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The BSc programme in Aerospace Engineering at Delft University of Technology (TU Delft),
Delft, the Netherlands, concludes with adesign and synthesis exercise in which ateam of students
has to design an aircraft, a spacecraft or a space mission. Sustainable Development (SD) forms an
integral part of the exercise. This trains students in taking a sustainable approach in their future
engineering practice. Thelearning objectiveisto familiarise students with sustainability, sustainable
design strategies and sustainability analysis, as well as skills gained in applying the acquired
knowledge in designing aircraft and spacecraft. In the first week of the exercise, students
participate in aworkshop designed to initiate the SD part of the assignment. The workshop teaches
students some SD terminology and motivates them to integrate sustainable solutions into engineering.
In the following weeks, the SD lecturer observes and supervises the design process. The article
describes the incorporation of Sustainable Development in the exercise by means of a case study
wherein students designed a solar powered aircraft that had to serve as areplacement of satellites.
By flying continuously (year-round) without apilot at a high altitude, it should be able to take over
some of the mgjor functions of satellites. Propul sion wasto be delivered by solar energy alone. The
propulsion system should be designed so that the system is capabl e of propelling the aircraft, bothin
summer and winter. The article concludes with results of the evaluation, which was performed at
the end of the exercise, as well as new developments.

INTRODUCTION

Since 1998, all students at Delft University of Tech-
nology (TU Delft), Delft, the Netherlands, aretrained
in Sustainable Development (SD), which playsarole
in both the BSc and the M Sc programmes [1]. In the
Bachelor programme at the Faculty of Aerospace
Engineering, the course in Sustainable Devel opment
is integrated in the final exercise. In the Master
programme, Sustainable Development is taught as a
separate coursefor all students. Next to this, students
are offered the opportunity to integrate Sustainable
Development into their final thesis work, before
taking additional training [2].

The BSc programmein Aerospace Engineering at
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TU Delft concludes with a design and synthesis
exercise. Inthisdesign and synthesis exercise, ateam
of students hasto design an aircraft, a spacecraft or a
space mission. The design synthesis exercise consists
of two parts, namely:

1. Designproject;
2. Supporting short courses.

The supporting coursesinclude:

Project Management;
Systems Engineering;
Sustainable Development;
Library Utilisation Coursg;
Presentation Techniques.

During the exercise, students are given the oppor-
tunity to obtain design experiencein the design project.
This means the compl ete design process, from draw-
ing up a programme of demands (in this case specifi-
cations) to the design presentation, will be coveredin
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a structured and iterative manner. This covers all
familiar aspects that are typical of such a process,
like making choices, taking into account conflicting
demands while optimising, etc. Obtaining design
experience also means that an iterative process is
completed where non-optimal decisionsare corrected
in order to meet the specifications drawn up at the
start of the exercise.

SUSTAINABLE DEVELOPMENT AT TU
DELFT

Around 1970, thelife of aperson who wanted to save
the environment was so much simpler than it is these
days. Pollution was aclear problem that could be seen
properly asblack exhaust emissions, litter everywhere,
nuclear waste, etc. Theindustrial revolution had caused
alot of dirt that needed to be cleaned up.

During theseyears, environmental issueswere seen
as isolated problems that needed to be tackled sepa
rately. In 1970, thefirst Dutch environmental pollution
law was established for the protection of surface
water; many similar laws followed and a system of
pollution permits was introduced.

Yet after all the actions taken and laws made,
companieswere overwhelmed and confused by meas-
uresthat were sometimes even conflicting. Inthe end,
these end-of-pipe measures seem to help some, but
not sufficiently. It did not really solve the problem of
diminishing biodiversity, global warming, the depletion
of natural resources, population growth, etc. The prob-
lem was — and still is—much more complicated than
once thought.

In 1987, new thoughts were put on the social
agenda by the Brundtland committee via the report,
Our Common Future. This United Nations (UN)
report stressed the relationship between economical
development and the environment, but also other
important elements like political freedom and social
justice. This committee introduced the following
definition for Sustainable Devel opment asacommon
goa. This definition is used as a starting point for
discussions around Sustai nable Devel opment:

Sustainable Development is a devel opment
that meets the needs of the present
without compromising the ability of future
generations to meet their own needs.

Engineers have an important role and responsibil-
ity in achieving Sustainable Development by utilising
new technol ogies, and by being key personsinthedesign
and development of many products and systems.

Since 1998, all students at Delft University of

Technology are required to receive some training in
Sustainable Development. Students should meet the
following objectives after having taken thetraining:

» Have the knowledge of the concept and termi-
nology of Sustainable Development.

e Canplacetheir technologica knowledgeand skills
in the context of abroad social challenge.

e Understand how technical sub-systems are
related and how social aspects influence the
performance of atechnique.

*  Recognise the cause of sustainability problems
within a broader framework than on the level of
sub-systems, and are ableto | ook further than the
borders of their knowledge areawhen looking for
structural solutions.

» Have attained skills to work together with other
technol ogical and non-technological disciplinesin
designing and maintai ning technical systemsand
communicate properly about sustainability issues
with stakeholders.

e Can identify strategies to solve sustainability
problems and recognise the effects of solutions
inthelonger term at larger scales (geographically)
and at other system levels (technical and organi-
sational).

OBJECTIVESAND SET-UPOF THE
DESIGN AND SYNTHESISEXERCI SE

The objective of the design and synthesis exercise
is to enhance certain skills. These are skills in the
followingfields:

e Design;

» Knowledge application;

»  Communication (including discussion, presentation
and reporting);

e  Teamwork;

» Sustainable Development (SD).

The duration of the exercise covers 9-11 calendar
weeks, depending on the holiday period in that part of
the year. Students are expected to put in a minimum
(and preferably a maximum) of 40 hours of work per
week into the exercise. There is no room for other
(study) activities. The project introductionisin March
and attendance is mandatory.

During thisintroduction, students are given the op-
portunity to expresstheir interest in specific projects.
The exercise ends with a symposium in which all
project teams present their results before ajury, their
fellow students and their parents. Examplesof design
projects over the last yearsinclude:
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e Acoudticaly and Environmentdly Friendly Aircraft
(AEFA);

e Unmanned aircraft for delivery of emergency
relief;

e Solar powered aircraft;

e Lunar mission;

e Solar power satellite system;

* Reno racer;

e Tsunami detection and warning system;

e Talplanedesign[3].

SUSTAINABLE DEVELOPMENT INTHE
DESIGN AND SYNTHESISEXERCISE

Sustainable Development (SD) formsan integral part
of the exercise. This trains students in taking a sus-
tainable approach in their future engineering career.
The learning objectiveis to familiarise students with
sustainability, sustainable design strategies and
sustainability analysis, as well as skills gained in
applying the acquired knowledgein designing aircraft
and spacecraft. Thisisimportant because sustainability
is not considered a hard engineering discipline and,
therefore, often tends to be forgotten. In rea life,
society increasingly demands sustainable designs.

In order to incorporate Sustainable Development
in the design specification, the SD lecturer contacts
the coach of the design team in an early stage. They
discuss the design assignment and the possibilitiesto
include Sustainable Development in anatural way as
much as possible.

Set-up

In the first week of the exercise, students participate
inaworkshop designed toinitiate the SD assignment.
The workshop teaches students some SD terminol-
ogy and motivates them to integrate sustainable
solutionsinto their engineering work. At thefirst group
meeting, the SD assignment is handed out together
with the overall group assignment. The first part of
the SD assignment is discussed and students can start
working on the assignment. During this workshop,
student-assistants are present in order to help groups
orindividuals.

In the subsequent weeks, the SD lecturer observes
and supervises the assignment. In order to ensure
smooth progress, the following review points (by
appointment) have been set:

*  Week 2: Review of the current status by means
of an interim report that covers the first part of
the assignment (ie the actor/trend analysis).

e Week 8: Presentation of Sustainable Devel opment

solutionsin the overall assignment.
*  Week 11: Integration of the Sustainable Develop-
ment solutionsinto thefinal report.

S0 as to ensure decent supervision, there must be
at least one meeting per week between the groups
and the SD lecturer set up between the workshop and
review points as stated above. This meeting can
take place by e-mail or during open office hours. The
SD lecturer can always be reached via e-mail and is
to be present at least three half days for open office
hours.

Deliver ables

During the design and synthesis exercise, the follow-
ing deliverables are compulsory for SD:

e Aninterim report covering the first part of the
SD assignment (ie actor/trend analysis), which
has to be handed in at the end of Week 2.

* A presentation that focuses on SD and covers
all matters concerning SD in the project; this
takes place in Week 8.

* Theintegration of SD solutionsinthefinal report.
This has to be handed in as a hard copy at the
end of the design and synthesis exercise.

CASE STUDY: DESIGNOFA HIGH
ALTITUDE LONG ENDURANCE
UNINHABITED SOLAR POWERED
AIRCRAFT

This section describes the design of Phoinix, a High
Altitude Long Endurance (HALE) platform: an air
vehiclethat isdesigned to operate at ahigh atitudein
the Earth’s atmosphere for long periods (over six
months) carrying a certain payload [4]. This design
project illustrates nicely the design and synthesis
exercise and the incorporation of Sustainable Devel-
opment in the design.

The group of nine students initially designed
several concepts fulfilling the specifications. Figures
lato 1cillustrate three of the concepts devel oped.

In a trade-off analysis, the best concept was
chosen. All aspects of the design are discussed
during such a trade-off study, some of which is
illustrated here to show the choices the team made
for their final design.

Power Consider ations

Unlike conventional airplanes, solar powered aircraft
do not have a constant energy supply. Apart from the
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Figure 1la: Biplane concept.

Figure 1b: Conventional concept.

Figure 1c: Flying wing concept.

fact that the sun does not shine at night, the amount of
available power also depends on the angle between
the normal vector on the solar panels and the direc-
tion of the sunbeam. The intensity of the sunlight is
aso an important aspect. Figure 2 displays a contour
plot of available power for each day of the year at
each altitude

Sincethe sun’s position varies continuously during
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Figure 2: Contour plot of available power [W] for each
day of the year (x-axis) at each altitude (y-axis).
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the day, the platform was equipped with rotating solar
panelsfor the detailed design phase. These sun track-
ing panels are mounted on the tail booms and their
angular position isautomatically adjusted to retain the
optimal (largest) angle of incidence and solar flux of
the solar radiation vector on the solar arrays. When
these tracking panels are installed, energy collection
is most efficient and aircraft dimensions reduce to
normal values. Figure 3 shows the layout of the
concept, with the sun-tracking solar panels mounted
on thetail booms.

Figure 3: Layout of the concept, with the solar panels
attached to the tail booms.

In order to secure propulsion and payload power
at nighttime, daytime excess power has to be stored.
The only way to store these amounts of energy with
an acceptabl e storage system weight isthe use of fuel
cells. Today’s fuel cell technology allows energy
storage and expenditure with atotal efficiency of up
to 67%.

Structural Consderations

Flying on solar power requires a careful balance of
energy collected and energy expended over each day.
When an aircraft with a certain mass has to stay
airbornefor long periods of time and carry apayload,
a large amount of energy is required. The slightest
extra mass carried has a very high price in energy
consumption because it has to fight against gravity
every hour of the day. Seeing that the amount of
required power has to be minimised for year-round
service, with regards to the structure, all measures
have to be taken to win every possible kilogram on
the structural weight. Figure 4 shows the wing
structure designed for a low weight. In the whole
of the structural design, the weight was the driving
factor.

Propulsion Considerations
Propulsion is an important aspect of the aircraft.

Indeed, with failing propulsion, there can be no suc-
cessful mission. Most suitable is a brushless motor
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Figure 4: Wing structure.

because of its long lifespan and a high efficiency of
95%. This efficiency is assumed to be constant
duringitslifetime.

In order to reduce the loss of energy created by
high temperatures in the motor, cooling is necessary.
Because of the air stream created by the propéller,
and because of the need of high reliability, passive
air-coolingisvery suitable. Thiscan be placed around
the motor just behind the propeller to usethe propel ler
outflow as an inflow to cool the motor.

The new propeller was designed for high propul-
siveefficiency in cruise conditions (see Figure 5), with
aspeed of 25 m/sat aheight of 18 km and generating
just enough thrust to equal the drag of the complete
aircraft. A propeller efficiency of 86% in cruise
condition was obtained.

Figure5: Sketch of the propulsion unit.
Design of the Computer Program

So as to preserve a clear overview in the enormous
amount of used variables, an extensive MatLab
computer program was developed and used in
producing the final configuration results, which are
listedin Table 1.

Figure 6 shows the use of the aircraft in a system
whereit replaces satellites for communication.

Table 1: Final configuration results.

Wing span  Wing area 91.56m 210m’

Total length Total height 29m 7.1m
Aspect ratiowing 40
Areatracking solar panels 2 times 120 m’
Total mass 1,048 kg

Max. latitude (year round | 59"

Service)

Achievable airspeeds 55" NB | 22 27.8 m/s

Climbing time to cruise|8 11 hours
altitude

M ass payload 100 kg 1000 W
Continuous power

consumption payload

Figure 6: Possible application of the aircraft.

SUSTAINABLE DEVELOPMENT AS
EXPERIENCED BY STUDENTS

Students, in general, look forward to the designh and
synthesis exercise at a point in time when they feel
they are ready for such a complicated exercise. Up
until that moment, they have taken mono-disciplinary
courses and exercises. The design and synthesis
exerciseisthefirst timethey will be confronted with
such a challenging exercise. They all want to start
designing aircraft and spacecraft and do not want to
be bothered by other courses. Therefore, they feel
the additional coursesasbeing areal burden that take
their attention away from what they feel asthe main
issue of the exercise.
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Sustainable Devel opment is one of these additional
courses. This means that the teacher is being
confronted with a difficult task in getting studentsto
focus on the sustainability aspectsin their designs. In
the preparational phase of the exercise, the SD-teacher
discusses those issues that are relevant with respect
to Sustainable Development with the project coach.
Together, they attempt to identify those aspects of the
exercise that can be used best in the SD course.

Although this approach ensures that Sustainable
Development is embedded in the exercise as much as
possible, students' reactionsare mixed. It can be seen
that when a design assignment has many sustainable
aspects built in naturally, students appreciate the
course on Sustainable Development much more than
otherwise. For instance, the assignment for the
design of a Reno-racer, an aircraft designed to race
between two poles at low altitude, maximum speed
and requiring the use a maximum amount of power,
and thusfuel consumption, resulted in alow apprecia-
tion of the SD course. The aspect of sustainability
was brought into this specific exercise only in away
that students had to use recyclable materials as much
aspossibleintheir design.

On the other hand, the case described in this arti-
cle resulted in a high appreciation of the SD course.
The use of solar cells and only the sun as a means of
propulsion instantly gave students a feeling of being
involved in asustainable design.

EVALUATION OF THE DESIGN AND
SYNTHESISEXERCISE

Attheend of eachyear’ sexercise, studentsarerequested
tofill out aguestionnaire that investigates all aspects
of the exercise. It starts with the preparation and
continuesuntil thefinal marking. All additional courses
arealso tackled in the questionnaire. Thefocusinthis
articlewill be on the evaluation results of Sustainable
Development.

Theexercisewasgivento 13 groups, with all groups
receiving a different assignment. The overall mark
students gave the exercise was 77 out of 100. The
mark for the additional course on Sustainable Devel-
opment was 70 out of 100. In the questionnaire,
students were also asked to grade the importance of
Sustainable Development in their education as an
engineer. They marked it with 65 out of 100. Finaly,
they were asked to mark the importance of Sustain-
able Development for this specific exercise; the
average mark was 50 out of 100. It is worth noting
that there was a wide spread between the groups,
ranging from 25 to 73. The group used for the case
study marked this aspect with an average mark of 47.

Studentswere given the possibility to comment on
the exercise and all its aspects. Those comments
referring to Sustainable Development almost all
related to its integration in the exercise. They
concluded that when Sustainable Development does
not fit in naturally, it should not be given such alarge
amount of attention. Furthermore, the course was
described as being a bit vague. These comments
were the reason for the organising committee to
reconsider the position of Sustainable Development
within the design and synthesis exercise.

NEW DEVELOPMENTS

Since it was recognised that the integration of Sus-
tainable Devel opment into the design exercise caused
problems, a new approach has been tested this aca-
demic year. This new training can be characterised
as a series of workshopsin which the design madein
the entire design exercise will be thefocal point. The
basicideaisto design afuture sustainabl e system that
studentswill incorporateinto their design. A four step
approach will betaken for this.

Sep 1 is a strategic problem orientation, where
the problem isexplored and the way to solveit isrecog-
nised. At the same time, a stakeholder analysis (iden-
tification of all people/groups that have something to
do with the problem) is executed where each stake-
holder’s vision, needs and wishes are identified. It is
important in this phase not to focusjust on the techni-
cal aspects of the problem. It also hasto beidentified
what needs could befulfilled by using the technol ogy
or product being devel oped in the exercise.

Sep 2 covers the development of an idea of how
the defined needs can be fulfilled in the future. This
involves moving to a moment in time 50 years from
now and imagining what theworld will look like. This
broadens students’ views and gives opportunities for
creativity and inspiration. The extrapolation of
current devel opments does hot make sense anymore;
a mental reset is needed. Imagining what the future
wouldidealy look likeisamust.

Students need to determine that the system, which
makes sure that the needsthat have beenidentified, is
fulfilled and what it will look like. Their product or
technology is part of this system. So it is not the air-
craft itself, but rather the transport system, that isthe
subject. The future system that students define needs
to be sustainable and complete. This means that no
waste is coming out of the system on a structural
basis, and the used energy and materials need to be
refilled and/or recycled on an equal basis asthey are
used. Effects could also be social (eg living standards
in now poor countries), cultural and palitical; they may
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also berelated to other technical areaslike chemistry,
geology, medicine, religion, etc. The needs of future
generations should not be endangered.

Sep 3incorporates the definition of the stepsthat
arerequired in order to realisethisfuture situation. In
the end, this should lead to a series of realistic activi-
tieswith arelative short time horizon. Together, these
steps bring the sustainable future closer.

Sep 4involvesthe execution of short-term activi-
tiesasaready defined. These steps should be planned
and executed asin integrated part of the remainder of
the project. Of course, only those activities that are
within their span of control should be executed, such
as design changes. Other activities should be clearly
defined and appear as recommendations in students
reports.

For those design assignments that are clearly not
meant to be sustainable, a separate assignment on
Sustainable Development isissued. Inthisaternative
assignment, a so-called technol ogy assessment needs
to be performed. The possible effects of the technol-
ogy developed should be assessed. There can be
direct effects and indirect effects (spin-offs). These
effects can be technical, social, cultural, etc. Both
negative and positive effects have to be taken into
account. In the case of negative aspects, students
should formulate possible approaches in order to
eliminate or mitigate these effects.

The benefit of this new approach is that Sustain-
able Development is tackled as part of adesign gen-
erated by students. The sustainability aspects of the
designitself are no longer isolated from the rest of the
world. This should give students awider perspective.
The down side of this approach is that students still
need to be motivated for this course, as it takes time
away from the actual design itself.

Future evaluations at the end of the exercise will
show whether or not this approach has been benefi-
cial. However, the author believesthat only when an
assignment has a sustainable character, asin the case
study presented here, students will then become
motivated for Sustainable Development. When
sustainability is not really integrated in the design
assignment, it would be better to teach Sustainable
Development as a separate course outside the frame-
work of the design and synthesis exercise.

CONCLUSION

Many sustainable aspects were incorporated in the
case study. The design specification required the air-
craft to be totally dependent on solar energy alone
and nothing else. Thishas put strong requirementson
the efficiency of the propulsion and the structure.

Sustainability isimplicitly taken into considerationin
thisdesign.

Based on thisdesign example, it can be concluded
that incorporating sustainability inthe designis possi-
ble. However, it largely depends on the design speci-
fication. Other design specifications do not allow
sustainability to beincorporated that easily. Thismay
be because the subject to be designed in itself is not
sustainable, for instance a Reno racer aircraft, or
where sustainability isnot anissuein the design.

Inthedesign and synthesisexercise, thisoften leads
to artificial approacheswhere sustainability isbrought
into the design. In such a case, students immediately
develop an aversion with respect to the subject; they
do not seethe benefit of sustainability and areno longer
interested. They will only take the courses and do the
assignments using minimum effort because they need
to earn the credits. In the remainder of their study,
they will avoid anything related to sustainability. Hence,
anew approach wherethe designisincorporated into
asystem is now being tested.
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