence all the design calculations, clearance
calculations and performance verification data are to be
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included within this tool, either directly or with a
controlled reference, with consequent immediate access
for all to properly configured data.

Currently, this is being extended to cover, not just the
form and fit of the individual systems, but also the
function of each of the systems. This tool will form the
environment for management and control all of the data
used for qualification, certification and verification of
performance against the contracted levels. Any changes
that occur in any of the data within the system has to be
approved by the relevant stake holders before the data can
go live, but it then goes live immediately to all potential
users.

The use of desk-top processing, as opposed to the
mainframe environment that existed on previous projects,
has enabled the development of a new generation of
engineering tools. The key drivers have been towards the
development of interactive tools capable of producing
their answers quickly, such that the engineers can develop
the next step in the design quickly, as required by the
parallel working practice now in use. In many cases, this
has simply meant the porting of existing software tools
into the new desk-top environment, but for some areas,
completely new tool sets have been required.

As an example, further advances have been required in
the analysis tools for extraction of the flight data.
Experience with EAP had shown that the traditional
Parameter Identification tools in use at BAe could no
longer cope with an aircraft with a high level of basic
instability combined with aerodynamic non-linearity, as
experienced on Eurofighter and as predicted from wind
tunnel testing. As identification of the aircraft remains a
key to the final verification of many of the defined
requirements, particularly relating to handling and
performance, a capable tool was an essential requirement.
This has lead to the development of regression techniques
within Bae. These are now being applied successfully to a
number of issues, with an example being described in a
recent RTO Systems Integration Conference in Madrid’.

Such techniques apply throughout the vehicle design and
clearance cycle, and even into the flight test data analysis,
where Eurofighter has brought its own specific challenges
relating to the ability to derive data from flight measured
parameters.

Management Processes

The changes that have been required of the processes and
the team members have also required significant

development of the management processes, in order to
provide adequate support for the activities and their
implications for individual team members.

Whilst team performance has been the required end result
of the changes, to ensure that this is achieved requires a
number of supporting actions to be put in place. This has
resulted in significant re-thinking of exactly how such
teams are led and managed, how they interact with their
Customers and Suppliers, and the need to generate the
involvement of the team in implementation of the
changes that result.

The basis for the changes derives from the consideration
of the five BAe Company values, as outlined in the
BenchmarkBAe corporate cultural change programme
and as recently described by the company chairman in his
recent book™ | viz:

Customers — our highest priority.
People — our greatest strength.
Performance — the key to winning.
Partnerships — our future.
Innovation — our competitive edge.
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The BenchmarkBAe Values at Work

(The concept of Team Based Value Planning)
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Benchmark drives thinking about behaviours related to
each of the values, especially how any individual
behaviour impacts upon those around that individual.
Using an approach to planning tasks which addresses all
of these values, the teams develop the overall plan of the
work to be undertaken. Consideration of each of these
values, for each major task, asks a series of questions that
should be answered in the total plan being developed.
Further, the process adds an ability to put the required
events in the right order. Some of the issues that the
approach would raise are obvious, but all too often in the
past, it is the least obvious, softer, people management
issues that are not considered and that cause a change-



process to fail. The process is referred to as Team Based
Value Planning, and it is a major enabler to the
achievement of a rigorous Earned Value Management
System that is now being deployed across the project.

Role out of these techniques is taking place within all the
teams operating on the Eurofighter project within BAe,
and the key to success is the embedding of this approach
without the team requiring conscious effort to achieve it.
This will come with practice, but even thinking
consciously through the questions that the values pose
can lead to significant improvements in the overall team
management and ability to meet the demands being
placed upon them by Customers.

BenchmarkBAe - Achieving Customer Excellence

« The ACE Tool - A simple seif-assessment tool for use within alf
Project and Product Teams

+  Identify the Customer - do we really know who this is and what he
wants?

— Where are we In terms of the service provided?
— Where do we need to be?

- Develop a Customer Strategy and Customer Care Plan

— Establish the contact maps

— Establish metrics agreed with the Customer and measure the teams
own performance against these

— How do we handle complaints?

Further Capability Development to
support an Integrated Product
Team Environment

A number of lessons have been learned from the design
processes of the Eurofighter. In particular, the work
stressed the need for a balanced and combined application
of experimental methods, prediction techniques, whether
based upon empirical data analysis or upon more
sophisticated aerodynamic CFD modelling, as well as
experience. The drive for faster turn around of change
leads to the requirements for easy-to-use tools that enable
the engineers to think about the job and not become
experts in dealing with the quirks of an unfriendly piece
of software.

Traditionally, many of the tools in use were developed for
dedicated tasks. What is now occurring, is a move to
more generic tools that cope with a multitude of different,
but related tasks. The applications are then driven by the
requirements of the user, with the possibility of
customising the user interface for a specific application.
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This leads to the development of user friendly front ends
appropriate to the application. The days of taking months
to set up geometry definitions for use in CFD
calculations, as part of the normal working environment,
are over in such a team.

There are areas where significant technique development
is required.

One of the major concerns that remains is the ability to
adequately predict the effects of unsteady aerodynamics,
particularly due to aerodynamic separation and the large
extent of the vortex flows that develop at high angles of
attack. The areas of concern relate to being adequately
model buffet loading, on the aircraft and the weapons it
carries, to improving the modelling of the aero-servo-
elastic characteristics to minimise the loss of phase that
the current generations of filters can introduce into the
flight control system.

The aerodynamic non-linearity that was seen in the wind
tunnel has necessitated the development of very
sophisticated flight analysis techniques, in order to enable
a satisfactory resolution of the flight data, essential for
verification of the aircraft models upon which flight
clearance development and verification of performance
are based.

One of the major, pleasant surprises has continued to be
just how good a representation of the aircraft has been
achieved in the wind tunnel modelling of the aircraft,
especially regarding the non-linear behaviour.

It is also clear, that there is much more than the
development of the required tools required for the success
of a multi-disciplinary team. A major aspect remains the
personal development of the teams and the personnel to
take part in the teams. A key issue hinges around the
encouragement of individuals to realise that they can do
far more than their specialist knowledge might indicate,
and that the best people to support them are the other
team members, as well as their functional departments or
home disciplines.

Concluding Remarks

Eurofighter required a significant involvement of the
aerodynamic engineers from the very outset of the project
design, across all of the partner companies involved in the
project. Examples have been shown of the nature of some
of the design decisions in which the role of the
aerodynamicist has been a key.
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As time has progressed, the Eurofighter Project has seen a
significant change in the integration of the aerodynamics
disciplines into a modern project and product focussed
mode of operation.

This has impacted primarily in the areas of:

»  Technical processes and tools
» Management processes
» Leadership styles and personal behaviour.

There is a definite move away from the tools which are
not user friendly and which require detail knowledge and
experience of the tool itself for successful application.
There is a move towards tools that are easy to use and
understand and quick to apply, wherever this is possible.
Often this involves capturing of experience and building
this into the user interface, such that the system leads the
user through the right questions and decision points.
There remains much to do in this respect.

Within British Aerospace, these changes are being
focussed around the setting up of a product based work
structure, in line with the requirements of modern Earned
Value Management practices. However, to ensure that
this is implemented successfully, the other major effort
that is required is the recognition and acceptance of all
the team members of their involvement in developing the
plans by which the products are delivered. The key
enabler being used for this is the Team Based Value
Planning and the disciplines that this brings with it
regarding the softer, non task focussed issues that are
more readily overlooked in more traditional approaches.
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Summary: This keynote presentation will discuss the role
that our aerospace engineers and their design teams and
tools will play in the ‘Virtual’ design office of the future.
Dramatically improving information technology is rapidly
changing the design environment and the potential
capability of the design toolsets. Along with these
improvements in capability, there is a change in our
expectations and requirements for both the design teams
and the tools that enable the design teams to accomplish
their tasks.

Today’s Discussion: In this presentation we will describe
the role of the “Virtual’ Design Team in a likely future
design environment. We will take a quick look at the
following influences and factors;

¢ Design Environment Today
¢ Future Design Environment
e The “Virtual’ Design Team
¢ The Tool Requirements

¢ Snapshot of the Future

This presentation will describe the quickly changing
environment and consider how these changes may effect
the future design office in which our design teams will be
expected to perform. Lastly, what will the toolset needs
and requirement be to support our design teams in the
future design environment.

Today’s Design Environment: Before discussing the
future design environment, let’s take a quick look at the
design environment we are surrounded with today.

I will focus on a few key elements of today’s
environment centered around: How we pull our design
teams together, how we handle our design information and
knowledge, and some characteristics of our design toolsets.

For many years we have all seen the value of co-
location of the project and design team. This is our
preferred condition. We tend to rely predominately, if not
entirely, on the co-located members of the design team and

only reach outside this immediate group when absolutely
necessary. As a result, we have the tendency to ‘make do’
with the group skills of the co-located team even when
there are more experienced and better-qualified specialists
within our companies.

We tend to rely on personal face-to-face contact both
within our internal development team and externally with
both our customer and supplier communities. We have all
evolved a long list of interface, review, and follow-up
meetings to ensure adequate communication during these
design efforts. Sometimes we actually do provide good
communication throughout a program’s duration. But
many times we fall short, and vow to incorporate yet an
additional set of interface meetings in the next project we
bring along.

Information is drawn into a design project from a wide
range of sources. We draw from the company’s history of
similar and supporting projects through libraries of reports,
data files, presentations, archives, and such. Each of the
members of our design teams has personal experiences,
files full of notes, collections of reference material and
resources. We all have our phone lists of people who
know a little more about some certain thing than we do. Or
someone who knows someone who knows someone who
does. Some of this database comes in the form of books
and reports and pictures, some as computer files of text or
modelling or algorithms, and much of it in hand-written
notes and calculations or conversations or memories.
Needless to say, much of the existing database is probably
not in the appropriate form and format for the next analysis
your design team performs or report they prepare.

Many of the toolsets used by our design teams
originated, and are maintained, by the specialised
functional disciplines that all contribute to the total system
design process. There has been a strong push for many
years to bring these various ‘modules’ together in a more
integrated overall design toolset. We have all worked on
this for a long time, and we still have a long way to go.
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Impact of The Information Age: A lot can be said about
the ‘Information Age’ and the profound impact that it is
having on each of our lives. For a moment let’s consider
some of the rapidly improving capabilities that both cause
and enable a significant change in the way our design
teams will do their job is the near future.

New and rapidly improving capabilities include;
¢ Immediate Access to Information
¢ ‘Paperless’ Information
¢ Continuous Communication
¢ Telecommuting
¢ Electronic Assistance & Automation
¢ Increased Computing Speed & Capacity
¢ Electronic Media

The ‘Virtual Office’ has become something we are all
a part of in one way or another. There has been one
shortfall up to now in the Virtual Office’s ability to support
high technology design teams. As the products we design
have become more highly integrated, complicated, and
.sophisticated; the design tools and design databases have
become electronically huge. The dramatically improving
capability to rapidly, and in ‘real-time’, transfer huge
amounts of electronic data to anywhere in the world, is
now enabling design teams to be ‘virtually’ co-located
while actually being geographically distributed. The
‘Virtual Office’ can now become the ‘Virtual Design
Office’.

The Future Design Environment: There is an almost
endless number of things that will be a part of the future
environment that will influence our design teams. Let’s
consider four key elements that will have a high level of
impact to the design teams;

* Geographically Distributed Teams
¢ Highly Diversified Teams

¢ Common Information & Database
e Common Processes & Toolsets

At Boeing we are calling the distributed total
‘enterprise’ team capability - “Design Anywhere, Build
Anywhere”. Organizational, Processes, Infrastructure,
and Cultural changes are beginning to reflect this move
into the future environment.

Future Design Teams must include a highly diverse
technical skill group to address increasingly complex and
highly integrated design challenges. The teams will have
both company internal and company external participants
that address all phases of the air vehicle’s lifecycle from
design and development, through manufacturing and
operational support.

‘Real time’ communication of all forms of data and
information will tie the design teammembers together as a
cohesive unit. The large amounts of project related data
and information will be quickly accessed from many legacy

sources, will be traceable and controllable, and will be in
directly usable forms and formats.

A design toolset built of common processes using a
common database will provide effective and efficient
utilization of all teammembers and design information.
Analysis ‘modules’ using common geometry models and
data formats will minimize wasteful reconstruction of
unique databases. Having common databases also greatly
simplifies all aspects of configuration control.
Commonality will reduce the development, maintenance,
and training costs associated with multiple unique
processes and tools.

Broadening Customer Base & Marketplace: The
industry has moved toward more consolidation over the
past several years. Individual company’s traditional
customers and marketplaces, no matter what they were in
the past, have expanded and now encompass a much wider
industry perspective.

There are elements of both government and commercial,
domestic and international in most companies’ business
base. This has created multiple customer interfaces,
interactions, business relationships, and ‘shared destiny’
from what may have been a very focused
‘company/customer’ view in the past.

Future Design Process & Tools Requirements:
Increasing focus on “affordable” aerospace vehicles
demands wide ranging improvements in processes and
integrated toolsets. Tool requirements will focusing on
efficient utilization several key company resources: People,
Time, and Knowledge base.



We must leverage the best people and their skills from
across the entire company ‘enterprise’ regardless of where
they live and work. This will drive us into the ‘Virtual
Design Office’.

We must effectively apply our ‘enterprise’ wide
knowledge base of information, processes, and tools
against the always more challenging design efforts.

To reduce the total investment of resources, we must
shorten the time required to effectively study design
options and make critical decisions. This also means we
must provide improved design fidelity across a wider range
of design options earlier in the design cycle.

The companies that achieve aggressive goals for
improvement will have a strategic business advantage over
their competitors.

Improved Decision Making in Early Phases: Lets step
back and look at what is driving the design cycle time
needs.

Program Cost Is Committed Early
We Must Provide Data to Support Decisions

100%

Concept Design Detall Design Phase P
Phase Phase

The majority of the cost of a program is determined in the
very early phases of design. Because of this, it is important
for us to make critical decisions early in the design process.
And it becomes very important for us to improve the
fidelity of design data as early as possible. Highly
integrated design tools and improved processes are
required to reduce cycle time while at the same time
improving design choices, design fidelity and knowledge
based decision making capability.

A Closer Look at the Concept Design Phase: The
Conceptual Design phase moves through several different
design cycle characteristics. These range from very rapid
assessment of a very wide range of possibilities in the
initial efforts, to a more focused and detailed analysis of
the “best” design solutions later in the effort. The design
solution needs and requirements evolve during this design
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phase. The needed design ‘fidelity’, to conduct early
decisions of design solution screening and selection,
initially requires less stringent design tolerance.

Committe:

Program Milestones CNR FBR SRR SDR
A A A
Analyze Customer Anatyze Systam System?
Key Tasks Neods Definition
" Level0 > Level 1 > Level 2
| “Define" Fidelity
20% to 30% 10% t0 20% 5% 10 10%
Define" Tolerance
wide open >10 <5
Nurmber of Coricepts P ke Weska Ay ot Mot
“Nu f , o ‘ oy Fow Months
Design Cycle Time

*Virtual’ Design Office - Accommodating Distributed
Teams: Computing infrastructures are evolving to support
“Virtual’ co-location of high technology design teams.

e

‘Renton .. OtherS§ites : Long Beach

Web-based communication technology provides quick
access to and transfer of the huge amounts of technical data
design teams require.

Web-Based Computing Infrastructure:  The new
communication and computing infrastructure effectively
ties the service providers (design toolsets , ‘enterprise’
technical experts, databases, and toolset developers &
maintainers) directly together with the user groups (design
teams) in ‘real-time’.
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The ultimate success of ‘Virtual’ co-location and the
‘Virtual’ Design Team depends on this capability.

Design Practices, Processes and Tools Integrated
Into One Common Design Environment: We will
continue to address the evolving needs and requirements
through new approaches and implementations of
improvements to our tools and processes. The goal is to
provide strategic competitive advantage for the company
and to provide significant benefit to the customer through
improved products and services.

¢ Evolving Needs and Requirements
¢ New Approaches and Goals
¢ Benefit to the Customer

A Day in the Life of “The ‘Virtual’ Design Team”:

Lets imagine we are on that ‘Virtual’ Design Team in
the near future. The day starts off with our daily ‘stand-up’
team meeting. Several teammembers are in each of three
conference rooms hundreds of miles apart. Others are on
their personal computers in even more locations. The
‘virtual’ meeting participants include teammembers from
the company, several suppliers, and the customer. There is
a design integration issue between the structures designers,
the sub-systems installation designer, and two hardware
supplier engineers. A decision is made to ask for help
from an experienced consultant. Arrangements are made
and that team-segments ‘virtually’ meets later in the day to
work the details of the design problem. During that
meeting, the current design is viewed in 3D and the lead
designer describes the issues. Many questions are asked
and different teammembers take control of the ‘3D
visualization’ to understand all the design implications and
offer potential solutions. Someone remembers a similar
design issue from a previous project, they quickly recall it
from the ‘enterprise’ library archives and show it to the rest

of the group. The group identifies several potential options,
the customer describes his concerns for support when in
service, and the options are narrowed. The group
discussed what analysis and supporting data must be
generated to make the final decision, and the team agrees
on a time to reconvene later in the week to review the
results and make a decision.

Meanwhile, the manufacturing engineer, working with
the Research group thinks that a new bonding process may
eliminate several expensive assembly steps during
production. He calls the vehicle design integration leader
and they review the research results from their own work
areas. A manufacturing assembly simulation using the
common 3D design database is ready the next day to assess
the affordability improvement of the new process. The
integration leader convenes a ‘virtual’ meeting of the
design area affected and ensures . . .

... And then we win that next contract, launch that
next aircraft program, or design that next prototype.
Sounds great doesn’t it?

What Toolset Developers Need to Consider: As the

‘Virtual’ Design Office of the future drives and establishes

needs for improving capabilities, both the design teams and

tool developers will have to address many new

implications:

¢ Tools and Processes Must Support the ‘Virtual
Office’ Environment

¢ Tools Must Provide Increased Fidelity Earlier
in the Design Effort

¢ Consideration of Greater Number of Ideas

e Must Support ‘Real Time’ Data Links

¢ Common Data Formatting And/or
Compatibility

¢ Tools Must be Transparent to All User
‘Platforms’

Above all, there is one important question we must always
keep asking ourselves:
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Throughout the evolution of the design of flight vehicles, the role of the individual engineer has also evolved. As
aircraft have become more complex and performance envelopes have become ever larger, the role of the technical specialist
has diminished in favor of the design team approach. Although the theme of the symposium deals with aerodynamic design
and optimization, many comments apply to all technical disciplines. In this paper we review this design evolution very
briefly. It is suggested that the evoluticnary design process led to independent technical disciplines, technology development
along the same lines and finally engineering education in the same engineering sciences. Concurrent engineering is discussed,
together with the advantages and disadvantages from the viewpoint of the practicing engineers. It is suggested that the
required approach leads to a requirement for engineers with a broader view than the traditional specialists. Next we consider
the education process which, for design engineers, has evolved from apprenticeship to curricula that teach the engineering
sciences. It is suggested that we may need to consider moving to the science of engineering. Finally, a possible view of

future aerospace vehicle design is presented.
Introduction

The Air Force Research Laboratory does not
design aerospace vehicles, per se, so the sense of our work
is more from the aspect of analytical or conceptual design to
analyze the impact of new technologies. The individual
technologies mirror the ones considered in aircraft design,
so that the same comments apply and are used
interchangeably in this paper. In the Laboratory context, it is
just as important to be able to demonstrate the potential
benefit of a proposed technology if it were integrated into a
system. In prioritizing technologies, whether in a design or
a laboratory development, there is always the question of
what is more important to the customer. Thus there is a
need for a design and analysis capability, although not to the
same level of detail as for a project to be built. There are
similar pressures to use concurrent engineering practices
and arrive at a valid interdisciplinary result. In fact, it is to
be expected that many papers in this symposium will
contain similar themes.

In the “old-fashioned” traditional design, many of
the technical disciplines could be and were pursued in an
independent or serial way. There are a variety of factors
that have changed that simple view of aircraft design, and
continue to change the design process at an ever-increasing
rate. Aircraft are becoming more and more integrated, so
this means that the traditional ways became less and less
efficient. At the same time, the traditional pursuit of
performance increases has given way to a strong emphasis
on affordability, safety, environmental impact and
information technology, etc. There have been a number of

studies of the acquisition process within the US Department
of Defense. The results have unanimously shown the need
for drastic changes in the way major weapon systems are
developed and acquired, but the relevant aspects for this
paper are the design aspects. The need exists for new design
concepts to be analyzed in great detail in the context of
operational use in order to demonstrate benefits and uncover
problems as early as possible. We should even take a fresh
look at the mechanisms and strategies for optimizing
aerospace vehicles, since the optimization constraints are
also evolving. From the original requirements for basic
stability and controllability, there was a period in time when
increases in maximum speed were the primary focus. Then
the focus became maneuverability for fighter aircraft. Now
the primary focus is shifting away from performance
aspects, and affordability is of equal or greater importance.

The foregoing discussion is only a very brief
indication of the changes in the aircraft design process
which have occurred and will continue. As the
requirements change, such as the increasing importance of
affordability rather than pure performance, the tools for
designing, or even analyzing, systems with such constraints
may not exist. The historical interactions may also change
because of advancing technology, so that the historical data
bases may need re-interpreting. As an example, aircraft cost
models are predominantly based on weight and it is
common to hear that we buy airplanes by the pound (or
kilogram). Many factors are implicit in those correlations,
however, that are part of the manufacturing process for the
historical metal airframes. Thus the cost models are
accurate for metal aircraft that are manufactured the same
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way that the previous ones were. The actual models do not
represent the “physics” of manufacturing an airframe,
especially as we progress more and more towards use of
composite materials with different detailed activities. With
all of the changes, engineers need to be less specialized and
more and more cognizant of related technical disciplines. It
is important to understand the questions before working on
the answers.

The theme of the symposium is “Aerodynamic
Design and Optimization of Flight Vehicles ...” but many
comments apply to the other disciplines with equal validity.
The focus of the paper is that we can no longer afford to
optimize any one particular discipline because that
guarantees a suboptimum system. A more appropriate theme
might be “The Role of Aerodynamic Design in System
Optimization”.  The concurrent engineering process is
discussed with some contrast to historical methods,
followed by discussion of the implementation through
Integrated Product Teams. Specific activities at the Air
Vehicles Directorate of the AFRL are presented, including
the creation this year of a Center for Multidisciplinary
Technology which is tasked with addressing these issues.
Some comments are presented relative to educating the new
breed of engineers suggesting that we move forward from
just teaching the engineering sciences towards the science of
engineering. Lastly, there is a discussion of a possible
future of vehicle design, although not as a forecast, but as a
“vision of things that might come”. Throughout this paper,
examples are drawn from many sources, including the
author’s personal experiences in order to illustrate or prove
various points.

Concurrent Design Processes

First, it is convenient to discuss the concurrent
design environment that is the theme for both the
symposium and this paper. We can consider the process for
a new airplane system today, and contrast it with past
practice. The concurrent design process relies on some
form of systems analysis, or systems engineering. This has
been expressed as:

1. Break the system under consideration down into
component parts.

2. Gain an understanding of each individual part.

3. Determine how these parts interact.

4. Define the contribution of each component to the system
performance

5. Put the system back together again.

6. Build it when the analysis shows that the design meets
requirements.

At the risk of over simplifying the discussion, the old
fashioned methods developed a reasonably good process for
steps 1 and 2. It was not uncommon, however, to minimize
the effort on steps 3 and 4 and then move on to step 5 and
build a prototype and fly it to see if it met requirements. In

the “good old days” it was possible to build competing
prototypes and choose the one that met requirements the
best, rather than the analysis of step 6. The definition of the
individual parts came early in the development of aircraft
design. In this context, for instance, the aerodynamicist was
responsible for predicting lift and drag and calculating
mission performance (cruise speed and range, plus field
length). History is replete with examples of the pitfalls of
component optimization which yielded overall system sub-
optimization. The original Spitfire wing was a perfect
elliptical planform which minimized induced drag, i.e.
optimized the wing performance. In combat it was soon
learned that roll performance needed improvement, and the
outer wing planform was cropped in later versions. The
optimum wing for induced drag generated too much roll
damping so that the total aircraft was not optimized for its
primary mission.

In that example we see the negative aspect of the
success achieved in breaking the system under consideration
down into component parts. It led to the disciplines of
aerodynamics, structures, controls and subsystems being
defined, wunderstood and analyzed as the essential
components of an airframe. Each discipline could be
studied, developed and analyzed separately. In the
university setting these were taught as individual
engineering sciences. In a project setting separate design
groups were responsible for the same disciplines. Lastly, in
the Laboratory setting, this approach led to those disciplines
becoming individual technology empires.

Obviously, the disciplines were never completely
independent of each other. In any real aircraft design
project, connections and interactions between the individuat
disciplines that had to be considered were defined as in step
3. For example, ‘the aerodynamics group’ calculated loads
for ‘the structures group’ to use in their design; ‘the
aerodynamics group’ calculated control effectiveness and
hinge moments for the ‘the controls group’ to use; etc. It is
suggested, however, that it is not a gross exaggeration to
claim that these interactions were often not really integrated.
It is often referred to, facetiously, as passing your results
over the partition to the other group. A significant area of
research today is devoted to modelling such interactions,
including the vision of complete physics-based models that
can be used for the purposes of aerospace vehicle analysis
and design.

Step 4 is one area that is still showing continual
improvement in capability. Today it is common to simulate
the predicted performance during the design development so
that the above Spitfire problem and similar problems are
avoided. In order to counteract such problems, we “apply
knowledge earlier” to the extent that the future use can be
predicted. As aircraft systems become more and more
complex, we are faced with more and more integration with




non-traditional technical disciplines. An aerodynamicist
today may be tasked with designing control surfaces that are
integrated with thrust vectoring to produce the required total

aircraft performance and response. Until recently, the
powerplant for conventional aircraft was largely developed
independently. “Integration” was mostly a definition of the
interfaces. Even for V/STOL aircraft, thrust vectoring and
reaction controls were only used as the aerodynamic
controls lost effectiveness due to the reduced airspeeds. The
design issue could be considered more of a blending than a
true integration of effects.

A really critical part of the process is step 6. It
seems deceptively simple and straightforward — analyze the
system to show that the design meets the requirements.
What analysis ? Because the wrong analysis, no matter how
rigorous, will give the wrong answer (at least the vast
majority of the time). Alternatively, how often is the
answer “known” before the analysis is done to prove it ?
How much analysis is enough, i.e. can we quantify a
confidence level ? I will claim that we cannot perform
analyses today to show with 100% confidence that a design
meets all requirements. A design trade space may also
exhibit local minima or optima that can guide an incomplete
analysis to suggest something less than the global optimum.
In addition, it may be more productive to show sensitivities
or trade-offs between design options and some of the
requirements. In order to accomplish that, however, we
need to consider at which point in the 6-step process that
should be done. This question leads to discussion of step 5.

Step S, “put the system back together again”, can
be done on various levels. For a point design, a process of
linear superposition may be adequate to define the primary
contributions of the components. In order to perform trade-
offs, however, the interactions between the components
needs to be modelled. The higher the order and fidelity of
that modelling, then the more credible the results will be.
The extreme solution, for the very distant future, is to use
physics-based calculations and generate a completely
faithful design matrix of every design parameter vs the
complete range of outputs. But these outputs will range
from maximum speed to maintenance manhours. Then we
can trade off an aerodynamic feature against life cycle cost.
This will be discussed later.

Integrated Product Development

An aspect of system or concurrent engineering that
has found its way into many projects today is known by
different forms of the phrase: Integrated Product Team
(IPT). In practice, it varies from a true interdisciplinary
team to address a specific problem to the extreme of just the
formation of an IPT is the management solution to any
problem. The real intent is to assemble the appropriate team
to work on specific interdisciplinary problems, such as the
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design of an integrated flight/propulsion control system. The
appropriate team consists of the personnel responsible for
designing any portion of the system together with those
affected by performance of the system. In this example
from the author’s experience (see Kisslinger and
Moorhouse), the team represented the different contractor
functional areas, all the major subcontractors and different
Government agencies. The Interface Control Sheets had
been defined in one-on-one meetings between the
Contractor and the various Suppliers. In any complex
system, however, there are likely to be indirect effects of
one component on some other, apparently unrelated,
component or function. For this to happen, it means that
there was incomplete knowledge relative to step 3 above.
The rationale was to anticipate and address integration
questions as early as possible, and also to involve all the
Subcontractors and Subsystem Managers in the discussions,
so as to uncover any possible indirect effects as early in the
development process as possible.
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Figure 1. The Life Cycle Cost Problem

Another aspect that is receiving much attention is
the timing of program decisions. It has been shown that the
majority of an acquisition program’s costs are essentially
decided very early in the project design, see Figure 1. It is
believed that this happens because many decisions are made
before the knowledge to support such a decision has been
obtained. It is also true, in many cases, that many costs
were driven by inflated requirements. It has been tempting
to ask for more than necessary “just in case”, but this is also
evidence of the lack of the right knowledge. The answer to
the problem is to bring that downstream knowledge forward
in the design process, as depicted in Figure 2. Although this
seems like a contradiction, it is being implemented in many
initiatives such as the US Department of Defense’s
Simulation Based Acquisition, NASA’s Intelligent
Synthesis Environment, and others. The basis of all these
efforts is computational simulation and modelling, which
relies on high-fidelity models of the total system. Once
again, the basis is interdisciplinary or multidisciplinary
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analyses rather than a concentration on any one discipline,
or even a limited sub-set of disciplines. Again the ideal is
for a group of engineers to address the problem where the
team knowledge has to exceed the sum of the individuals,
i.e. concurrent engineering.

Today’s process
moves
towards future need

Xnowladge About Design
Design Frecdom
Cost Committed

and Dotalf | O

Design

Figure 2. The Design Process Paradigm Shift

The Air Vehicles Approach

In the AFRL Air Vehicles Directorate,
aerodynamic design and optimization is evidenced in a
Center of Excellence for Computational Simulation. From
its start in Computational Fluid Dynamics, i.e. the pure
science of aerodynamics, the Center is now addressing
various technical couplings such as the effects of structural
modes on the aerodynamics. There is another drive to
develop solutions for Maxwell’s equation in addition to
Navier-Stokes equations in Computational Electro-
Magnetics. This computational center is also linked to a
Center for Multidisciplinary Technologies. We are
developing the physics-based models for an ever broadening
range of technical disciplines. The ultimate goal has to be
the creation of the capability to analyze, synthesize, design
and optimize the complete aerospace vehicle.

Earlier this year (1999), the Directorate created a
new Center for Multidisciplinary Technology. The Center
was chartered to “invent and develop new and improved
theories, processes and tools, using them to enable
revolutionary vehicle concepts”. It covers the range from
basic research into the development of new and innovative
optimization algorithms through to applied research into
higher-order integration and development of technologies.
The charter includes:

e Energy-based constraints
e Non-linear theories

Cost-based optimization
Synergistic interactions
Futuristic integration
Configuration inventions

A key component of the center is a technology application
group, whose operation and activities are subject to all the
constraints discussed above. This group is responsible for
developing or acquiring the capability to perform the
vehicle concept assessments, and support technology
development from a total system aspect. It is also
responsible for providing the links to two other Centers of
Excellence. In this way, the basic technical disciplines of
aeronautical sciences, control systems and structures can be
assessed in an integrated fashion. Obviously, we are also
faced with incorporating models of other disciplines, such as
propulsion, in order to have a credible assessment. In DoD
nomenclature Air Vehicles technologies plus Propulsion
technologies add up to Air Platform technologies and all
programs are subject to high-level review from that
perspective.

As the Center looks into the future, the
requirements to adhere to the concurrent processes will
become mandatory. A vision of basing aerospace vehicle
design on natural principles, see figure 3, will probably
seem unnatural at first sight. It is based on an assertion that
natural selection is a process of discovery through
experimentation. In nature, if something is inefficient then it
dies out. In the aerospace vehicle context, therefore, there is
a need for better tools and processes for discovery through
desining for maximum efficiency and minimum energy
waste. This approach will require:
¢ High-order computational modelling
e High-level design tools
e  Energy-based natural selection
The ultimate promise is to be able to realize a fully-
integrated and fully-optimized vehicle design.

PAST: Discovery Through Experimentation
Also Nature’s Process of Selection

NEED: Common Metric for Every Aspect ~ Energy ??
Maximum Efficiency/Minimum Energy Waste

FUTURE: Numerical Experimentation Using
* High-Level Design Tools
* High-Order Computational Modeling
* Energy-Based Natural Selection
* Fully-Integrated & Optimized Vehicle Design

Figure 3. Design Based on Natural Selection



In order to include all relevant technical
interactions, we should probably start off by assuming that
all interactions are relevant. The greatest barrier to
achieving a successful result is accepting something as a
given without question. In fact, if we refer back to Figure 2,
the real problem may be that the practitioners start off the
process with a set of assumptions and do not realize that
they are starting off with zero knowledge. It may also be
instructive to consider a variety of lines on Figure 2, e.g.
assumed knowledge vs actual knowledge, program
management knowledge vs engineering knowledge, etc.

Engineering Education

Based on the preceding discussion, we can
consider what aspects of engineering education may require
changes in order to be aligned with the needs of a
multidisciplinary ~engineer in a concurrent design
environment. The embodiment of today’s reality can be
seen in the stated goal of NASA’s new Intelligent Synthesis
Environment initiative: “To develop the capability for
scientists and engineers to work together in a virtual
environment, using simulation to model the complete life
cycle of a product/mission before commitments are made to
produce physical products”. Notice also that this very
ambitious statement also promulgates the tradition that
engineers and scientists are distinct. Universities were
founded to “teach learning, i.e. science”. Engineers who
built things learned their trade as apprentices. As time
passed, universities taught the engineering sciences but not
the science of engineering, in this author’s opinion. The
old-fashioned traditions were continued, however, in that
when the young engineer began employment in “the real
world” he was typically assigned to a senior engineer and
trained on the job. The expectation was that a new graduate
(at whatever level) did need training in the “real aspects of
the job or project”.

Universities today are becoming more involved in
teaching what the acrospace industry really needs, i.e.
graduates with some experience in working in a team
environment on a multi-dimensional problem. In the USA,
in this author’s opinion, the Georgia Institute of Technology
in Atlanta, Georgia, is the most advanced in offering
graduate degrees in aerospace vehicle design.  The
philosophy has been expressed as producing a “T-shaped
engineer” i.e. the student is taught a broad range of
engineering subjects to a certain level of detail, plus at least
one specialty subject in depth. As a purely personal opinion,
I consider that I got a very good undergraduate training in
the broad range of subjects required to receive a degree in
mechanical engineering. I suggest that the real difference is
that the engineering subjects need to be taught, not as
separate engineering sciences, but linked together in the
interdisciplinary nature of real world problems. The linking
together of the engineering sciences to provide
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multidisciplinary understanding is what forms the top of the
“T” in shaping an engineer, this is the science of
engineering. This concept is depicted (humorously) in
Figure 4. In order to accomplish this, graduate students are
assigned to work on team projects. At Georgia Tech, this is
accomplished through an Aerospace Systems Design
Laboratory. Students are assigned design projects and use
state-of-the-art computer programs, many of which are
advanced by the doctoral thesis work. In addition, there has
been a relatively recent trend for professional technical
societies and organizations to encourage such team projects.
A visible sign of these activities is the various “build and
fly” competitions that are held as university challenges.

The Old-Fashioned
Education in the
Engineering Sciences

1
1
1
]
1
[}
}
]
]
f
I-shaped ! T-shaped and
E Team Trained
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]
!

I+1 TTTTT

Today’s Required
Engineering Education

Figure 4. Education for Concurrent Engineering
The Future

Part of this discussion may also be considered as
learning from history. It is known that the Wright Brothers
studied birds as they were solving the basics of controlled
flight, and the same is probably true of most of their
contemporaries. Wing warping as a roll control device
certainly came from the Wrights’ observation of the
aerodynamic shape of bird’s wings in flight. This author
has not seen any explanation for the design of the aileron
that soon replaced wing warping for roll control. We know,
however, that wings structures were made stiffer as speed
and maneuvering increased. Very soon after those early
flights aircraft design engineering became an evolutionary
process of development from the preceding model. At
AFRL today, however, wing warping is being researched
again in the Advanced Aeroelastic Wing (AAW) program.
So, is the aerospace vehicle design community at a point
where we can learn again from nature in order to make the
next major advance ?

The theoretical base is being developed that will
allow the application of energy-based principles to aircraft
design (Bejan 1997). It is a logical process to consider
static systems such as power or refrigeration plants in terms
of an energy balance, in order to analyze and minimize the
losses. The same principle is being applied to aircraft
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systems (Bejan 1999). That work is a discussion of “new
opportunities for thermodynamic optimization” including
the thermodynamic optimization of flight.

In a simple one-dimensional view, the aerodynamic
optimization to reduce drag is already an example of
minimizing the use of energy represented by fuel burned.
We can write a balance of the fuel burned by the engine in
order to do work overcoming the drag of the airframe. This
is the implicit consideration of the traditional performance
analysis, although it has been typically used to calculate the
range or radius with specified mission constraints. This
traditional analysis has been based on very simple models of
an airplane that was designed through trial and error
processes rather than a true integrated procedure. The
engine also has to supply energy, in different forms, to drive
the hydraulic pumps, to power the environmental control
system, etc. The power that is required from the engine for
these functions is not calculated on a real-time basis and is
usually a simple average, so the analysis of a mission that
includes combat maneuvering is only an approximation, at
best.  Further, that environmental control system has
probably been designed as an independent subsystem and
“integrated” via the definition of the interfaces.

Now, if we look into the future and consider the
design of a total aircraft system in terms of an optimum
balance of energy then all the classical engineering
disciplines must be re-assessed. The first consideration is
whether the engineering tasks can all be formulated in a
common framework of energy or thermo-economic metrics.
The answers to this question probably range from the trivial
to the very complex. It is in vogue currently to claim
optimization of life cycle cost, which is impossible to
calculate with any degree of certainty using the available
models. If we consider the potential of using energy-based
optimization, then “everything” must be put in thermo-
economic terms but to do this we must consider energy and
cost to be equivalent units. The future of this methodology
depends on being able to formulate the individual technical
disciplines in this common framework for analysis and
optimization, in parallel with the development of the
necessary physics-based modelling.

Conclusions

A century of manned flight has been summarized
in the briefest way possible to consider the role of the
technical specialist, such as the aerodynamicist, in the
modern design context. It is suggested that the time has
already passed when the individual technical disciplines
could be practiced independently. Optimization of
individual disciplines leads to a sub-optimum system. This
is probably obvious to many when considering design of a
flight vehicle, but it is also just as true when considering
applied research and technology development. Now, and

for the future, each technical discipline has to be considered
in a multidisciplinary environment to satisfy the object of
concurrent engineering. The theme of the symposium might
be stated as “The Role of Aerodynamic Design in System
Optimization”.

The required education for “modern engineers”
was discussed. No matter how good an engineering
education was, it seldom prepared the graduate for the
realities of a design team. I suggest that the next generation
of engineers should be trained in the science of engineering
rather than continue with separate treatments of the
engineering sciences.

The original flight experi