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Kungliga Tekniska Högskolan, Stockholm.
c©Tomas Melin 2006
Universitetsservice US AB, Stockholm 2006



Doctoral thesis i

Preface

There is an African proverb, ”It takes a village to raise a child”, the same
saying works for the laboring of a doctoral thesis. Although one person is
stated as the author, the composition would not have come about without the
support and endorsement of many persons and organizations. I therefore wish
to acknowledge the following persons and organizations:

Personal thanks

Many warm and hearty thanks to my advisor Arthur Rizzi, to whom I am in
great debt. Without his help and advise, this work would not have come about.

Many warm thanks to my co-advisor Jesper Oppelstrup, who also was indis-
pensable in my research.

Many thanks to my fellow graduate students Kalle, Simone and Hanyo, and
the already graduated Yann and Stefan, whom all are on quests of their own
but always ready to lend a hand. Thanks guys. Also to the other graduate
students beyond the departmental bulkheads, for their help, assistance and
friendly chats in corridors and coffee room.

To my Igors, whom have been very helpful in tying up odds and ends: Maria,
Daniel and Torbjörn. And to my friends: Lisa, Nella, Maria, Jenny, Carro, Mar-
tin, Johan, Sara, Anna, Fredrik, Maria, Petra and the rest for their support and
understanding. Also for proving to me that even graduate students can have a
social live.

To all of the participants in the rescue wing project, Hans, Enar, Pia, Patrik and
many others.

To all partners in the HELIX project, with a special mention of Simon Galpin
and Martin Holl.

To Åsa, for many reasons.

To my family, my mother and father, for their unconditional support and my
sister for being understanding.

Financial support

I would like to thank the CEC, and the EU-fifth framework for providing fund-
ing, and making the HELIX project possible. Likewise, the Department of
Aeronautical and Vehicle Engineering, School of Engineering Science, KTH for
their support during my studies. Also, the Carnegie Foundation for financing
the Rescue wing project. Additionally, the Swedish Navy, 1:st Helicopter bat-
talion for their support and valuable feedback.





Doctoral thesis iii

Abstract

This thesis covers some aspects of current aircraft design, and presents how ex-
periment and simulation are used as tools. Together they give enhanced effects
over employing either one separately. The work presented has been produced
using both simulations and experiments.

An overview of aircraft design tools is presented, together with a description of
their application in research. Participation in two major design projects, HELIX
and the Rescue wing, gave an opportunity to combine traditional experimental
and computational tools. They also serve as a platform for developing two new
tools, the vortex lattice program Tornado and the DoTrack camera based wind
tunnel measurement system.

The HELIX project aimed at exploring new, unconventional high-lift systems,
such as blown flaps, flaperons and active vortex generators. The concepts were
investigated with an array of conceptual design tools, ranging from handbook
methods to high Reynold’s number wind tunnels. The research was done in
several stages. After each stage the concepts failing to reach specifications were
discontinued. The active vortex generator concept is followed in detail from
the first phase in the HELIX project, and was finally evaluated by full compu-
tational fluid dynamics (CFD) and wind tunnel testing.

The lessons learned in HELIX were applied to the Rescue wing project, where a
kite balloon system for emergency localization was developed. The project is
truly multidisciplinary, and both experiment and simulation had to be used in
close conjunction. Lack of appropriate methods for measurement and analysis
of this kind of device meant that new methods had to be developed.

Recent experience of academia working closely together with industry has
shown substantial benefits to all parties involved. The synergy of computer
modeling and simulation with experiment plays an important role in the com-
mon collaborative modus operandi of academia and industry. In particular,
the later stages of aeronautic educational programmes should actively pursue
such collaboration.
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Sammanfattning

Den här avhandlingen täcker några aspekter av modern flygplansdesign, samt
presenterar hur experiment och simuleringar används som verktyg. Tillsam-
mans ger de bättre resultat än om de hade använts var för sig. Arbetet i den här
avhandlingen har tagits fram med hjälp av både experiment och simuleringar.

En översikt av olika designverktyg presenteras, tillsammans med en beskrivn-
ing av hur de används i forskning. Deltagandet i två stora forskningspro-
jekt, HELIX och projekt Räddningsvinge, gav en möjlighet att kombinera de
traditionella designverktygen. Samtidigt som de var en plattform för att
utveckla nya verktyg: virvelgitterprogrammet Tornado samt kameramät sys-
temet DoTrack för vindtunnelmätningar.

HELIX projektet utforskade nya, ovanliga höglyftssystem, såsom blåsta klaf-
far, skevklaffar och virvelgeneratorer. Koncepten utvärderades med en rad
konceptdesignverktyg, från handboksmetoder till höga Reynoldstals vindtun-
neltest. Forskningen genomfördes i flera steg och efter varje steg sorterades de
koncept som inte uppfyllde specifikationerna bort. Virvelgeneratorkonceptet
studerades i detalj, från den första fasen i HELIX med handboksmetoder till
fullskalig beräkningsaerodynamik (CFD) och vindtunneltest.

Lärdomarna från HELIX kunde användas på räddningsvingeprojektet, där ett
drakballongsystem för nödsignallering skulle utvecklas. Detta projekt är mul-
tidisciplinärt och både simuleringar och experiment användes flitigt. Brist
på lämpliga designverktyg för en dylik tillämpning krävde att nya metoder
utvecklades.

Aktuella erfarenheter från ett nära sammarbete mellan akademi och industri har
visat sig vara mycket gynnsamt för alla inblandade parter. Synergieffekterna
av datormodellering och simuleringar med experiment spelar en viktig roll i
det gemensamma modus operandi för akademi och industri. Den senare delen
av flygteknikutbildningsprogrammet borde aktivt söka att utveckla den här
typen av sammarbete.
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Dissertation

This doctoral thesis contains a brief introduction to the research area, with
overall discussion of the gathered results, and the following appended papers:

Paper A

T.Melin, ”Helix Innovative Aerodynamic High-Lift Concepts”. European Congress
on Computational Methods in Applied Sciences and Engineering ECCOMAS
2004, Jyväskylä, 24 to 28 July 2004.

Paper B

T. Melin, S. Sefi, ”The Rescue Wing: Design of a Marine Distress Signaling
Device”, Oceans 2005, Washington D.C. USA, Sept 2005.

Paper C

T. Melin, S. Crippa, M. Holl, M. Smid, ”Investigating Active Vortex Generators
as a Novel High Lift Device”, ICAS 2006, Hamburg, Germany, 2006.

Paper D

T. Melin, ”Single Camera Method for Test Object Orientation Reconstruction in
Wind Tunnel Tests”. Intended for submission to AIAA journal.

Paper E

T. Melin, ”Numerical and Experimental Study of the Flight Characteristic of a
Tethered Kite Balloon”, Intended for submission to The Aeronautical Journal.

Paper F

T. Melin, A. Rizzi, A. Isikveren, C.Stamblevski, H.Vera, ”How Industry Con-
cepts of Concurrent Engineering Enhances Aircraft Design Education”, invited
to Journal of Aerospace Engineering.
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Division of Work Between Authors

Paper A

The conference paper ”Helix, Innovative Aerodynamic High-Lift Concepts”
was a collaboration between all partners of the HELIX project. The work
package managers performed the research on their allotted concept and wrote
a short summary of the work done. Melin compiled and harmonized the
different text contributions to one paper, formulated the problem and collected
results from different project meetings. Melin also presented the contribution
at the conference.

Paper B

The conference paper ”The Rescue Wing: Design of a Marine Distress Signal-
ing Device” was a cooperation between Tomas Melin and Sandy Sefi. Melin
did the aerodynamic, flight mechanic and operational study in parallel with
formulating the overall problem. Melin also wrote the paper except for the
electromagnetic simulations and presented the paper at the conference. Sefi
executed the electromagnetic simulation, compiled those results and wrote the
electromagnetic part of the paper.

Paper C

The conference paper ”Investigating Active Vortex Generators as a Novel High
Lift Device” was executed within the HELIX project. Melin carried out the
analysis and the comparison between experimental and numerical data as well
as writing the paper. Melin supervised Crippa in the numerical simulation
work. Holl and Smid did the experimental testing.

Paper F

The invited paper ”How Industry Concepts of Concurrent Engineering En-
hances Aircraft Design Education” was a collaboration amongst the authors
within the EWADE framework for teaching aircraft design using the simulation-
experiment synergy. Melin supervised Stamblewski in the experimental work
of the ”Wright Kite” part, wrote the parts about Tornado did the numerical
simulation of the Wright kite. Rizzi created the paper outline, compiled the
paper and wrote the part about Horizon 1100 case at KTH and presented parts
at EWADE Conference last October. Isikveren wrote the part about QCARD
and the overall Horizon 1100 case. Anders presented parts of the paper at the
EWADE conference 2005. Stamblevski executed the wind tunnel experiments,
analyzed the results, and wrote the part regarding the Wright Kite.
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1. Introduction & Overview

This thesis takes the customary form of a collection of scientific papers (six)
together with a ‘Summary’ section that identifies common threads and unify-
ing themes that run through the six papers. It does this by summarizing the
various papers and by describing how they are related to one another.

The work spans a number of phases in the structured aircraft design cycle, for
different types of final product. Here we take ‘aircraft design’ in the broader
sense of ‘aeronautical design’ by which we mean any type of object that flies in
the atmosphere, manned or unmanned.

A good design is achieved by building up understanding of and experience
with the disciplines and issues involved. One can think of it as developing a
growing database of knowledge about the subject matter. A recurring theme
pervading the different phases of the thesis is the combined use of experiment,
theory and computer simulations to build up that database of knowledge.
Proper combination of these three methods is employed to support creative
thinking and understanding, as well as to produce quantitative data for design
studies, and to optimize system performance.

1.1. Rescue Wing: Papers B, D and E

The Rescue Wing discussed in Papers B, D and E, is an unconventional aerody-
namic device for distress signaling. Only very sparse data for similar devices
exist, i.e. the database of design knowledge is not very large. The work de-
scribed takes the project from a stage where user requirements were formulated
for an initial design proposal to an initial version of a flight mechanical model
for a semi-final design. Along the way, tools for acquisition of dynamic data
from wind-tunnel experiments were developed. Theory and very coarse mod-
els as well as CFD of the full configuration were used to select model material,
size, wind speeds and camera frame rate, to name but a few of the parame-
ters needed to be quantified before the model can be made and flown in the
wind tunnel. The experiment-modeling comparison highlights how experi-
ments must be used when flow simulations are unreliable, e.g. for bluff bodies
and unsteady flow. In this case, scale modeling for both Re and buoyancy was
impossible which added further uncertainty to the CFD predictions. In other
words the database of knowledge for this design is only starting to be populated.

1.2. Simulation-Experiment Synergy: Paper F

Recent experience of academia working closely together with industry has
shown substantial benefits to all parties involved. Here the synergy of com-
puter modeling and simulation with experiment plays an important role in
the common collaborative modus operandi of academia and industry. Experi-
ments, because they require specialized and sophisticated instruments are very
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expensive to perform, and thus less likely to occur in academia than in indus-
try. Thus academia focuses on modeling while industry does both, or more
precisely does what is needed to produce the products attractive to customers.
The end result is that invariably the industry’s database of knowledge is much
greater than academia’s, but it also is proprietary and this inhibits the academia-
industry synergy. Trends towards design of unconventional aircraft and the
evolving improvement in modeling realism is helping to counteract this inhi-
bition. The key observation of Paper F is to exploit the simulation-experiment
synergy to expand the knowledge database and to improve on subject matter
and student interaction in the aeronautics curriculum. The modeling of the
Wright 1902 glider shows how theory - non-existent in 1902 - and simulation
with simple tools provides a student-friendly alternative to exploring the de-
sign space. Experiment alone in 1902 required some six hundred test flights to
produce a working vertical tail and rudder.

1.3. Structured Engineering Design: Papers A and C

Structured engineering design charts out the design space by evaluating, in a
repetitive process, their design proposals by comparison with their competitors
so that at the end of the process their final design is the outcome. The HELIX
EU-sponsored project is the topic of Papers A and C. An initial population of
twenty-three new design proposals for high-lift augmentation at take-off and
landing, some very unconventional, was critically evaluated and down-selected
over the course of two years. The active vortex-generator concept was the sole
survivor and subjected to high-fidelity modeling and wind-tunnel experiment.
Here the repetitive process of charting and narrowing down the design space
has made excellent use of the simulation-experiment synergy to optimize the
outcome and to hold down the costs, which is a recurring engineering design
paradigm.

1.4. Common Design Paradigm

The Rescue Wing and HELIX efforts are very different design studies treated
by a common engineering design paradigm. The basic kite balloon concept
of Rescue Wing was fixed, but quantitative design had to start from a blank
slate, since no precedent device could be found and the design database was
virtually nonexistent. Very different types of constraints and requirements had
to be factored in, ranging from shelf life to visibility and radar reflectivity, via
gas pressure with its influence on seam integrity and shape integrity.

High-lift systems, on the other hand, have evolved into a very mature sub-
system with well understood performance indicators, and the challenge in
HELIX was to find a “revolutionary” different type of system with better per-
formance. Hence the large number of proposals which made the selection of
proper tools at each stage of the process to shorten the design cycle critical.
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1.5. Contents of Summary

Chapter 2 surveys aircraft design in order to set the background for the thesis.
It contains a more detailed description of the product definition phase, together
with examples of other nomenclature. Sometimes called the ‘Queen of the
aircraft disciplines, aerodynamics features squarely in the following pages, es-
pecially the tools used in aerodynamic design. The work done in developing
the new implementation of the vortex lattice method, Tornado, is described
in Chapter 3 together with validation examples and descriptions of certain
programming solutions. Chapter 4 gives a short executive summary of the
appended papers, and their relevance to each other.
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2. Aircraft Design

2.1. Historical Overview of Aeronautics

Aircraft design is a young branch of engineering science with only a 100-year
history. Aeronautics has come a long way since the first powered flight. The
advances made in aerodynamics, flight mechanics, research methodology and
not the least in the final product, the aircrafts, are only matched by the devel-
opment in computer science. However, aeronautics as a scientific discipline is
older than its engineering application.

The history of aviation is as old as mans dream of flight. Classic legends tell
stories about conquering the skies, stories created long before the oceans of
the earth were vanquished. Holmquist [Hol40](pp 7-9) concludes that Leonardo
da Vinci performed the first documented attempt to investigate aeronautics.
With the book ”Codice sul volo degli uccelli” (The Codex on the Flight of
Birds, [dV05] ) of 1505, now in the collection of Biblioteca Reale in Turin, da
Vinci assesses the aerodynamic and flight mechanic properties of birds, and of
the kite species in particular.

In this work, da Vinci states that a soaring bird itself does not generate the
power needed for sustained flight, but rather that the flapping of the wings are
needed for control. These are two fundamental statements in aeronautics. The
first one opening the scientific arena for glider aircraft, and the second one be-
ing the same paradigm that the Wright brothers exercised in their examination
of controlled flight, four hundred years later. In his work, da Vinci came close
to solving the engineering problem of glider aircraft design, with conceptual
design sketches of various design implementations, both on a planform scale,
and on a detailed design level (see figure 1)

Holmquist [Hol40](pp 9-10) continues to describe the historical engineering
attempts at aircraft design; he mentions Emanuel Swedenborg as the first to envi-
sion a fixed wing concept with a propeller device. Specifications stated a wing
surface of 50 m2 and 2 to 3 humans providing power. The design was pre-
sented in the journal Dædalus Hyperboreus, 1716, one of Sweden’s first technical
journals. Christopher Polhem, opposed the idea, not on the scientific base that
human flight should be impossible, but rather from the point of view that the
engineering problems would be impossible to overcome.

In the eighteenth century, the English scientist Sir George Cayley identified a so-
lution to the so called control problem by suggesting a fixed wing design with
a separate tailplane. He also identified the need of a stronger power source
than human power. Although steam engines were available for a multitude of
applications at the time, Cayley rejected their use in aeronautic applications.
In the introduction to Navier-Stokes solvers in European aircraft design the power
problem of the 19th century flight is identified by Vos et.al. as: Human power
is too weak, steam power is too heavy. [JV02] (p604-605).

With Cayley’s work there was a paradigm shift in aeronautical engineering.
Before, scientists and engineers had been focused at imitating bird flight in
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Figure 1: Detail design sketch by da Vinci

the shape of ornithopters and winged garments. With the introduction of the
Cayley design paradigm the engineering approach was to separate the functions
needed for sustained flight. The different parts for aerodynamics and control,
propulsion and structures can readily be identified on any conventional aircraft
designs of today: The wing, control surfaces, engines and the fuselage. Cay-
ley envisioned [Kc78] (p103) that the interference effects between these design
modules would be small, and hence they could be assessed one at a time and
then integrated into the final design.

Cayley’s work was very advanced for the time, among his results was the im-
portance of streamlining bodies to reduce drag. Cayley was also one of the
first experimental aerodynamicists with his work on model aircraft. Operating
outdoors, his last model had a wing surface of 30 m2.

At the beginning of the 20th century, aerodynamics had become an established
branch of science. With the first powered flight of the Wright brothers’ Flyer
in 1903 their solution to the engineering problems where proven to be correct.
Their engineering problem is revisited in Paper F, where students at university
level use modern tool to solve the same problems as the Wrights faced.

Ever since the first aircraft started to take shape at the Wrights’ drawing board
in Kitty Hawk, the analysis tools for aircraft performance have been developed
alongside with the aircraft themselves. The more advanced tools were available,
the more advanced the aircraft designs got. Successively, improvement of
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analysis tools has lead to more and more advanced aircraft designs.
Interestingly, old tools where not always abandoned for new, more advanced
tools. Instead the tools developed early in aircraft design history, have found
their place in the early design stages of a new aircraft. In that sense, each
new aircraft design project can be envisioned as a historical odyssey of aircraft
analysis tools, starting with short, one-line formulas and ending in the large
modern industrial software suites of CFD, FEM and CAD packages. A typical
example of this escalation in accuracy can be seen in the HELIX study in paper
A and paper C. Anderson [JA98] (p307) gives one famous example of early
tools in the Breguet Range Formula 2.7.2, which gives a quick, practical estimate
of the range of a propeller aircraft,

R =
η

c
CL

Cd
ln

W0

W1
(2.1.1)

where the range R is dependent on:

η : Propeller efficiency
c : Specific fuel consumption
CL : Cruise Lift coefficient
CD : Cruise Drag coefficient
W0 : Aircraft Take-offweight
W1 : Aircraft loaded empty weight (Cargo, but no fuel)

The Breguet Range Formula captures the three most important aspects of con-
ventional conceptual aircraft design. The propulsion is covered by the first
fraction, the aerodynamics by the second fraction and the structural consid-
erations by the third fraction. In this thesis, the main focus will be on the
aerodynamics and the aerodynamic tools available during conceptual design.
The Cayley design paradigm has dominated aircraft design, and still does to a
great extent. In the application of this paradigm in devising tools of aeronauti-
cal design, the focus came to rest on the traditional aircraft design: a cylinder
with wings on it, a separate tailplane and a power plant, according to Cayley’s
own early designs. Hence, the tools themselves were adapted to this type of
aircraft.

Recently, proposals for aircrafts not matching the conventional format have
been put forward: box wings, flying elliptic wings etc. It has become evident
that some of the old tools cannot be used for analyzing these new designs.
This is because of two factors: they are not conventional designs, therefore
conventional design tools are not fully applicable. The new designs are highly
integrated, engines providing lift through thrust vectoring or blown high lift
systems, the wing itself is used to carry some or even all of the cargo, lifting
bodies etc. This became particularly true for the rescue wing project, papers
B, D and E, where panel methods were ruled out as inappropriate for simulat-
ing the flowfield around the rescue wing. The integrated design philosophy
is detrimental to Cayley’s design paradigm of separate functions. With the
research front moving toward unconventional designs, there is an emergence
of a breakdown of the Cayley design paradigm. It creates a need for devel-
oping conceptual design tools that model aircraft characteristics on a deeper
scientific basis. This development is seen in the shape of integrated product
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development environments and predictive methods.

Since the strive for better products, aircrafts, is a competition between indi-
viduals, companies and nations, the scientific tools become more advanced,
the understanding of aeronautics grows, allowing for more and more elaborate
aircraft designs. But in every case, new aircraft designs are born on a sheet
of paper as a product of the designers imagination and knowledge, just as
Leonardo da Vinci’s model of the kite.

2.2. Current Developments

Or how to transform requirements into specifications.
Form gives function in the aeronautics discipline, perhaps more than in any
other engineering discipline. This chapter will deal with the initial phases of
aircraft design, the product definition phase, where the shape of the aircraft is
formed.

Designing a new aircraft takes time and resources, and to be able to perform
the design work in the most efficient manner, a multi-cycle design approach
has evolved during the later half of the 20th century. The main idea is to make
sure that the design team has access to as much high fidelity information as
early in the design process as possible. This is evolved on in paper F, where the
close-coupled cooperation between industry and universities prove beneficial
to all participants. By performing the design process in an iterative manner,
designers can be sure that decisions of the same gravity are being assessed at
the same time. It is important that the major decisions are correct, because
changing them afterwards, when the design work has carried on to a more
detailed level, is costly.
Essentially, the design process should have a ”first-time-right” approach, any
business relations after delivery should be considered as the start of a new
project, either as a support mission or as a new design task. The design process
may acquire this property by the design procedure of Virtual prototyping. Before
the dawn of computers, aircraft designers where forced to design and manu-
facture prototypes, either in sub-scale for wind tunnel testing, or full sized
test-flight aircraft. Today, computer based simulations cover much of the re-
search work earlier done in experiments. More and more of the information
flow involved in aircraft design is being transformed into digital form, allowing
a faster, cheaper and better design process. However, there are still cases when
the experimental background is too thin to allow for a all out digitalization
of the design process. This is deliberated in the camera method paper, paper
D, where no applicable validation data were available to verify the numerical
results.

2.3. Virtual Prototyping

In describing the aircraft with aerodynamical data, together with structural
estimations and estimations on the powerplants, the design engineer can con-
struct a virtual prototype. A virtual prototype is a computer model that can
be used for systems simulations, simulations of the aircraft on the ground (for
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handling near the terminals of an airport) or as a flight simulator. This was the
overall background to paper E, where a simulation system for kite balloons are
proposed in order to evaluate its handling qualities in different environments
not easily reproducible in the physical world.

Vos et al. describes it in [JV02] as: due to the global competition, economical
and ecological pressures, the aircraft industry now needs to deliver products
which are better, faster and cheaper to produce. Information technology al-
lows the design teams to rely more and more on numerical simulations instead
of tests as a way to reduce production costs. Additionally, the accurate data
obtained through simulation allows for far-reaching optimization of the whole
design as well as contributing sub-disciplines in a way which would not be
possible without the information technology infrastructure. With the break-
down of Cayley’s design paradigm, a need for interdisciplinary optimization
has been created.

Holmberg [Hol00] implies that by the use of computers a digital mockup in an
integrated product development environment enables the development engi-
neers to see all of the design configurations that are collected in a database. In a
well conceived environment, proper tradeoffs can be made in the early design
stages, thus reducing the number of changes later. In such a context, design
evolves into a multidisciplinary process supported by fast, accurate and cost
effective means to generate data for each contributing discipline as well as for
complex interdisciplinary relationships.

The idea of a digital drawing board, as visualized in figure 2.3, implies that design
should be kept in a digital form for as long as possible. The reasons for this are
mainly financial; keeping the design data in a digital format makes the whole
design process more expedient than a paper-based approach. The digital for-
mat does not only allow a rapid transfer of data between engineers, but also
between softwares - the number one tool of aircraft designers. Optimizations
and trade studies can be made on-line. The main idea is to simulate the en-
tire aircraft, in all concerns such as manufacturing, operational and servicing.
It adds up to a Life-Cycle Assessment for which the cost (usually) should be
minimized.

In an integrated product development environment as described, the workload
of the aerodynamic designer increases as a vast multitude of design options
must be simulated. The large quantity of data that needs to be handled in
modeling, the interpretation and the synthesis of aerodynamic shapes pose a
new challenge. To allow aerodynamicists to concentrate on the essential tasks
of studying and validating the design, the data processing operations must be
made as transparent as possible.

One approach to this problem is the integrated design environment tools de-
scribed below, that in conjunction with predictive methods such as the vortex
lattice method serve to give the designer access to high fidelity data as early in
the design process as possible. The main design task is to produce as virtual
product, a virtual aircraft which simulated characteristics and performance
match the customers requirements as close as possible. In performing this
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Figure 2: The digital drawing board, where the geometrical shape and its predicted
performance interacts digitally. An example from Isikveren’s software Qcard [Isi02]

exercise before any work has been undertaken at the manufacturing facilities,
the quality of the final product is assured as no surprises are expected, neither
in the manufacturing nor in the operational phase of the aircrafts life cycle.

Additionally, the digital drawing board gives a way of ensuring data security
and data integrity. In this way, no one but the authorized design team has
access to the aircraft data, and they can be sure that they are working with a
current and correct version of the design. Much effort can be saved by keeping
a coherent design database on file and thus not waste time in transferring
data sets between paper and computers. The use of computers has become
a central theme in conceptual design, without them the turn-around time for
investigating new concepts would be prohibitively long. The digital drawing
board is also a part of paper F, where students from two universities collaborate
in a design mission.

2.4. The Design Process

The design problem in aeronautics is defined by Küchemann [Kc78] as:

”Design work is the ultimate goal of aerodynamics and all
other activities should lead up to it. The design of an
aircraft provides the most severe test of hypothesis,
concepts and methods.”

Küchemann highlights the importance of having a suitable design strategy in
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order to create a good design. He argues that the base of all aerodynamic design
work should be basic fluid mechanics and selecting the kind of flows that can
be modelled with confidence. This would lead to the corresponding types of
aircraft and the methods available for assessing them.
Although the approach above would probably yield functioning aircraft if ex-
ercised, it lacks the motivation on why to start the design of an aircraft. In
that sense Teichmann [Tei39] comes closer to the methodology used today.
Teichmann too, acknowledges the necessity of an orderly form of procedure.
However, he also recognizes that aircraft development is customer driven, and
that customer requirements, more than fluid mechanics, determine the design
of an aircraft.

It is also an obvious fact that air traffic regulating authorities and their regula-
tions ultimately govern the shape of new aircraft. The truth is that all of these
background factors play an important role in the development of a new aircraft
design.
There are no standard definitions on when and how the design work can be
said to have started, or what the different cycles in the project’s life time should
be called. This thesis will use the nomenclature of Raymer [Ray99] with the
following layout, calling the whole chain The product definition phase:

• Conceptual design
• Preliminary design
• Detail Design

This thesis discusses the part of aircraft design known as the conceptual design
phase. During this phase, decisions are made on what requirements should
drive the development work. These requirements can be a combination of:
range, maximum number of passengers, pilot field of vision, terrain landing
capabilities and cruise speed. Decisions are made on which technologies should
be used, and what trade-offs can be accepted. Designers discuss the shape of
the aircraft, the general layout, number of engines, maximum weight and the
projected cost.

2.4.1. Conceptual design

A characteristic of the conceptual design phase is that the aircraft exists in a
multitude of different versions. Brandt [SB97] describes the aircraft geometry
of this phase as ”fuzzy” to signify the level of uncertainty of the future aircraft’s
shape. Of the many possible configurations, each version is evaluated against
specific figures of merit, and compared to the customer’s specifications. The
multitude of possible design approaches enables the design team to perform an
evolutionary change of the design concepts. The design is in constant change
during this phase and making sure that the entire design team is updated is an
important task.

The production of manufacturing drawings of the aircraft is a costly process, not
to mention the metal cutting phase - the actual manufacturing of the airframe.
The decision to book most of the costs in these phases are taken in the con-
ceptual design phase. Hence, the goal is to make conceptual design decisions
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that render the optimum performance, and a digital approach makes this easier.

The essence of speed in the conceptual design phase is addressed by Chu-
doba [Chu01] (pp 39), who acknowledges that the accuracy of the results is
indeed sacrificed in order to have an expedient investigation cycle. And rather
than searching for absolute numbers, the aircraft engineer is more often inter-
ested in finding the trends and interactions between different disciplines.

The time frame for the conceptual design phase ranges from a couple of weeks
to several years, and in some cases, decades. Within this period, hundreds of
design cycles are being performed and many different aircraft configurations
are being assessed. A sketch of the design loop is shown in figure 3.
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Figure 3: Schematic of the iterations in the design procedure

2.4.2. The design cycle

The design cycle is started by a market initiative. A customer’s, or the manu-
facturer’s own, market research department assesses the need for a new aircraft
on the market. Today, this has more and more become a global market, with
each aircraft manufacturer being able to deliver to a customer anywhere in the
world. The result of the market study is the design requirements. The design
requirements are a list of necessary specifications, usually several pages long,
that the future aircraft must have in order to fill the market niche it is intended
for. The design team then makes a quick assessment of the constraints on the
new design imposed by available technology, company policies and legal re-
quirements. When this is done the first centerline will be drawn, around which
the designer shapes an initial design estimate. With that, the conceptual design
work starts, and the design is evaluated with regards to:

• aerodynamics and flight mechanics
• propulsion and range
• structures and weight
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When the analysis has been done, the results are compared with the require-
ments. If there are discrepancies the design team has to propose a change in
either the requirements or in the design. Design changes are incorporated in the
aircraft model and the analysis is performed once again. This loop continues
until the analysis results match the requirements well enough, or when no new
improvements are possible. When the iteration has ended, the design project
can either be cancelled, shelved, or continued into the next design phase, the
preliminary design.

The main discussion of this thesis is about the tools used in the aerodynamic
analysis of a new conceptual aircraft design. In particular, the predictive meth-
ods called vortex lattice methods are considered. The other two important top-
ics of the analysis, propulsion and structures (see figure 4), has to be assessed
with other tools. These tools are often incorporated in handbook methods, or
in the integrated design environments described below.
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Figure 4: The core of the conceptual design loop. The analysis is divided into the
sub-disciplines: aerodynamics, propulsion and structures.

In the conceptual design phase, the whole design is composed of conceptual
representations of all of the subsystems of the aircraft. The engine for exam-
ple, may be modeled by nothing more than a volume, weight, the hard-points,
where the engine is intended to be attached to the fuselage, and an assumed
thrust and mass flow. As time progresses, the overall design will become more
and more complex, as the level of detail of the subsystems increases. This was
especially true for the Rescue wing project, Paper B and E, where a multidis-
ciplinary approach required considerations of shelf life, radar signature, gas
permeability and many other factors.

At the end of the conceptual phase, the design is fixed to a certain degree.
What started with three view sketch has ended with a three-view drawing of
increased complexity. All discrete variables, such as number of engines, num-
ber of wings, and how many passengers seats the cabin should hold, are set to
a certain number.
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Continuous variables, such as wing sweep, tail size etc are specified to within
tens of percent. However, in some cases the external measurements of the
aircraft may be set already in the specification. Examples of this are: the span
requirement of the Boeing raptor (F22), where the total span was required not
to exceed 13.5 meters, in order to make the aircraft fit in the same hardened
shelters as its predecessors; and the external measurement limits of the Airbus
380 by 80 × 80 meters, in order to make it fit into ordinary airports’ parking
spaces.

From time to time, the design loop cannot be closed either by changing the
design or by changing the specification. The requirements of the customer in
terms of speed or other performance might not be compatible with the cost
requirements, or the laws of physics. If this is the case, then the preliminary
design has truly filled its purpose by hindering an impossible design to de-
vour any more company resources. However, the data is not destroyed, it is
instead added to the available technology database for reuse in later projects.
An example of this is the Boeing Sonic Cruiser which was investigated in a
conventional but area-ruled triple engine layout in the 1980s, and then shelved
until the late 1990s when it morphed into a canard-delta, twin engine concept,
and was shelved again.

Compared with the definitions of the conceptual design suggested by Raymer,
Isikveren suggests a further division [Isi02] of the conceptual design phase. By
introducing an iteration loop named pre-design prior to the conceptual design
phase, he addresses the issue of how aircraft design specifications are created.
As these requirements are a prerequisite to the conceptual design it is important
to know how they are generated. The timescale of this pre-design loop ranges
from one to a couple of weeks. It would follow basically the same form as the
conceptual design loop in figure 3, but without being prompted by a market or
customer initiative. Instead, the goal is to be able to react to every change in
the aerospace market, doing a feasibility study and thus getting the initiative in
starting a conceptual design phase, rather than waiting for customer require-
ments.

2.4.3. The pre-design loop

The division of the conceptual design loop as proposed by Isikveren in [Isi03] is
a two-tier approach, that captures the creation of the design requirements. The
first tier being the pre-design loop and the second the conceptual design loop.
The pre-design loop should take between one to seven days to complete, which
stresses the importance of having tools that produce answers quickly, rather
than with high accuracy. The tools should demonstrate robustness, consistency
and applicability to the problem at hand. Due to the time constraint, numerical
simulation of the flow field is not applicable. Instead the designer will have
to rely on handbook methods. There is a cause for caution here, which the
conceptual designer should be aware of. As the handbook methods are built on
empirical observations, their results will favor conventional designs. This bias
will not always account traditional designs as the best. Their lower accuracy of
analysis of unconventional designs will yield stochastic results.
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The pre-design loop contains of four main sections:

• Marketing Requirements and Objectives.
In this section the work done includes assessing customer requirements,
checking the company’s in-house requirements and policies that might
influence the final design and inventory the certification requirements
stipulated by the civic government.

• Design Concepts
In this section, the design team investigates the available types of config-
urations on a macro scale, such as number of engines, fuselage volume
etc. The possible types of appropriate engines are looked into, and the
available technologies to be used in the overall project are explored.

• Initial Baseline Design
The design team then performs an initial design assessment, which is
meant to answer questions such as: should the new design be a ”Clean
Sheet” design, or should older designs be reused as partial implementa-
tions to the new design? Is there a possibility to devise a concept family,
built on a core design? Is there a need for provisions for fuselage stretch-
ing or different engine selections? A feasibility study is performed to
get an estimate of the technical and financial risks of a continued design
project.

• Parametric Studies
The initial baseline is then subjected to a sensitivity analysis in order to
capture the performance-critical design features, and what design fea-
tures could be allowed to change in a trade-off study. The basic design
parameter values are then used in the design trade-off study, where pa-
rameter values are pertubated in order to satisfy the requirements set in
the marketing Requirements and Objectives section.

2.4.4. Parameter-Characteristic-Performance

The actual number crunching in the conceptual design phase, consists of inves-
tigating the different features of the aircraft design. A number of parameters
are chosen to be pertubated. Raymer [Ray99] selects the following :

• Wingspan
• Wing sweep
• Fuselage diameter
• Tail size
• Tail placement
• Gross weight
• Engine power
• Fuel volume

All of these parameters influence the characteristics of the aircraft. These char-
acteristics are the figures that tell the designer a lot on how the individual parts
of the aircraft behave. They could be aerodynamic characteristics such as lift
slope, maximum lift coefficient or roll damping. They could also be propulsive
characteristics such as static sea-level thrust or thrust specific fuel consumption
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(TSFC), or they could be structural characteristics such as the empty weight,
fuel volume or moments of inertia.
However, product requirements are not expressed in the form of these aircraft
characteristics. Instead the requirements are expressed as performance, such
as:

• Stall speed
• Take off field length
• Cruise range
• Cruise ceiling
• Allowable change in center of gravity
• Approach angle
• Flight mechanic eigenmodes
• Pilot work environment

Such list for the rescue wing project is listed in Paper B. The aircraft charac-
teristics need to be translated into performance. Usually this require input
from all of the conceptual design disciplines: aerodynamic, propulsion and
structures. The vortex lattice method discussed in this thesis is a tool for con-
verting parameters into characteristics. To further the analysis and completing
the conceptual design loop another type of tool such as the integrated design
environment is needed. Examples of such integrated design environments, em-
bodying the concept of the digital drawing board, are Raymer’s program RDS,
Isikverens Qcard or Chudoba’s AeroMech. But it is not enough just converting
characteristics to performance. In order to design a market competitive final
design, the conceptual design has to be optimized.

2.4.5. Design Optimization

The design optimization is an important part of the conceptual design phase.
Mathematically it can be described as [Ray99] selecting a number of design
parameters in such a way that the parameter X must reside within certain
constraints:

Xmin ≤ X ≤ Xmax

The design parameters could be the ones listed in the parameter lists above. Of
these, the first five are evaluated with aerodynamic tools, the others with tools
for structures and power plant, respectively. A baseline drawing is devised,
with an initial guess, and the aircraft characteristics U of the design proposal is
evaluated in such way that U = U(X). From this evaluation, specific measure-
of-merit (MOM) is selected from the computed aircraft performance, which
could be aircraft price, maximum speed or any other merit. This MOM, de-
scribed as F(U(X)) is then optimized as equation 2.4.1:

max(F(U(X))


G(X,X(U)) > 0
H(X,X(U)) > 0
I(X,X(U)) > 0

 (2.4.1)

The functions G, H and I are then the constraints to which the MOM (X) is
subjected. Typical constraints can be take off field length, which is set by length
of the available runways around the world, or minimum range when taking off
with maximum gross take offweight.
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2.4.6. The output of conceptual design

The final stage of conceptual design is to create a proposal design to serve as
input for starting the next design phase, the preliminary design phase. The
most concrete result coming out of the conceptual design phase is the three
view design drawings (see figure 5) out of [Ray99]. While in no way detailed
enough to start manufacturing, the design drawings give a fairly good esti-
mate of the shape of the final product. But there is more to the conceptual
design phase results: in the comparison of analysis results with specifications
the flight mechanic derivatives play a major role. These numbers specify the
handling qualities of the future aircraft: how heavy it will be on the stick, how
fast it will recover from a gust disturbance and other properties relevant to the
future pilot, and even more importantly; relevant to the future control system
designers and the structural designers.

Figure 5: Conceptual design three-view drawings, from [SB97].

2.4.7. The other design phases

The Preliminarily design phase starts as soon as the conceptual design phase
has ended by freezing the configuration. At this stage, the external surface of
the aircraft is defined. Advanced testing and simulations creates the necessary
database, and all major items, wingbox, fuselage, empennage etc are designed.
When this is done, a statistical cost analysis can be made and presented to the
customers. No real surprises are expected in this phase, but if they emerge,
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the problems must be rectified before proceeding to the next level, the de-
tailed design phase. By continuing beyond the preliminary design phase, the
designer-in-chief passes a threshold called ”You Bet Your Company!”. The lit-
eral meaning of this is that the company costs for continued development and
manufacturing will be higher than the total company net worth. This means
that if the projected number of sold aircraft is not reached, the whole company
will be in economic peril.

The Detail design phase incorporates the making of the production drawings,
with structural simulations down to the nuts and bolts level. This means de-
signing tools, jigs and preparing the shop layout, finalizing delivery dates with
subcontractors and performing physical tests on the major items. In this phase,
a full scale mockup might be built. With more detailed CAD drawings, the
actual design weight can be assessed and the final performance predictions can
be made.

2.4.8. Overall design, from specification to rollout

There is much more to the entire design process than the product definition
phase. Vos et. al. [JV02] make another distinction than Raymer by excluding
the production of the manufacturing drawings from the initial design work.
Instead they suggest:

1. product definition
a) conceptual design
b) pre-design
c) design

2. product development
3. product manufacturing
4. product support

The conceptual design (1a) is more or less equivalent to both Isikverens pre-
design phase and the conceptual design phase. The product development
phase is equivalent to Raymer’s detail design phase, where the manufacturing
drawings are produced. In addition, the two phases manufacturing and sup-
port, forms the base of the rest of the design work needed during the life-span of
the product. There will be product upgrades such as retrofitting new engines,
elongation of the cabin or the installation of new and improved sub systems.
In the military sector, it is not uncommon for an airframe to muster on for 40
years or more and during that time it will constantly be upgraded.

2.5. The tasks of aerodynamics in conceptual aircraft design

The role of predictive aerodynamic methods in the conceptual aircraft design
phase is to determine the forces and moments acting on a body in motion in the
air. This is done by using the multitude of tools available to the aerodynamic
designer, see figure 6. Vos et al. [JV02] state that the major task of aerodynam-
ics is to define the overall aerodynamic shape of an aircraft in order to fulfill
the aerodynamic performance demands of the sizing missions, which include
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stability and controllability of the vehicle.

Figure 6: The tools, tasks and results of the aerodynamic design process, from [JV02].

By employing some of the tools discussed in the tools of the trade section, the
conceptual design engineer can estimate the aerodynamic characteristics of the
future aircraft, and in doing so remove many of the uncertainties regarding the
future behavior of the aircraft.

2.6. Aircraft Characteristics

The aircraft characteristics are the performance numbers of the aircraft sub-
systems, describing the operational performance of an individual part of the
aircraft. Following Cayley’s design paradigm, the characteristics can be divided
into three major topics: aerodynamic, structural and propulsion system char-
acteristics. Later, these characteristics are joined together to form the figures of
the whole aircraft, the aircraft performance.

2.6.1. Aerodynamic characteristics

The predictive aerodynamic tools described later in this chapter are devised
with the intention of describing the flow field around an aircraft. By entering
simple geometrical data, the designer is able to simulate the flow field and
make engineering decisions based on the results.

When the flow has been estimated at a satisfactory level of fidelity, the resulting
pressures on the surfaces of the aircraft can be computed. The aerodynamic
data are then post-processed in order to extract the aerodynamic coefficients
and their derivatives. If handbook methods had been used, the coefficients
had been directly estimated without the external flow field being described in
between.
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It is these coefficients and derivatives that form the aircrafts aerodynamic char-
acteristics. These numbers describe the aircraft behavior in flight in such a
way that different types of aircraft can be compared with each other. A non-
exhaustive list of aerodynamic coefficients would be:

• Lift coefficient: CL

• Drag coefficient: CD

• Maximal lift coefficient: CLmax

• Pitching moment alpha derivative :Cmα

• Rolling moment due to sideslip: Clβ

• Roll damping: ClP

• Yaw moment due to sideslip: Cnβ

Each of these numbers, either by themselves or in combination with other
coefficients or other aircraft data tells something specific about the aircraft. All
in all, they add up to the aircraft flying qualities, or aircraft performance when
they are used in the flight mechanic equations of a rigid aircraft determining
its motions and responses.

2.6.2. Structural characteristics

In the conceptual design phase, the structure is fairly limited in detail. Partly
because some input regarding aerodynamic loads and weights of the power
plant is needed before initial estimates on the structural design can be made.
Nonetheless, structural considerations are integrated in the conceptual design.
Important characteristic numbers are:

• Aircraft empty weight
• Fuel volume
• Payload weight and volume
• Moments of inertia
• Wing loading

2.6.3. Propulsive characteristics

In most modern aircraft design projects, the power plant design is totally sepa-
rated from the aircraft design, especially in the conceptual design stage. How-
ever, the integration of the aircraft engine in the overall design requires consid-
eration. Important propulsive characteristics are:

• Thrust specific fuel consumption
• Installed thrust
• Service ceiling
• Power
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2.7. Aircraft Performance

The aircraft performance is simply the capability of the entire aircraft, rather
than its individual subcomponents. Aircraft performance is usually divided
into sections regarding the different operational phases of a standard mission as
taxing, takeoff, climb, cruise, descent and landing. For military operations there
are additional performance figures regarding survivability, resilience, stealth.

The performance numbers depend greatly on the characteristics numbers, and
some examples of this will be given below.

Performance is related to the flying qualities of the aircraft. Stinton [Sti96]
defines flying qualities as the following collection of information sets:

• Performance
• Handling Qualities
• Functioning of systems

Performance numbers could be operational considerations as, such as field dis-
tances, how long the airfield must be in order to allow the aircraft to take off.
Climb rates and gradients, how fast the aircraft will reach cruise altitude, and
at what angle to the horizon this will be. Also descent rates, how steep the
approach for landing will be?

Handling numbers could be such as, stability, wether the aircraft will maintain
its angular orientation in space by itself or diverge. Controllability, can the
pilot control the aircraft at all flight conditions within the flight envelope. Abil-
ity to trim, wether the aircraft is trimmable by the pilot in all flight conditions,
(related to pilot workload). Also stalling, how the aircraft behave when it stalls.

System qualities incorporate the functioning of the aircraft subsystems such as
control linkage, undercarriage and also radios, air conditioning etc.

2.7.1. Operational considerations

Mair and Birdsall [MB92] describe various operational performance figures,
and how to compute them. For example, the runway length from standstill to
rotation can be described as follows:

sr =
W
2g

∫ VR

0

d(V2)
(F0 − k1F0V2) − 0.5ρV2S(CDG − µrCLG) − µRW

(2.7.1)

were W is the aircraft weight, F0 − k1F0V2 is a function relating to the available
thrust, µr is the rolling resistance and CDG and CLG being the drag coefficient
and lift coefficient in ground effect at rotation. In this equation (2.7.1) there are
characteristics from the three areas described above: weight from structures,
thrust from propulsion and lift and drag from aerodynamics. All of these fac-
tors were important in the HELIX down selection as shown in Paper B.
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In the same way, the cruise range of the aircraft can be modelled by the Breguet
Range Formula 2.7.2, which gives a quick, practical estimate for the range of a
propeller aircraft:

R =
ηprop

c
CL

Cd
ln

W0

W1
(2.7.2)

as specified in the introduction chapter.

2.7.2. Handling qualities

The handling qualities are the performance figures that have an impact either on
the pilot workload or on autopilot design. Among these are the static stability
criterion, which according to Etkin [ER96](p.29) is defined as Cmα < 0 where
Cmα is the pitching moment derivative with respect to the angle of attack. If the
aircraft characteristics are evaluated with a predictive method, Cmα would be
one of the direct outputs. On the other hand, if handbook methods were used,
it could be computed as in 2.7.3:

Cmα = −KCLα (2.7.3)

where K is the static margin.
The aircraft itself is a tool for the pilot in performing certain operational proce-
dures. The Cooper/Harper scale is used in flight tests as a measure of aircraft han-
dling qualities performance. In order to assess these handling qualities before a
test flight has been performed, the designer may use Isorating curves based on a
large historical database of flight tests. One such curve from [ER96](p15) shows
the pilot opinion contours of the longitudinal short-period oscillation (figure
7). This type of analysis became very important for the Horizon 1100 student
group in Paper F. Care should however be taken, when using such historical
data in transport aircraft design. Many flight tests were done in developing
fighter aircrafts, and it may be so that high frequency pitch properties might be
experienced differently in a very large transport such as the Airbus A380 than
in a small fighter aircraft.

2.8. Design requirements

Aircraft design is not initiated by itself. There has to be a need or a market
niche in air transport that someone imagines being suitable for exploitation.
This niche then forms the requirements. The need could come from a company,
such as an airline company exploring new destinations; or a government insti-
tution, inquiring for a new military design project.

The design work could also be initiated by the manufacturer on their own ini-
tiative. The design group might have identified a possible application for a
breakthrough technology. The market research department might have identi-
fied a market and therefore initiates a preemptive design strategy. Or perhaps,
some of the constraints on the company have changed, allowing more kinds of
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Figure 7: Longitudinal Short-period oscillation, pilot opinion contours, from [ER96].

designs at that manufacturer.

Anyway, the aircraft manufacturing is customer driven, and the specifications
have their base in the customers needs. Other factors are the government re-
quirements, company requirements and technology constraints.

2.8.1. Customer requirements

In the end, it is the customer, the aircraft passenger, that decides what is right
or wrong in aircraft design. Although the main figure of merit seems to be the
passenger ticket price, it is so only because all of the government requirements
are fulfilled. An aircraft which is deemed unsafe by the passenger population,
will not stay on the market for very long (but it will stay on the ground).

However, the passengers are regarded as secondary or tertiary customers in
this thesis. Since there is not much a designer can do in the conceptual design
stage to address emotional arguments from a passenger who will travel in the
aircraft, perhaps twenty years after the conceptual design phase. Instead, the
requirements from the main customers, airlines and governments are the pri-
mary requirements.

Airline companies conduct market research before opening up new routes. In
this analysis, the prospect of procuring a new aircraft model to suit market
demands might lead to a new set of design requirements. An example spec-
ification set is available in Teichmann [Tei39] (p7-18). The specification was
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issued around 1935 by the Bureau of Air Commerce, Department of Commerce
(and is no longer in force). The main items of this Twin engine, six-place cabin
monoplane specification were:

1. general specification
2. performance requirements
3. special service requirements
4. fixed equipment
5. instruments
6. general design requirements
7. design requirements
8. mock-up requirements
9. inspection and tests

In the general specification the two first requirements are: 1) ”The current issue
of the Bureau of Air Commerce,’Airworthiness Requirements for Aircraft’, forms a part
of this specification” and ”Prior to delivery the airplanes shall have been granted an
approved Type Certificate”. This indicates the impact of the governmental aircraft
regulations.

In the performance section, weights, speeds and service ceilings are specified
as:
With fixed equipment listed hereinafter and a useful load consisting of:

1 Pilot 170 lb.
5 passengers 850 lb
baggage 200 lb
cargo 200 lb
fuel and oil sufficient for 500 miles at any altitude below 5000 ft.

The minimum performance acceptable when using fuel of not more than 80 Octane will
be:

a. High speed in level flight 175 m.p.h.
b. Landing speed with power off 65 m.p.h.
c. Ceiling, one engine off 6000 ft.
d. Distance from start to clear 50-ft. obstacle 1500 ft.
e. Distance to stop after clearing a 50-ft. obstacle 1000 ft.

And so it goes on for about ten pages. From the requirements listed above
it is also clear that the level of analysis, even at the conceptual stage must be
thorough. The distance from start... requirement, for example, must be assessed
with a weight model, propulsor power output and output efficiency model.
Additionally and an aerodynamic model of lift and drag, a flight mechanic
model of the minimum speed for control etc. the necessity to simulate this
aircraft-in-potentia before it has been fully defined, states the need of predic-
tive methods.

In general every word in the specification will have impact on the final design.
Or as Wood puts it [Woo63] (p.VI) in his foreword about a day at work of the
airplane designer.
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”[The designer] Thinks it would be a good idea to underscore
with red pencil the parts of the customers specification
that will affect the design. After completing four pages
[he] finds that he has underscored all but three words, so
[he] throws down the specification in disgust.”

Of course, modern designers do not underline with a red pencil, they use a
designated marker for that.

2.8.2. Government requirements

Most nations have some kind of government body responsible of exercising
authority over air traffic. In the United States this is the Federal Aircraft Admin-
istration (FAA), and in Sweden the Luftfartsverket (LFV). These organizations
control, by mandate, many aspects of air traffic, from running airports, issuing
security tips for passengers, distributing accident data to issuing airworthiness
certificates for specific aircraft designs.
Without such an airworthiness certificate, the aircraft will not be allowed to fly
in that country. Hence, it’s important that the procedure of acquiring such a
certificate is an issue already in the design specification.

Luckily, international cooperation through the International Civil Aviation Or-
ganization (ICAO) has ensured that the standards of different countries differ
very little. The US regulations, the Federal Aircraft Regulations (FAR) is the de
facto standard. The Swedish counterpart is the Bestämmelser för Civil Luftfart
(BCL). As always, special rules apply for military application. Below is an
excerpt from the FAR part 25, Airworthiness Standards: Transport Category
Airplanes [Adm03] (25.231) Sec. 25.231

Longitudinal stability and control.
a, Landplanes may have no uncontrollable tendency to nose over in any reasonably
expected operating condition or when rebound occurs during landing or takeoff. In
addition- (1) Wheel brakes must operate smoothly and may not cause any undue ten-
dency to nose over; and (2) If a tail-wheel landing gear is used, it must be possible,
during the takeoff ground run on concrete, to maintain any [attitude up to thrust line
level, at 75 percent of VSR1.] (b) For seaplanes and amphibians, the most adverse
water conditions safe for takeoff, taxiing, and landing, must be established.

These demands are by no means unreasonable, but the problem is to analyze a
not yet defined geometry with sufficient accuracy to guarantee compliance. To
be able to do so, the design group needs access to predictive methods which
can be used to analyze a coarse representation of the concept.

2.8.3. Company requirements and technology constraints

There are other limiting factors for what kind of design will come out of the
conceptual design phase. Requirements from the aircraft design company itself
is an important factor. One design group might be constrained by the physical
size of the manufacturing plant, another might have a policy not to design jet
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aircraft. Additionally, the lack of know-how is of course also a factor.

Technology constraints are simply the other bounds of capability of the avail-
able technology. In some areas, the design engineer can, and should, plan for
an increase in specific technology performance by time. Jet engines are a good
example of a design detail that is not designed by the aircraft manufacturer,
but rather considered as an available technology. As most specifications for new
aircraft designs are fairly modest in performance increase, when compared
with previous models (barring those developed under government contract),
the technology constraints may not be obvious in the first iterations of the con-
ceptual design cycle.

Both the HELIX project Paper A and Paper C, and the rescue wing project,
Papers B Paper D E were very much influenced by constrains initiated by man-
ufacturer limitations, government regulations and user considerations.

2.9. Tools of the trade

As stated earlier, the conceptual design phase is characterized by rapid changes
in the design, many different concepts are being assessed at the same time. Since
a 100% accuracy in the results is unnecessary, as the design itself might be spec-
ified to only 10%, there is a need for tools that can produce results fast, with
sufficient accuracy.

In the conceptual design phase, there are a number of possible tools for per-
forming an initial assessment of a particular design. In order to complete the
conceptual design loop, the designer will have to use simplified tools for flight
mechanics, operation maintenance and aerodynamics. Listed below are some
of the aerodynamic tools available to the conceptual design engineer.

2.9.1. Engineering ”know-how”:

One of the most valuable assets in an aircraft design team is a person who has
designed aircraft before. The value of engineering ”know-how” is not easily
assessed, but it does have a major impact on project efficiency. Essential back-
ground data of legal, economic and standardization issues are managed within
engineering know-how. It has happened more than once that a company fails
with a project of a kind that they have been successful with in the past, only
because the engineers involved in the earlier projects have left the company. In
a sense, managing the human resources efficiently is the core of good manage-
ment.

2.9.2. Tabulated data, handbook methods:

Methods based on empirical or analytical formulae are referred to as handbook
methods. Essentially, handbook methods are engineering know-how written
down together with a statistical database of existing aircraft. These methods
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are used in the initial iterations of the conceptual design phase. As they are
based on experiments and tests with existing aircraft, they are accurate when
considering conventional designs. Interpolations for new designs are possible
by the empirical formulae. Some of the handbooks contains isometric pictures
of design details to give the conceptual designer an idea of the size and shape
of a particular detail. An example of a handbook method is the prediction of
CLMax for a power-off, one g stall. This is done by Isikveren [Isi02](p76) where
equation 2.9.1 is derived analytically, and then calibrated against measurement.

CLMax = 0.224
dCL

dα
(2.9.1)

These methods are often based on an actual book such as the USAF DAT-
COM (DATa COMpendium) [Ano99], Torenbeek’s Synthesis of subsonic airplane
design [Tor76], Roscam’s Airplane design [Ros85] or Raymer’s AIRCRAFT DE-
SIGN: A Conceptual Approach [Ray99].

In most cases the handbook method has an accompanying software which
contains the design equations in a computer program. This approach rapidly
accelerates the design process. The more advanced digitalized handbook meth-
ods are called integrated design environments, and they are described below.

Unconventional designs
In the conceptual phase conventional aircraft designs implies a cylinder with
wings on it. As there are a great number of aircraft looking like this, the
statistical database in a handbook method will provide reasonable answers for
this kind of design. But in the case of unconventional designs such as canard
configurations, unusual planforms etc, the extrapolating handbook methods
do not describe the aircraft behavior accurately. This is due to the fact that most
handbook methods use background material from earlier design projects to
calibrate the prediction formulae. This empirical approach does not hold when
considering designs that are obvious extrapolations from the built-in database
of conventional designs. Handbook methods, or digital handbook methods,
which are based on conventional designs cannot be used for other designs than
the standard, one wing and a tail design. This is where the rescue wing project
departed from standard aircraft design, and a new method had to be developed
to find aerodynamic data, i.e. the camera method Paper D.

2.9.3. Predictive methods, or linear CFD methods:

The predictive methods have an advantage over handbook methods, as they
treat general configurations, hence also unconventional designs. Characteristic
of these methods is that they are fast, and require little geometry input.

Predictive methods go deeper in the mathematical model than do the hand-
book methods. Predictive methods typically assume an ideal flow, i.e. inviscid.
Thus, the aircraft geometry can be modeled by solving a usually linear partial
differential equation (PDE), often the LaPlace equation. Since it is linear, it can
be solved by superposition of elementary solutions. The boundary conditions
are that no flow is allowed through the solid surfaces. The aircraft is repre-
sented by a distribution of singularities, and the flow is set to be parallel to the
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aircraft surfaces. As no assumptions are made regarding the similarity of the
new design with old designs in the solution method, the predictive methods
can successfully model unconventional designs.

Predictive methods allow an instantaneous analysis of coarse models, where
the airplane geometry is still fuzzy, and in addition to handbook methods ex-
trapolations to previously unknown concepts yield good results. Among these
methods are the vortex lattice methods and the panel methods. These models
do not require the whole flow volume to be meshed, instead only the wetted
surface is covered with a panel grid, or a vortex lattice. They do not require an
exact, representative model of the final design. The degree of refinement of the
models used in these methods ranges from very simple, as a single flat wing
with some taper and sweep, to moderately advanced full aircraft representa-
tions with fuselage and viscous effects.
This approach gives predictive methods that are linear, which run expediently
on an ordinary desktop computer. Some predictive methods can also model
the viscous effects of the boundary layer. The upper limit of accuracy is set
either by the model, if it is a crude one, or by the method assumption.

2.9.4. Integrated Design Environments

The development of new tools have lead to integrated design environments,
where the aerodynamic, the structural and the propulsion analysis is performed
in parallel in a computer environment. These software packages are usually
based on digitalized handbook methods such as Roskams AAA (Advanced
Aircraft Analysis), or Raymer’s conceptual aircraft design software RDS, de-
scribed in the AIAA paper [Ray92].

Due to their compactness, predictive methods are easily integrated into larger
design system. These design systems are more than just a pre- and post-
processor, since they can often be run without engaging the predictive methods.
Two examples are the QCARD system [Isi02], used in Paper F, by Askin Isikv-
eren, which uses the Tornado VLM core, or the AeroMech [Chu01] by Bernd
Chudoba, that uses the Vorstab core, initially developed by C.E. Lan [Lan93]
based on the quasi vortex lattice method [Lan] also by Lan.

2.9.5. Nonlinear Computational Fluid Dynamics (CFD)

Another group of computer based methods are nonlinear CFD codes such as
Euler codes and Navier-Stokes (NS) codes. Being more accurate than the pre-
dictive methods, they also require a much more detailed input and are much
more platform-bound. For simple geometries, output data from these codes
match experimental data closely. The upper limit of accuracy is set by the
available computing resources and the long computation time. This constraint
bars CFD from use in conceptual design to any great extent.
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2.9.6. Experimental Aerodynamics

Experimental methods in aerodynamics include wind tunnel testing and Test
flights. This approach is useful, since any kind of geometry can be modeled.
The experimental character of Paper E was essential to forward the rescue wing
project. The experimental methods have their own restrictions, such as wind
tunnel wall influence, or scaling effects. But ultimately the only upper limit for
accuracy is set by the prohibitively high costs of flight testing. Experimental
methods often serve to give validation data to computational methods. Exper-
imental models are often too time consuming to be considered in a conceptual
design project. Both Nonlinear CFD and experimental aerodynamics are used
primarily in the detailed design phase and to some extent in the preliminary
design phase.

2.10. Summary

As shown above, there is a need for predictive methods in aircraft conceptual
design. The following chapters will assess the special category of predictive
methods, the ideal flow methods, and in particular vortex lattice methods.
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3. The vortex lattice implementation: Tornado.

The Tornado code is a vortex lattice method programmed to be used in con-
ceptual aircraft design and in aerodynamics education. The work on the code
began in 1999 at the Department of Aeronautics (http://www.flyg.kth.se/) at the
Royal Institute of Technology, in Stockholm, Sweden. The first version was
released in 2001 together with the user’s manual and code description. The
code has been expanded to unsteady flow, a feature currently undergoing beta
testing. Other development work which is ongoing are the development of
for incorporating more airfoils, and the addition of a compressibility effects
predictor.

The aircraft geometry as modeled in Tornado allows fully three dimensionally
oriented lifting surfaces, with a flexible, free-stream following wake. Tornado
allows a user to define most types of contemporary aircraft designs with multi-
ple wings both cranked and twisted with multiple control surfaces. Each wing
may have taper of both camber and chord, which may wary spanwise. The
Tornado solver solves for forces and moments, from which the aerodynamic
coefficients are computed. Aerodynamic derivatives can be calculated with re-
spect to: angle of attack, angle of sideslip, roll-, pitch-, and yaw rotations, and
control surface deflection. If necessary, all of these conditions may be applied
simultaneously. Any user may edit the program and design add-on tools as
the program is coded in MATLAB, and the source code is provided under the
GNU-General Public License.

The core method stems from Moran [Mor84], but is modified according to
Melin [Mel01] in order to accommodate a three dimensional solution and trail-
ing edge control surfaces. The most notable change is the extension of the
theory of the horseshoe vortex into the vortex-sling concept. The vortex sling
is essentially a seven segment vortex line, which, for each panel, starts in the
infinity behind the aircraft, reaches the trailing edge, moves upstream to the
hinge line of the trailing edge control surface, then forward to the quarter chord
line of the panel in question, going across the panel and then back downstream
in an analogous way. The issue of the wake passing through the geometry at
certain flight conditions is resolved by a collocation point proximity detection
routine which automatically removes the influence from a vortex thread pass-
ing too close to a collocation point.

The code is generally distributed in the hope that it will be useful, but without
any warranty; without even the implied warranty of merchantability or fitness
for a particular purpose. However, validation comparisons have been made
by the author in which the code output is compared with experimental data
in [Mel01]. The test case is a Cessna 172, for which the Cessna Aircraft Com-
pany have released flight test data [ea57] and for which computational results
from AVL and PMarc, a vortex lattice method and a panel method respectively,
were available.



32 Tomas Melin

3.1. Tornado features

3.1.1. User Interface

Tornado has a pre-processing capability, which is more user friendly than com-
petition codes. An example, the Vorstab code require the user to specify wing
corner coordinates directly. This works fairly well for an untapered wing
without sweep. As soon as the geometry becomes slightly more complex, the
hand calculations the user must perform becomes prohibitive. The Tornado
preprocessor allow the user to enter wing data in a convenient aeronautical
engineering format. Due to the accessibility of the MATLAB plotting function,
the Tornado post processor is able to compute and display angular sweeps,
different rotation rates, derivative extraction spanload etc.

3.1.2. The vortex sling

The wake coming off the trailing edge of every lifting surface is flexible and
changes shape according to the flight condition. For example: a rolling aircraft
will have a cork screw shaped wake, which will influence the aerodynamic
coefficients. The classical horseshoe arrangement of other vortex lattice pro-
grams has been replaced with a vortex sling arrangement. It basically works
in the same way as the horseshoe procedure with the exception that the legs
of the shoe are flexible and consist of seven (instead of three) vortices of equal
strength. This is shown in figure 1. Five vortex segments would suffice in
order to cover the flexible wake, but two extra segments are added to allow for
a deflecting trailing edge control surface.

Figure 1: The vortex sling, as implemented in Tornado. Seven vortex segments on each
panel instead of three.
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Figure 2: Prandtl’s lifting line theory. The entire wing is modelled by a series of vortices
running through the wing quarter-chord line. Vorticity leaves the wing in a continuous
trailing edge vortex sheet.

3.2. Validation examples

Prandtl’s lifting line and Jones small aspect ratio theory.
To give a test of Tornado capabilities, a calculation has been made on how the
lift-curve slope depends on the aspect ratio for a flat rectangular wing. Figure
3 shows the computation done by Tornado as well as the values obtained using
the Prandtl’s lifting line approximation, which is shown in figure 2, and the
Jones’ small aspect ratio method. Prandtl’s lifting line approximation is more
restrictive as it only is valid. for high aspect rations and does not allow taper
or sweep.
Swept wing example

In [BS98] (p 291) there is a computational example of the VLM . The case
is a swept wing with a total of 8 panels where the lift-curve slope shall be
determined. Figure 4 shows the plan form of the wing, as well as the panel
layout for the wing. The same geometry was fed into Tornado and the results
were: the lift-curve slope computed by Bertin and Smith equals 3.443 per
radian, while the lift-curve slope calculated by Tornado equals 3.450, which
represents a difference of 0.2%. This is considered a good correlation, since the
two methods differ slightly.
——————–

3.3. Code Development

The development of the Tornado software is ongoing, and through the user
feedback described in Internet interaction chapter, new possible development
areas emerge a daily basis. The Tornado software is distributed according to
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Figure 3: Tornado, Prandtl’s lifting line and Jones’ small aspect ratio theory comparison.

Figure 4: Planform used in the comparison above.
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the GNU General Public Licence in order to allow users to make their own code
development and code extensions.

The choice of platform for the Tornado software is the MATLAB environment
due to its beneficial characteristics. MATLAB is a programming environment
developed by the MathWorks. MATLAB has a range of features which makes it
ideal for a project such as the Tornado development project.

MATLAB integrates mathematical computing, visualization, and a powerful
language to provide a flexible environment for technical computing. The open
architecture makes it easy to use MATLAB and its companion products to ex-
plore data, create algorithms, and create custom tools that provide insights into
complex simulations.

The MATLAB programming language is a high level language initially intended
for numerical simulations. Its name is derived from MATrix LABoratory. Since
the VLM is a matrix problem, the MATLAB capabilities are very useful. MAT-
LAB supports online execution and variable manipulation, as well as scripting
or the creation of procedures. This makes MATLAB ideal for code prototyping
and development. FORTRAN, on the other hand, does not have the capacity to
let the user modify variables, in other ways than the executed program allows,
during runtime.

Code readability is also an important factor, as source code sometimes becomes
the only available software documentation. This is an increasingly important
factor if the software is to be distributed and developed by other persons than
the original programmer. It is common knowledge that MATLAB code is more
readable than FORTRAN code.
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4. Papers

4.1. Paper A, Helix Innovative High Lift Systems

This is an overview paper of the research activities done, and the results ob-
tained, in the three-year EU project called HELIX. The work presented in the
paper is the accumulated endeavor of all the project partners of HELIX.

The scope of the project was to investigate a wide range of novel high-lift design
concepts and to compare these with a baseline configuration. The investigative
tools used varied, from handbook methods to full Naviers-Stokes simulations
and wind tunnel experiments.

The traditional transport aircraft high-lift system, the slat and flap, has been
in use for several decades and is well established. There is a large amount
of knowledge about the important aspects of the flap and slat system, from
aerodynamic behavior and structural design considerations to manufacturing
concerns and operational issues. During the maturation of todays slat and flap
system, the aeronautical design community has optimized this concept thor-
oughly. The chances of acquiring more than a few per mille in performance
on new optimization runs are small. Hence, the current slat and flap design is
close to an optimum. However, without the research performed in HELIX, it
was not possible to say whether this optimum is a global optimum, or a local
optimum.. The HELIX project aimed at finding out the properties of the high
lift design optimum, and if it turned out that the slat and flap system was a local
design optimum, to develop a new high lift system with better performance
than the traditional system.

Figure 1: A collection of the concepts proposed in HELIX.

The method used in HELIX to investigate the design space was a random seed
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method. Twenty-three very different high lift concepts were proposed, and
each one was evaluated both on strict aerodynamic grounds and on opera-
tional considerations, such as balanced field length and direct operating costs
for an entire aircraft. In order to have a reasonable workload, the number of
concepts was down selected in a three level sorting. During the first project
year, all concepts were evaluated using handbook methods and simple predic-
tive numerical tools.

The seven concepts that proved to be the best of the twenty-three, with a per-
formance equal to or better than a baseline, were selected for the second tier
evaluation. This evaluation took place during the second project year, and
employed higher order numerical methods, such as full Navier-Stokes solvers.

At the third tier, and the beginning of the third project year, one concept was se-
lected out of the seven remaining concepts. This single concept, the segmented
extension slotted flap, was then investigated using a high Reynold’s number
wind tunnel facility.

As for the study at hand, the segmented extension slotted flap proved to be an
improvement over the traditional slat and flap system, but not to be a signif-
icantly better system. This result is in no way controversial as the segmented
extension slotted flap resembles the traditional system, both in design and func-
tionality.

The down selection method was found to be very useful in the project, reducing
the overall workload by man-years. Should all of the evaluated concepts have
been investigated to the same depth as the segmented extension slotted flap,
the project would have consumed far more resources.

The main conclusion of the HELIX project, and paper A, is that the current flap
and slat system is close to a global optimum, thus being the most effective high
lift system for transport aircraft. However, changes in mission role or overall
aircraft layout will change the premises for the high lift system optimum. If
these changes are large enough, the global optimum might change to one of
the other concepts. Thus, it should be noted that the slat and flap system is the
global optimum for a A320 type aircraft, flying in passenger transport missions.

It may be discussed whether the optimization actually captured the best high
lift system as the design target, or if the evaluated concepts were tested for their
similarity to a modern A320 type aircraft.

4.2. Paper B, The Rescue Wing: Design of a Marine Distress
Signaling Device

This paper is an overview paper of the work performed in the beginning of
the rescue wing project. It presents the intermediate results available in the au-
tumn of 2005. It was presented at the Marine Technology Society’s conference
OCEANS 2005. The scope was to introduce the product itself, and to evolve
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the multi-disciplinary aspects of the rescue wing project, see figure 2.

The need for an emergency localization device was established early in the
project work, and several different implementations were discussed and sub-
jected to a down selection mechanism similar to the one employed in the HELIX
project.

In the rescue wing down selection, the main focus was on finding show-
stoppers for excluding concepts, rather than comparing performance with a
baseline devise. The rescue wing project was aimed at investigating entire
aircraft configurations, rather than a subsystem such as high-lift devices. This
meant that the down selection could be made on several different system com-
ponents simultaneously, such as stowage boxes, release vales, tether lines and
envelope material. Examples of show stoppers were the fire hazard which
excluded the use of hydrogen as lifting gas. The same thing became evident
regarding the risk of damage to the rescue helicopter which excluded a concept
involving the pressure vessel being attached to the kite balloon.

Figure 2: Early sea trials of the proposed design.

One major difference to the HELIX project was that while the investigation of
high lift systems is a traditional type of research on a well established research
topic, the rescue wing has to be considered to be a less traditional aircraft
layout. Thus the platform of tools, conventions, nomenclature, methods and
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procedures was, and is, much less populated.

Although the paper was written early in the design process, some important
results came out, for example the discontinued use of metallized mylar as en-
velope material. The metallization of the envelope material provides improved
impermeability to helium and increases the overall mission time. However,
due to the envelope shape it also gave the devise a degree of stealth - somewhat
detrimental to the mission objective of being highly visible.

After the submission of this paper, new flight tests indicated problems with lat-
eral stability, which hitherto had not been investigated. In an effort to increase
the lift to drag ratio, and increase lateral stability, the sweep was increased to
60 degrees giving the wing its current layout, and the taper increased to move
the lateral area center backwards.

4.3. Paper C, Investigating Active Vortex Generators as a Novel
High Lift Device

This paper is a peer-reviewed report of the detailed research performed on one
of the concepts investigated in the HELIX project. The down selection method
used on the proposed HELIX concepts allowed the active vortex generators
(AVG) to ascend to the second tier research, executed during the second and
third project year. The first tier predictive methods, handbook methods and
panel codes, did not capture the aerodynamic behavior of this concept. Hence,
as the literature survey indicated very promising results, the AVGs were in-
vestigated with a Navier-Stokes method (FLUENT). The concept was further
investigated using a low speed wind tunnel, which both supported the numer-
ical results as well as validating the method.

Vortex generation systems are prevalent methods for boundary layer control
both in channel flow, such as intake ducts, and flap gaps. These methods are
already in use for flow control on several contemporary aircraft. Usually the
vortex generators are small devices of varying shape and geometry, protruding
from a wing or other surface where the aerodynamic behavior is important.
The vortex generators induce vortical motion in the fluid around the surface.
The vortex is usually embedded in the boundary layer, providing a mixing
mechanism that is capable of reenergizing the flow at the near wall region.
The induced energy stabilizes the boundary layer, keeps the flow attached and
delays separation to higher angles of attack.

The design reviewed in this study is a vortex generator which consists of a
single row array of small delta wings positioned above the main airfoil, close to
the leading edge, see figure 3. The AVGs are retractable by a servo mechanism
and stow in the main wing, just ahead of the forward wing spar. This allows
for a minimization of cruise drag, as the AVGs would not be exposed to the free
stream air during cruise.

Both the experimental and the numerical investigation gave the same result,
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Figure 3: Extruded wing section with Active Vortex Generator.

that the AVG system would not be an incremental improvement to the stan-
dard slat- and flap high lift system. The AVG system could in most cases not
provide the same amount of lift increase as the traditional systems approach.
This might have been a positive result if there had been secondary benefits such
as drastically reduced overall weight. Such benefits could not be proven.

In the execution of the project it became clear that higher order methods needed
to be employed in order to prove or disprove the concept. As the methods
of numerical simulation of separated vortical flow still is at the frontier of
scientific research, an experimental study was needed to enhance and validate
the numerical results. Strong synergy effects coupled the two studies, the
numerical study benefitted by the validation and increase in credibility, and the
experimental study gained economically from having the search space reduced
by the earlier simulations.

4.4. Paper D, Single Camera Method for Test Object Orientation
Reconstruction in Wind Tunnel Tests

This paper is a method paper, describing a newly developed method for mea-
suring the position and orientation of a model in a wind tunnel. The wind
tunnel model can be fixed, or free flying. The method employs a single video
camera to capture a video sequence of the measurement object, on which a
number of markers are placed. By comparing the position of the real markers
in the image plane with the position of estimated markers, all six degrees of
freedom may be computed, see figure 4.

The system was developed for making measurements on a kite balloon, the
rescue wing, as presented in papers B and E. It was not possible to use a stan-
dard method for measuring forces and moments, as the dynamic properties of
the kite balloon would be influenced by the added mass of an internal system.
Several methods for contact-less orientation reconstruction is available from
the artificial vision community, and the proposed method is an adaption of a
collection of them to wind tunnel test environments.

The method was tested in a wind tunnel facility, and with a coordinate table
setup to give validation data. With a fairly low resolution camera, 420 by 240
pixels at 30 frames per second, the errors in position and angular orientation
is about 2%, with a maximum detectable frequency of 25 Hz. The method was
subsequently used to perform a measurement series of the Rescue wing.
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Figure 4: Sphere being tracked by the proposed system.

4.5. Paper E, Numerical and Experimental Study of the Flight
Characteristic of a Tethered Kite Balloon

This paper investigates the aerodynamic and flight mechanic analysis of a teth-
ered kite balloon. The proposed shape was a blunt body, comprised of a tapered
and swept plan-form flying-wing design with elliptic wing profiles.

In rescue operations at sea, one of the biggest problems Search and Rescue
(SAR) crews encounter is to localize the person or persons in need of rescue.
Interviews with SAR crews indicated that as much as 90% of the time on a SAR
mission is spent on searching. The main issue is the visibility and detectability
of a human sized target in adverse sea states. This problem is approached with
the intention to increase this visibility thus increasing the chance of rescue and,
ultimately, survival. The visibility is intended to be increased by means of a
portable kite balloon, equipped with a radar reflector and stored on the life
jacket of sea travelers. In case of emergency, the kite balloon will be inflated by
the user. It will provide a highly visible search target, both for radar and visual
search methods. The kite balloon with the proposed shape has previously been
presented at the Marine Technology Conference OCEANS 2005, paper B.

The application case gave a set of requirements, all of which influence the
design. However, from an aerodynamic and flight mechanic viewpoint, the
most important requirement was that the device should hover above the sea
level. In calm wind, the device should be able to generate aerostatic lift as a
displacing balloon, and in strong winds remain in stable flight as a kite. Due
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to the packaging constraint, which stipulated that the device should stow in
a small container, and inflate upon activation, rigid spreader bars and similar
were ruled out. Similarly, the use of multi-cell airfoils was down selected due
to increased weight due to the internal bracing, and the expected gain in aero-
dynamic performance.

Figure 5: CFD generated image, iso surfaces of constant pressure in the wake.

The proposed balloon kite shape was tested in a wind tunnel. The developed
camera system as described in paper D was used. The shape was also simulated
by using high order computational fluid dynamics (CFD), see figure 5. Using
the computed aerodynamic database, the motion of the wind tunnel model was
simulated numerically and compared with the experimental data. After some
initial tweaking, a good correlation between experimental and numerical data
came out.

4.6. Paper F, How Industry Concepts of Systems Engineering
Enhance Aircraft Design Education

This paper is an invited paper to the Journal of Aerospace Engineering and
is based on two presentations at the European Workshop on Aircraft Design
Education (EWADE). The main focus is on the aircraft design education at
university level today, and how industrial concepts and research are used to
enhance the learning experience of the students. Two current examples are
evolved on, the Horizon 1100 design and the Revisit of the Wright 1902 Glider.
Emphasis is put on the use of conceptual design tools, particulary predictive
methods such as QCARD and Tornado.

The standard today in many of the so-called capstone aircraft design projects
at universities and technical institutions is to focus on fostering team work in
a multidisciplinary design setting. Many educational institutions count on the
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involvement of industry in not only defining the nature of each project, but also
in committing to some degree of participation, i.e. authorship of course notes,
lectures, tutorials, attendance at meetings, marking, etc.

This education programme can be best classified as a collaborative approach
where industry-university and university-university relationships are fostered,
subsequently strengthened, even helping to generate previously non-existent
third party industry-university ties. These interactions, as illustrated in figure
6, will hopefully be more and more frequent.
Present trends in aircraft design towards augmented-stability and expanded
flight envelopes call for a more accurate description of the flight-dynamic be-
havior of the aircraft in order to properly design the Flight Control System
(FCS). Hence the need to increase the knowledge about stability and control
(SC) as early as possible in the aircraft development process in order to be
First-Time-Right with the FCS design architecture.

Figure 6: Meeting and interaction between industry, researchers and educators.
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