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Summary

Ever more stringent environmental regulations on e.g. NOX emissions and the constantly increasing
fuel prices strongly drive the demand for more efficient green-technology aircraft. This leads not
only to changes in market demand but also to changes with respect to the choices made for designing
next generation aircraft. More importantly, it leads to changes in the need for more efficient and
innovative aircraft design processes. As a large degree of resemblance is to be found when comparing
the geometrical lay-outs of conventional transport aircraft, it is definitely tempting to make use of
existing knowledge to arrive at a new design.

The mission of the SCALAIR project is to develop a more time and cost efficient aircraft design
method for medium-size, medium-range passenger aircraft with lower Direct Operating Costs (DOC)
through lower fuel consumption. This method can then be utilised to redesign an existing medium-
size transport aircraft into a more efficient aircraft with large aspect ratio wings and propeller
propulsion. Fundamental to the new design method and the resulting computational model is the
scaling of an existing aircraft, while keeping an equivalent topology to maximise the use of existing
knowledge and experience. The scaling is based on scaling laws that are derived from analytical
relations, trends and empirical data.

From the market analysis it follows that the forecast for the air traffic market - and in particular
the demand for narrow-body aircraft - is promising. The emerging economies are found to be the
main drivers of economic growth and demand in air traffic (4.7-5.0 % growth rate), and single-aisle
aircraft amount to 68-70 % of the total passenger aircraft market. Furthermore, the demand for
turboprops is expected to increase as well over the next few years since their (by definition) higher
efficiency becomes more and more relevant.

The use of next generation propulsion technology, such as open rotor propulsion is still a con-
cept under development. From a sustainable point of view these engines are expected to be very
beneficial, given the higher propulsive efficiency and the fact that the resulting increase in fuel ef-
ficiency can be linked to a reduction in pollutant emissions. So, when focusing on environmental
regulations Contra-Rotating Open Rotor (CROR) engines are a good choice.

Regarding the model, the use of a scaling approach based on existing knowledge has multiple ad-
vantages in reducing the ecological footprint of aviation, since it reduces the time and cost required
for the design- and manufacturing phase. Allowing for e.g. quickly replacing the ageing fleet with
more fuel efficient aircraft.

In the developed computational model the wing structure is modelled analytically based on the
aerodynamic analysis. The aerodynamic wing loading and performance characteristics are acquired
by means of a Vortex Lattice Method (VLM). Here the spanwise loading is of particular interest
because of its interdependency with the structural analysis. By iterating certain geometric wing
parameters, trends are obtained which describe the effect on the lift to drag ratio. For the structural
module scaling laws are found and implemented based on the analytical model. From the combina-
tion of the two analyses, scaling laws are obtained which indicate what the optimum combinations
- i.e. to minimize DOC - of the geometric parameters are. Note that fuselage dimensions remain
constant and that the external structure is scaled based on changing load distributions.

For the performance analysis loading diagrams and CS25 regulations have been used to determine
the load factors driving the design configuration. Furthermore, fuel estimations were made to be
able to evaluate the fuel efficiency of the new design with respect to the A320. The scaling laws that

III | Final Report - SCALAIR Scalable Aircraft Model



were derived for the fuel were always within a 0.32 % margin of the A320 data. It is to be noted,
however, that the module should only be used for the engine design speeds. The engine used for the
new design is the General Electric UDF. Mainly due to this change in engine from turbofan to open
rotor the flight speed has been decreased from 0.78 Mach for the A320 to 0.72 Mach for the new
design. In the model the engine mass is scalable with respect to the thrust, to account for changes
in the maximum take-off mass.

Subsequently, the stability and control characteristics are addressed by means of the longitudinal
X-plot for the horizontal tail sizing and ’fast vertical tail sizing for directional stability of fuselage-
mounted engines aircraft’ approach for the vertical tail sizing. These methods do not take into
consideration the interaction of the fuselage-mounted engine with the tail surfaces, which changes
the tail size considerably. With the aforementioned methods scaling laws were obtained regarding
tail size and wing position to optimise for stability and controllability.

The Direct Operating Costs per block hour are calculated both for the A320 and the newly
designed aircraft. Direct Operating Costs are defined as the costs which have to be made to operate
the aircraft, and are dependent on the type of aircraft. For this, the method presented by Liebeck
[1] is used. It was determined that the DOC is reduced significantly, where this change is mainly
the result of a decrease in fuel consumption. The fraction of the fuel costs are reduced from 27 %
to 18 % of the DOC. Also, the economic effects of a lower flight speed are considered. These effects
are not incorporated in the DOC, and are therefore determined separately.

A complete model containing the previous technical analyses has been created which allows the
range, sweep, taper, aspect ratio and the engine type and location (two options) to be varied within
certain ranges, restricted by the design space. The program is split up into the following modules:
wing, fuselage, tail, engine/performance, fuel/weights and a calling routine for Athena Vortex Lattice
(AVL). Scaling laws describing the effects of range, sweep, Mach and the new engine were obtained
by using this complete model. For the range it was found that the new engine is considerably more
efficient than the A320 at larger ranges. A sensitivity analysis has shown that there is a snowball
effect in the model where an increase in the input of the initial mass results in a chain reaction in
the structural mass.

The following categories are taken into account with respect to risk awareness and risk handling:
general design process risks, scaling law risks, computer program risks, verification and validation
risks, feasibility of the computer program, feasibility of a typical scaled aircraft from the SCALAIR
project and approval of a typical scaled aircraft from the SCALAIR project. The severity and like-
lihood of the risks were qualitatively estimated.

Utilising the new design method, the redesigned, scaled A320 with fuselage-mounted GE36 Un-
ducted Fan engines features a low taper ratio of 0.25, an aspect ratio of 11.4 and a sweep angle of 17
degrees. Performance-wise the lift to drag ratio is increased by 12.2 % and there is a 15.2 % decline
in maximum take off mass. Also, the operational empty mass is reduced by 11.0 %. The design
complies with the same payload and range requirements as those for the A320, but with a 35.8 %
reduction in fuel consumption and thus reduced DOC. The DOC is reduced by 8 %, from $ 7485 to
$ 6890 per block hour. Also noteworthy is that there is 38.1 % less CO2 emissions per year for the
new design, when compared with the original A320.
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Nomenclature

Symbols

b Wing span [m]

c Chord length [m]

e Oswald factor [-]

h Hours [-]

l Length or Moment arm [m]

m Mass [Kg]

n Loading factor [-]

p Pressure [Pa]

AR Wing aspect ratio [-]

CD Drag coefficient [-]

CDI Induced drag coefficient [-]

CD0 Parasite drag coefficient [-]

CL Lift coefficient [-]

Cnβ Stability derivative, Z-axis [-]

Cmα Stability derivative, Y-axis [-]

D Drag [N]

K Load allevation factor [-]

L Lift [N]

M Mach number [-]

Meff Effective Mach number [-]

M∞ Free stream Mach number [-]

P Power [kW]

S Wing surface area [m2]

Sh Horizontal tail surface area [m2]

T Thrust [N]

V Aircraft velocity [m/s]

Λ Sweep angle [◦]

ρ Air density [kg/m3]

λ Taper ratio [-]

η Efficiency [-]

Abbreviations

AOA Angle of Attack

AR Aspect Ratio

AHP Analytical Hierarchy Process
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Chapter 1

Introduction

With the increase of current fuel prices the demand for more fuel efficient aircraft is on the rise.
While traditional turbofan engines are reaching their limit on fuel efficiency, the industry is trying
to improve using different technologies. The usage of propeller aircraft which provide a lower fuel
consumption has declined in the past decades due to their relatively low flight speed and noise pol-
lution. A possible alternative is the Unducted Fan which combines a low fuel consumption with
higher cruise speeds than conventional turboprops and the potential of reducing its noise level. A
cheap method to further improve already existing aircraft is a scalable computational model which
makes the whole cumbersome conceptual design phase obsolete. Combining the use of an efficient
engine with a scalable aircraft computer model, provides a cheap and simple method to improve
aircraft, such as the A320.

The mission of the SCALAIR project is to develop a more time and cost efficient aircraft design
method for medium-size, medium-range passenger aircraft. The second goal is to use this method
to redesign an existing medium-size, medium range transport aircraft into a more efficient aircraft
with lower direct operating cost through lower fuel consumption.

The purpose of the final report is to state the results of the whole project, obtained during the
last nine weeks. The results consist of scaling laws, optimal design parameters for the most efficient
aircraft model and further recommendations on how to improve the model in the future.

Requirements for the project consists of the design of a mathematical description of an aircraft
and the evaluation of scaling laws for all relevant aspects of it. The scaling laws should be validated
and used to redesign a medium-size aircraft based on the Airbus A320. The new aircraft should have
large aspect ratio wings, propeller propulsion and lower direct operating costs through a reduction
in fuel consumption of at least 30% [2].

The scaling laws will be derived from empirical data, analytical approaches and simulations which
determine trend lines incorporated in the program. The attained scaling laws will be used to redesign
and optimise a new aircraft within certain constraints. It will be optimised for fuel consumption in
order to achieve the required reduction in fuel consumption and direct operating Cost.

With the attained scaling laws the designed aircraft is optimised within its constraints to achieve
the reduced direct operating Cost.

Basic limitations occurring in the project are constraints given by time, experience and mis-
communication induced by risks within the project. These limitations require assumptions and
simplifications of the model and methods used, and a structured project execution.

The report consists of fourteen chapters, which can be split over three parts. The first part is
about project management and includes Chapter 2 and Chapter 3.

The second part of the report consists of the simulation. This part describes the core of the
project. It discusses how the model is created and how it used to create a final design. The technical
categories, consisting of the aerodynamics, structural design, performance, engine characteristics
and stability and control are considered in Chapters 4 to 8 respectively. After that, the model
characteristics are discussed in Chapter 9, including the sensitivity analysis. The risk management
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can be found in Chapter 10 followed by the aspects dealing with the final design in Chapter 11 and
the Direct Operating Costs in Chapter 12.

The third part of the report discusses the post-DSE phase. This part consists of the post-DSE
planning presented in Chapter 13. The cost break-down is discussed in the same chapter. Finally,
the report ends with Chapter 14 which includes the conclusions and recommendations.
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Chapter 2

Market Analysis

The current chapter describes the market analysis for the developed product. The aim of the
project is to design a software model that scales a medium-sized aircraft type based on the A320 as
a reference aircraft. Ultimately, this model should be sold to a manufacturer. Therefore, it is very
advisable to find a market area where a demand for the product exists.

The market analysis is structured as follows. First, the trends of air traffic, aircraft demand
and aircraft design processes are analysed in order to locate and narrow down the area of interest,
and to estimate possible demands and market shares. Next, the macro environment and the stake-
holders are identified and described. Finally, the Strengths, Weaknesses, Opportunities and Threats
(SWOT) analysis is done in order to provide a good overview of the company’s internal and external
environment. In this case the company is the team developing the model.

2.1 General and emerging trends in air traffic and aircraft
demand

Over the past few decades the demand for air traffic, and thus also for aircraft, has increased
considerably. From Airbus’ Global Market Forecast [3] and Boeing’s Current Market Outlook [4]
it follows that not only did the total air traffic demand these last twelve years increased with a
stunning 53 %, it also turns out to be resilient to external economic shocks (e.g. major crises) [5, 4].
Figure 2.1 shows that over the course of these crises no significant decline in demand was to be
noted. On the contrary, the demand for air traffic has consistently been on the way up.

Figure 2.1: Word annual traffic, * 53% increase from
2000-2012 [5]

In their forecast, Airbus foresees a world-
wide growth in air traffic demand of approxi-
mately 4.7 %, mainly driven by the expanding
regions (i.e. the emerging economies: Brazil,
Russia, India and China) [3]. Embraer also
notes in the 2012 Market Outlook that the
strong pace of growth in the emerging mar-
kets is one of the main drivers impacting the
global air travel industry and they conclude
on a growth of 5.0 % in the Revenue Pas-
senger Kilometer (RPK) [6]. The latter is in
accordance with Boeing’s 5.0 % expected in-
crease in airline traffic [4].

The consensus is thus that the emphasis is on the emerging economies and that growth levels
between 4.7 and 5.0 % are to be expected. The increasing contribution of these expanding regions
can also be deducted from the economic growth depicted in Figure 2.2.
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Figure 2.2: Real growth in Gross Domestic Product [5]

Extrapolating the growth in air traffic demand to the resulting need for aircraft, Airbus concludes
that in the coming 20 years over 27,000 passenger aircraft will be needed to provide for the market’s
needs. Including freight aircraft this even results in a staggering 28,200 aircraft, or in other words, a
total value of 3.14 trillion Euro is at stake [3]. According to Embraer, the total market value might
even amount to 3.6 trillion euros [6]. Here it is to be taken into account that the largest contribution
to the growth will come from the emerging economies.

2.1.1 Narrow-body aircraft demand

The aircraft market is typically segmented into narrow- and wide-body types of aircraft (e.g. A320
vs. A380) where narrow-body or single aisle aircraft take over two thirds of the sold types according
to Boeing [7], resulting in a high demand. Given that the currently developed methodology is
to be applied to narrow-body, medium-haul types of aircraft, this market analysis focuses on the
narrow-body niche. Currently, the major players in this particular field are [8, 4]:

• Airbus with the A320 Family

• AVIC with the ARJ-900

• Boeing with the 737 Family

• Bombardier with the CSeries/CRJ-1000

• Embraer with the 190/195

• Tupolev with the Tu-204/Tu-214

And the following aircraft are due to enter the market within the next five years [8, 4]:

• Comac with the C919 (planned for 2014)

• Irkut with the MC-21 (planned for 2016)

Noteworthy is that, competition-wise, the narrow-body market appears to be deviating from the
well-known Boeing-Airbus duopoly, with a partnership between Bombardier and COMAC posing
the biggest threat to their usually so confident market leadership. As indicated by Glennon Harrison
in his report for the Congressial Research Service: the importance of narrow-body aircraft to both
companies cannot be overstated [9]. Hence, their dedication to this particular market segment is such
that they intend to saturate the market’s demand. However, given their current choices it might
be that they are not be able to provide for the forecasted increase in demand [9]. Thereby paving
the way for new entrants to the market, and thus a more competitive and innovative environment
[10, 11].
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Figure 2.3: Global market forecast for passenger aircraft [4]

With respect to the trends in narrow-body demand it is found in Boeing’s Current Market
Outlook that the single-aisle segment amounts to 68 % of the world’s total aircraft demand, see
also Figure 2.3 [4]. Or, as indicated in the table in Figure 2.4, a total of 23,240 aircraft. Embraer,
on the other hand, even foresees a dominating 70 % market share for single-aisle aircraft deliveries
with 120+ seats. Furthermore, Airbus’ forecast settles right in between those two figures with a
single-aisle contribution of 69 % and 19,518 new passenger aircraft deliveries by 2031.

Figure 2.4: Global market forecast for passenger aircraft [4]

More specifically, from Boeing’s current market outlook it follows that for A320 type of aircraft
(single-aisle) in the 90 - 175 seats sector a demand of 21,880 single-aisle aircraft is to be expected
in 2031, 18,580 units of which are new deliveries, as indicated in Figures 2.5 and 2.6 [4]. Besides,
in the narrow-body niche it is to be noted that the main growth is introduced by an increase in the
contribution of the emerging economies.

Figure 2.5: Single-aisle market segment forecast [4]
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Figure 2.6: Single-aisle market segment forecast [4]

2.1.2 Turboprop demand

Environmental issues and stringent environmental regulations force industry to improve the aging
fleet with green-technology aircraft [6]. It is because of this high need for ’greener’ aircraft that
turboprop engines are back on the rise.

Figure 2.7: World turboprop fleet evolution
for 30+ passengers segment [6]

Where turboprop engines are generally used in
the short-range market, chances are that their use
might expand into the medium-haul segment follow-
ing the trend of turboprop-driven aircraft increasing
in size [12]. An example of this tendency towards
larger aircraft is the Bombardier Q series, where
only the Q400 (the largest) is still in production. Be-
sides that, the observed trend is also supported by
Embraer’s explorations into designing a turboprop
100-seater. In the narrow-body segment, Embraer
does however expect that jets will still prevail due
to their high productivity and overall operational
efficiency [6].

The total demand for turboprop-driven aircraft
as forecasted by Embraer is depicted in Figure 2.7.

2.1.3 Expected market share

From the previous analyses it can be concluded that the forecast for the air traffic market, and in
particular the demand for narrow-body aircraft, is promising. The emerging economies are found
to be the main drivers of economic growth and demand in air traffic (4.7-5.0 %), and single-aisle
aircraft amount to 68-70 % of the total passenger aircraft market. Furthermore, the demand for
turboprops is expected to increase as well over the next few years. So, there is definitely sufficient
demand for medium-size, medium range aircraft the coming two decades.

It is to be noted, however, that the software model that is developed is very specific and will
only be able to be implemented in the narrow-body niche with only a small number of potential
buyers (see section 2.1.1)). Therefore, the aim is to have a considerably high market share within
that niche. It is however to be expected that a buyer will request exclusivity, hereby constraining
the market share opportunities significantly.

2.2 General and emerging trends in aircraft design processes

Aircraft design is an elaborate, cumbersome process if it is to be conducted from scratch (i.e. an ab
initio design approach). Therefore, all manufacturers strive to make the process as cost and time
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efficient as possible. Especially for the bigger companies like Airbus and Boeing with their design
projects running for over several years, efficiency is of the utmost importance. A lot of resources are
therefore used to improve current processes and or come up with new ones. The last few years the
focus of the manufacturers has increasingly shifted from the actual testing of aircraft (parts) to the
use of simulations. Something Airbus’ credo confirms: More simulation, less testing. A well-known
example of this drive to improve efficiency by means of simulations is the DLR tau-code [13]. This
particular code has been used as a CFD-tool by Airbus and its development took place not only
internally, but also through collaborative national, European and university projects [13]. These
developments indicate that the field of software-based design methodology is definitely on the rise.

Moreover, in economic recessive times the profit rates decline, hereby inducing an increase in
labour productivity growth to make up for the losses [11]. Ergo, more time and resources will
have to be spent on making processes as efficient and as innovative as possible. Therefore, it is
to be expected that future markets will also appreciate innovative, cost and time efficient design
methodologies.

2.3 Macro environment and stakeholders

The development of new tools in for example design processes does not only change the methodology
itself. In the immediate, competitive environment, the resulting product and its effect on the buyer
(and supplier) are obviously to be taken into account as well. Besides that, the new tool will influence
the demand for the products of rivals and the demand for substitute products. Not to mention the
fact that the new ’design climate’ will shape the behaviour of potential new entrants to the market.
Consequently, the efficiency and demand that come with the new design tool define the behaviour
and confidence of the company’s (hypothetical) shareholders.

The changes in the immediate environment ultimately influence the macro environment, and vice
versa. An increase in demand for aircraft, for example, leads to changes in the labour market with
lower unemployment and thus a stronger bargaining position for the unions. Ergo, the economic and
political environment are affected too. Furthermore, altered immediate environments could lead to
modified legislation and regulations.

Noteworthy, if people are willing and able to travel and fly more, it eventually culminates in a
completely different lifestyle and coverage of the globe. Thus, a higher demand for aircraft changes
society, both in its demography and in terms of lifestyle. Finally, note that fluctuations in competitive
positions strongly influence the development of new technology, as competitors will want to catch
up with their rivals.

Note that the current analysis has been conducted from the point of view of the company.
Obviously, the environment has a great impact on the company too. Hence, in reality the arrows
would point both ways.

The above is summarised in the stakeholders alliance in Figure 2.8.
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Figure 2.8: Stakeholder alliance with a subdivision in immediate and macro environment. Adapted
from [10, 14]

2.4 Competitive analysis and SWOT analysis

In order to assure a market share for the developed product it is crucial to determine the company’s
resources and competences. First, the valuable resources (not only physical but e.g. intellectual
capital) need to be identified and compared with possible competition. In this case, the uniqueness
of the developed program, the people working on it and even TU Delft which provides room and
support can be defined as resources. Next, the determination of competitive power needs to be done.
Is the resource rare, hard to copy or substituted by another resource? Those factors state how rivals
might react on the introduction of the developed product. Finally, the company’s competences need
to be refined. Especially distinctive competences which give an advantage over rivals are important
to find and analyse. In Table 2.1 weighted competences with their resulting advantages can be
found.

Table 2.1: Distinctive competences

Competence Weight Resulting advantage

Use of existing know-how high low development costs

Use of a single program medium simple end product

TU Delft as sponsor low brand name and possible support by employees

The overall situation of a company can easily be described using a SWOT analysis [10]. It is a
simple but powerful tool for displaying the internal resource strengths and competitive deficiencies,
its external market opportunities and threats. Table 2.2 provides a good overview of the future
well-being of the company.
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Table 2.2: SWOT Analysis

Strengths Weaknesses

• Technology based on existing knowledge, thus
more efficient use of time and resources
• Mathematical analysis is simplified by keeping
topology constant (i.e. shape optimisation)
• Due to modular approach simple to add features

• Limitations given: medium size and range types
of aircraft
• MATLAB is used which is relatively slow and
requires license
• Manufacturing follow-up not incorporated

Opportunities Threats

• Blue ocean strategy (new market development)
[10]
• Niche market solutions
• Licensing of technology

• Open sourcing of the utilised design approach
• Competitor/manufacturer does similar research
and/or shows copycat behaviour
• New generation aircraft with extremely differ-
ent topology is developed
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Chapter 3

Sustainable Development Strategy

Air transport is one of the fastest-growing transportation modes, and it is expected to hold on
to that trend in the near future [15]. However in order for this growth to be sustainable aircraft
manufacturers are working on reducing fuel consumption and making aviation more available to
everyone. This results in the following trends: The growth in global jet fuel consumption has paled
in comparison with the growth in traffic[5]. As in general aviation has become more fuel and cost
efficient in the past decades and it is expected that this trend will continue at least for another two
decades (this trend holds for fossil fuel propulsion systems)[16].

In order to further improve sustainability for air transport and aviation, a certain level of aware-
ness should be present in aviation products and their design methods or approaches. This should
lead to the capacity to support, and steadily improve quality of life for everyone and everything on
our planet, now and in the future.

The SCALAIR project has a sustainability vision concerning several topics [17]. However, the
largest contributors on the path to a more green aircraft are the change in propulsive system and
the change in design method.

3.1 Open Rotor Propulsion

When using open rotor propulsion instead of a turbofan, several important aspect with respect to
sustainability come in mind. Mainly: fuel consumption reduction, pollutant emission reduction and
noise of the open rotor.

3.1.1 Fuel and Emissions

Open rotor propulsion has a higher propulsive efficiency, this leads to a lower Thrust Specific Fuel
Consumption (TSFC), meaning a reduction in fuel consumption. The reason why this open rotor
technology is more efficient is mainly due to the fact that a turboprop takes a larger mass of air and
gives that mass a smaller velocity increase, compared to a turbofan.

ηPropulsive =
2

1 +
Vjet
V∞

(3.1)

Using Equation 3.1 it can be shown that if VjetCROR < VjetTURBOFAN the ηPropulsiveCROR >
ηPropulsiveTURBOFAN . The only drawback is that due to this fact, the turboprop is more limited in
its top speed. As of the moment the produced jet velocity, VjetCROR , is equal to the free stream
velocity, V∞, the thrust equals zero. This jet velocity depends on the lift produced by the blades, this
lift is proportional to the freestream velocity of the blade which again depends on both the freestream
velocity of the aircraft and the velocity induced by the rotational speed. So the jet velocvity is limited
by the rotational speed of the propeller which in turn is limited by the Mach number reached at the
tips of the propeller blades. By using multiple blades—8−−12—the overall rotor diameter can be
reduced leading to a lower tip speed, however this also leads to an increase in blade loading. The
CROR system can attain higher airspeeds, with an equal or higher propulsive efficiency than regular
turboprop systems. The velocity can range up to Mach 0.9 but the zone of interest for this project
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is Mach 0.67 − 0.73 [18]. A comparison between several propulsive systems with respect to their
optimal flight speed can be seen in Figure 3.1. Higher disk loading, however, leads to a stronger
swirl. By using a second contra-rotating propeller the flow can be proportionally de-swirled leading
to some additional propulsive efficiency increase. Which is another advantage of the CROR with
respect to the propulsive efficiency. This ultimately results in 35.8% fuel consumption reduction of
the UDF compared to the engines used on the A320 at this moment, see Chapter 11.

Figure 3.1: Installed propulsive efficiency vs
cruise Mach number of several propulsion sys-
tems [19]

This reduction in fuel consumption is directly
linked to a reduction in pollutant emissions which is
very beneficial for the environment, as aviation con-
tributes for approximately two to five per cent to air
pollution. This is on one hand by producing pollu-
tant emissions and on the other hand by secondary
effects like the formation of contrails. Therefore the
actual effect of air transport on the climate is much
larger than would be expected. This can be quanti-
fied by means of the Radiative Forcing (RF) or Ra-
diative Forcing Index (RFI), i.e. the relative ratio
of the RF to that of CO2 emissions alone. The RFI
was determined to be 2.7 for aircraft [20]. Which
says as much as the climate change due to aircraft is 2.7 times larger than the climate change of
aircraft solely due to burning fossil fuels and thereby producing CO2.

CO2 is quantitatively the largest of all engine emissions. With exception of H2O, CO2 is a
factor 1000 larger than other emissions [21]. The aviation induced CO2 contribution with respect
to all other man made CO2 is a reasonable 2% [15]. According to the International Energy Agency
(IEA), aviation is responsible for 11% of all transport energy used (in 2006)[15]. Which means that
CO2 cannot be left out of the engine design process, as CO2 is a quite important emission factor.
Also, CO2 is linearly dependent on the aircraft fuel consumption. Meaning that by reducing the
fuel consumption by 35.8%, the CO2 emission will be reduced by 35.8%.

Of course CO2 is not the only emission to be reduced, NOX also takes up a substantial part in
polluting the air. Especially when looking at the relative importance of emissions to global warming
according to the IPCC. This gives rise to the term Global Warming Potential (GWP), which also
takes the life time of a pollutant into account. The GWP is a ratio between the global warming
caused by a given mass pollutant, compared to the warming of a similar mass CO2. According to
the IPCC the GWP value of NOX is significantly higher than that of CO2, in the order of 300.
Besides that, taking into account that altitude has an effect on the severity of NOX emission, i.e.
the higher NOX is injected in the atmosphere the larger effect it has on the environment [21]. Thus
making it safe to say that aircraft NOX emissions should definitely be reduced in order to prevent
or limit global warming.

NOX emissions are mainly produced in internal combustion engines due to high flame tem-
peratures and long reaction times. Another mechanism to produce NOX is Fuel-NO formation,
which is based on oxidation of nitrogenous compounds. Kerosine, however, does not contain a lot of
fuel-bound nitrogen, so this mechanism is negligible in gas turbines [21]. In order to reduce NOX
formation the flame temperature should be reduced, which lowers the thermodynamic efficiency.
There are also other measure to reduce NOX , like : redesigning the combustor, optimising the en-
gine stoichiometric operating zone,i.e. leaner mixture, injecting ammonia to control NOX formation
and using a catalytic filter system. However, the details of this matter are beyond the scope of this
project.

By using an open rotor system the NOX level will certainly be reduced. In 2011, NASA presented
results concerning the NOX emission of their UDF engine [22]. As a result of a higher propulsive
efficiency and an advanced lean combustor, the UDF emits less NOX during all flight phases,
compared to a turbofan engine. These findings are depicted in Table 3.1. From this it can be
concluded that the NOX emission of aircraft using open rotor technology are reduced significantly
during the take off role, which means as much as aircraft emissions can be reduced significantly in
and around airports. Landing-Takeoff (LTO) NOX values are also present in Table 3.1, where a
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reduction of approximately 80% compared to the reference turbofan could even be realised. The
reduction in LTO NOX is mainly accredited to the reduction in fuel flow, and a smaller part due to
a low NOX combustor.

Table 3.1: NASA Engine Model Results [22]

A320 Engine Model UDF Engine Model

LTO Fuel Flow [kg/s]

Take off 1.053 0.452

Climb out 0.880 0.369

Approach 0.319 0.119

Idle 0.128 0.043

NOX Emission Index [g/kg]

Take off 26.5 11.1

Climb out 22.3 6.9

Approach 8.9 9.0

Idle 4.7 5.0

LTO NOX Dp/F∞ [g/kN] 56.2 11.57

Up to today it is still a concept under development, but it is regaining attention, since the
oil prices are high and will probably keep rising. Several authorities are currently doing extensive
research with respect to the problems of open rotor propulsion that have been discovered during
the ’80s. These major problems are expected to be solved within a reasonable amount of time and
the engine can then be used for commercial applications. This is because the knowledge concerning
materials still grows every year, and by using a simulation based design approach acoustic, vibration
and fatigue or safety problems can be solved properly and more rapid. As such, these open fan
propulsive systems should be applicable in the near future.

3.1.2 Noise

As is already apparent from the definition of noise, it is an unwanted and subjective phenomenon
that leaves its marks on the environment. Therefore, it is not just about the excessive sound levels,
but also about the impact on the environment that comes with it. As such, noise is the main limiting
factor on growth for commercial airports, like Schiphol [23]. Not in the last place due to the effect
it has on the people living or working in the airport’s vicinity. It has been shown that the number
of complaints has gone up, whereas the number of complainants has reduced over the last few years
[23]. Thereby implying that the level of unwantedness has increased considerably.

With noise being the main limiting factor for the growth of airports, it is of importance to
evaluate the noise footprint taken up by aircraft and by propeller driven aircraft in particular.

Noise has a definite impact on the environment, and especially on the communities near airports.
The obvious consequence here is of course annoyance, but also the health impact and the devaluation
of property are to be taken into account [23]. Not to mention the quality of life [24], both for humans
and for animals. Moreover, noise is a driving factor in the health- and quality of life impact discussed
in the report of the World Health Organisation (WHO) on environmental health inequalities in
Europe [25]. So, in terms of pollution there are several factors to be considered.

An additional note on the discomfort due to noise is the fact that the sensation level does not vary
linearly with the magnitude of the actual physical stimulus. Rather, it increases in an exponential
way (Stevens’ power law).
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Figure 3.2: The intention of NASA with respect
to shrinking nuisance noise footprint [24]

Because of the experienced nuisance near air-
ports, there are several efforts to mitigate noise.
As for example indicated by NASA’s goal in Fig-
ure 3.2. These efforts can be made at different
levels: aircraft level, aircraft operation level or
aircraft design/planning level [23]. Examples ap-
plicable for the SCALAIR project are at an air-
craft level: the reduction of engine noise and its
interaction with the airframe (e.g. by manipu-
lating the engine positioning). Or at the aircraft
operational level: the effect of the design time (as
discussed in section 3.2.1) on the phasing out of
older aircraft.

3.1.2.1 Noise Footprint

The way to quantitatively and qualitatively lessen the impact on the community is by minimising the
noise footprint. This footprint is defined by the noise levels in a radius from the runway threshold, as
depicted in Figure 3.3. Obviously, this also encompasses the approach and take-off. Current efforts
to minimise the footprint for the approach and take-off phases (i.e. at operational level), amongst
others, include the increased use of continuous decent approaches.

Figure 3.3: Example of Noise footprint for standard L-TO procedure [26]

3.1.2.2 Contribution to Noise by Propulsive System

One of the main contributors to aircraft noise is of course the engine (with the other being the
aerodynamic contribution). Given the change from turbofan propulsion to the use of turboprop/open
rotor types of engine, it is important to assess what this change would mean in terms of noise
generation.

Compared to turbofan engines, the total sound levels of turboprop engines are similar, as follows
from research by Bombardier and the DLR (Figure 3.4) [26, 27]. Unfortunately, the magnitude of
this total level comes eeringly close to the speech interference level (of the passengers), for both
types of engine. It is noteworthy, however, that the noise patterns produced by turboprops and
jet engines are completely different. Jets generate higher broadband noise and turboprops generate
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strong tones due to the blade rotation and its interference with the fuselage. Thus the equivalent
total noise is not equal to the equivalent perception [26].

Figure 3.4: Noise reduction vs. fuel reduction for
turbofan and turboprop engines[27]

Location wise, the lowest frequencies are
experienced for an aft rotor and for front ro-
tors the highest peak levels and highest fre-
quencies are acquired [28].

The major factor in the noise genera-
tion of open rotor engines appears to be the
fact that there is no nacelle shielding the ro-
tor to prevent excessive acoustic propagation.
Therefore, there is not only the propagation
of the engine sound levels itself, but also an
increased interaction effect between the en-
gine and other airframe elements. The ex-
cessive acoustic propagation is especially true
for pusher configurations at low-speed take-
off and approach [27].

To determine the rotor effect in an ana-
lytical manner, the NLR conducted an inves-
tigation into the noise radiation of propellers
[29]. This research allows for evaluation of
the tones to be expected, the effects of span-
wise source distributions and the directivity of individual noise components. As such it provides a
basis for new studies into the reduction of the noise generated by rotor configurations.

Further elaboration on the actual noise characteristics of the UDF as well as approaches to
reducing the rotor noise can be found in Chapter 7.

A word of precaution should also be included concerning the numbers given on the fuel reduction.
The analysis that was performed and used in this project is based on an 80’s UDF engine technology.
This technology is compared to the engine technology used on the A320 at this moment. Off course
the future A320, i.e. the A320 NEO (New Engine Option), will feature an ultra high bypass turbofan
or a geared turbofan. According to recent research performed by the NASA, the advanced propfan
of the future should be able to compete against those advanced turbofan [30]. The results of this
research can be found in Table 3.2.

As can be seen in Table 3.2 the Propfan is still expected to have the fuel efficiency benefit. At top
of climb the advanced geared propfan has a TSFC of approximately 13% lower than the advanced
geared turbofan and up to approximately 30% when compared to the current A320 engine. The
reason that this is not 36% as mentioned earlier is that the open rotor engine used here is a geared
open rotor, to achieve even higher cruise mach number, unfortunately this higher mach number
comes with a small loss in efficiency.
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Table 3.2: NASA Advanced Engine Model Results [30]

A320 Engine
Model

Advanced Geared
Turbofan

Advanced Geared
Propfan

Tstatic 111kN 104kN 121kN

TSFC (M=0.78, 35000ft) 17.28g/kNs 13.99g/kNs 12.12g/kNs

T/W (M=0.78, 35000ft) 0.72 0.74 0.54

LTO Fuel Flow [kg/s]

Take off 1.053 0.728 0.521

Climb out 0.880 0.602 0.427

Approach 0.319 0.192 0.139

Idle 0.128 0.067 0.046

NOX Emission Index [g/kg]

Take off 26.5 16.5 14.0

Climb out 22.3 10.7 9.0

Approach 8.9 9.0 9.0

Idle 4.7 5.0 5.0

LTO NOX Dp/F∞ [g/kN] 56.2 22.00 12.15

The reduction in TSFC during take off is even higher with respect to the other two engines. This
trend can also be observed in Table 3.1. However there is one drawback visible in Table 3.1. It can
be seen that the T/W is approximately 30% lower. This drawback is however counteracted by the
fuel efficiency.

3.1.3 Positioning of Propulsive System

By placing the engine on the end of the aircraft fuselage, it is possible to obtain a clean wing. That
is, a laminar or smooth wing. Such a wing reduces the aerodynamic drag for for given wing lift, and
increases the overall lift-to-drag ratio. The increase in the lift-to-drag ratio has a positive effect on
the fuel efficiency. If the increased lift-to-drag ratio is coupled with a lower aircraft empty weight,
resulting from a more efficient propulsive system, the total efficiency of the aircraft will be even
higher.

3.1.4 Conclusion

Up to today, open rotor propulsion is still a concept under development, but it is regaining attention,
since the oil prices are high and will probably keep rising. Several authorities are currently doing
extensive research with respect to the problems of open rotor propulsion that have been discovered
during the ’80s. These major problems are expected to be solved within a reasonable amount of
time and the engine can then be used for commercial applications. This is because the knowledge
concerning materials still grows every year, and by using a simulation based design approach acoustic,
vibration and fatigue or safety problems can be solved properly and more rapid. As such, these
open fan propulsive systems should be applicable in the near future. So it can be concluded that the
CROR is a reasonable choice as next generation propulsion technology. Especially when focusing on
environmental regulations, like NOX regulations and Noise regulations. As at this moment the UDF
could pass all these certifications regulations to the highest standard with proper margin. However,
it would be beneficial if the CROR technology would arrive at noise levels, normally associated with
advanced geared turbofan engines. Finally, a prediction concerning the actual reduction in fuel with
respect to the different aircraft groups can be seen in Table 3.3.
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Table 3.3: Future aircraft fuel intensity reduction potential to today’s aircraft[15]

Type of improvement Percentage fuel intensity reduction

Airframe aerodynamics 20-30%

Airframe light-weighting 20-30%

Engine technologies 15-25%

ATM and operations 7-12%

Total 40-50%

3.2 Effects of the Scaling Design Methodology

It is strived for to further reduce the fuel consumption by appropriately scaling the aircraft elements
(such as the wings), while keeping the topology constant (i.e. shape optimisation). Some of the
aspects that were analysed and optimised during this synthesis are for example the wing sweep,
aspect ratio and type of engine.

Noteworthy is also that the scaling approach has multiple advantages when it comes to reducing
the ecological footprint by aviation. Namely, the scaling methodology reduces the time and cost
required for the design- and manufacturing phase.

3.2.1 Design Time and Cost

The reduction in design time and cost is a result of the fact that most of the components of the
aircraft have already been designed. Or in other words, the eventual design is based on existing
knowledge. Therefore, the first phase (planning and conceptual design phase) of the aircraft life
cycle does not have to be accounted for. This phase is responsible for a large part of the design
phase of an aircraft which is cumbersome and expensive. Note, that for the final optimisation
process, time and resources still need to be taken into account. For a more thorough discussion of
matters concerning the design life cycle costs the reader is referred to section 2.4 of the Baseline
Report [31].

This reduction in design time is directly coupled to a reduction in energy as well as a reduction
in design resources, e.g. computers, facilities, printers, etc.

3.2.2 Manufacturing Cost

By using a scaling approach, aircraft parts keep their original shape with an eventual in- or decrease
in length, thickness or height. Since no completely new parts are designed, the manufacturing facility
of the original A320 can be used, incorporating minor changes. The same procedure is applied for
the whole aircraft family of Airbus where parts have different scales (e.g. A320 and A319). By
using the same facility and experienced labourers, resources can be saved. Besides resources a lot
of energy can be saved. Also if the diversity of the parts decreases, the fabrication process could be
optimised in terms of energy, cost, and time which will also lead to a decrease in ecological footprint.

Another beneficial aspect of using less diversity in parts is that this makes the aircraft recycling
less complex. And as with the fabrication the end of life recycling could also be optimised.
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Chapter 4

Aerodynamics

In order to arrive at aerodynamic scaling laws a few approaches can be used. These approaches
differ in the method of obtaining the data that is used to generate a trend. The data can either be
obtained by statistics or can be based on empirical data. The three main approaches all have the
same goal, i.e. try to produce and visualise the general trend between the different parameters, and
set-up a polynomial function which serves as a trend line. This trend line can then be used as a
scaling law, although it should only be used under specified conditions. That is, there is a limited
range where all parameters should be positioned.For this project the computational approach is
used, and the empirical data serves as validation data. In this chapter the sweep angle, angle of
attack(AOA), taper and aspect ratios, wing twist are referred to as the geometrical parameters.

The first Section, Section 4.1, describes the performed processes by the aerodynamic Matlab
model. This is followed by Section 4.2 in which the geometric lay-out of the wing, the derivation of
the sweep angle and the aerodynamic methods are described. Section 4.3 presents the first result
of varying one of the geometrical parameters on the spanwise lift and drag distributions. These
result are then expressed in Section 4.4 the form of a scaling law for lift and drag coefficients, span
efficiency factor and lift to drag ratios. In Section 4.5 the result for the lift to drag ratio with two
varying parameters are presented and analysed on trends. This is followed by the verification and
validation of the model and the obtained results in Section 4.6 and Section 4.7, respectively. Finally
the scaling laws are discussed and their potentials are analysed in Section 4.8

4.1 Model Methodology

The computational method used in this a Vortex Lattice Method (VLM) and is executed by by
Athena Vortex Lattice Method (AVL). This method is selected as it can derive aerodynamic aspect
of specific wing geometries as specified by the user. Compared to a method which is based on
statistical data, AVL is a fast method to analyse many different wings and obtain trend lines and
scaling laws. The limitations of AVL and the theory behind VLM can be found in Appendix A.

AVL however is a Fortran based program, this is not practical if large data sets need to be ran
through the program. Therefore a Matlab based interface was created to control AVL via batch
input.

One of the important setting for AVL is the vortex panel distribution. As the size and shape of
panels, which are constrained at the corners by vortices, influences the accuracy and sensitivity of
the result. It is important to define the shape of the panels properly. The panels in the chordwise
direction are distributed in a cosinusoidal matter with decreasing panel size towards the leading
and trailing edge. In the spanwise direction the wing is divided in two sections. Section one is
constrained by the root and kink and has a sinusoidal distribution of the panels with decreasing size
towards the root. The second section is constrained by the kink and tip and has also a sinusoidal
distribution but with decreasing panel size towards the tip. The number of chordwise panels equals
30 and the spanwise number of panels per section equals 20.

The following data provided by AVL is used:

• Spanwise lift, moment and induced drag coefficients
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• Total lift and induced drag coefficient incl Prandt Glauert corrections

• Span efficiency factor

• Average and local chord lengths

Further performed aerodynamic computations are described in Section 4.2.
The run file serves as batch entry for the program, so it is actually a chronological list of input

commands for the program. The main commands are; loading the geometry, define and save the
case, run the analysis and save the results. This run file is created through a loop in Matlab, where
the geometry and case file change every iteration. The case is described in the run file by simple
commands. It consists of the environmental parameters and flight state parameters like angle of
attack (AOA), free-stream velocity, density, etc.

The AVL output files are then read by Matlab and the required computations are performed
before the trends and scaling laws can be produced. In Section 4.2 the computations and methods
used by the program are described.

4.2 Design Methodology

Appendix A contains a description of flow simplifications used to make the aerodynamic compu-
tations. AVL does take the Prandtl Glauert compressibility effect up to a Mach number of 0.7 in
to account, this is applicable to unswept wing and can increase as the wing sweep increases. For
the Scalair project the accuracy of AVL will be sufficient w.r.t compressibility effect but a more
advanced method like CFD would be preffered.

4.2.1 A320 Wing Geometry

Spanwise wing twist is incorporated in the wing design based on reference data from a Boeing 737,
as there was no information found regrading the A320 design. The twist from root location to
kink location decreases by two degrees and the twist from kink location to the tip decreases by five
degrees. Due to safety requirements with respect to the controllability of the aircraft in case of wing
stall the total change of wing twist from root to tip is set constant at seven degrees. Furthermore, it
is assumed that the spanwise twist changes linearly between the previous specified locations. This
assumption of linear change does differ from reality in which the twist changes in a more precise and
efficient matter. Therefore, a change in outcome and decrease in performance can be expected with
respect to the reference aircraft.

Figure 4.1: Wing planform geometry

The wing’s planform geometry as used in
the aerodynamic analysis is represented in
Figure 4.1. The black dashed horizontal line
indicates where the fuselage wall is located.
It can be seen that the leading edge of the
wing is expected to continue inside the fuse-
lage with the same sweep angle. Also the
trailing edge is expected to continue its path
inside the fuselage. When the planform is
changed as a result of a change in input these
assumptions are retained. It is further noted
that the length from root till kink is a ratio
of the the total span length and is equal to
the A320.

The geometric parameters for the A320
are listed in Table 4.1. It is indicated whether
these parameters are obtained from reference data known or derived have been derived to comply
with the A320.
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Table 4.1: Geometrical Parameters

Parameter value Unit Obtained

Sweep 28 degree Reference

Aspect ratio 9.39 - Reference

Taper ratio 0.24 - Reference

Root twist 3 degree Derived

Kink twist 1 degree Derived

tip twist -4 degree Derived

AOA cruise 1 degree Derived

Wing area 122.4 m2 Reference

Kink location 0.37 - Derived

4.2.2 Airfoil

The critical Mach number of an airfoil indicates at which free stream velocity the flow over the
airfoil becomes sonic for the first time. At this point, a shockwave forms over the wing which
increases drag. When the Mach number is increased further, this wave drag is increased. At the
Mach number for drag divergence, the drag rise is so significant that flying beyond it is not possible
with the available thrust. This number is unique for every airfoil and much research is dedicated to
increasing this number. A special class of airfoils, the supercritical airfoils, is designed to delay the
pressure recovery over the airfoil so that a small shockwave is present, rather than a very large one.
This delays the drag divergence Mach number and therefore allows higher cruising speeds. Modern
airliners are equipped with these supercritical airfoils to be able to fly between the critical Mach
number and the drag divergence Mach number without excessive drag penalties.

Figure 4.2: NASA/Langley Whitcomb integral su-
percritical airfoil

The first step is to determine the criti-
cal mach number for the airfoil. The airfoil
which is selected in this case to represent the
A320’s is illustrated in Figure 4.2 and was
taken from the University of Illinois database
[32]. Since there was no representative infor-
mation available for the A320, this somewhat
standard supercritical airfoil was chosen. This airfoil is used over the complete span of the wing.
However, the use of only one airfoil is not a realistic representation of a wing, hence influences in the
outcome can be expected with respect to reference data of existing wings. This airfoil was analysed
with JavaFoil, a free online program for airfoil analysis. This program is very simple to use, and
accurate, off course, up to a certain point. It uses a Karman Tsien compressibility correction, which
is more accurate than the Prandtl-Glauert correction. However, limitations are that JavaFoil is not
capable of computing laminar separation bubbles and flow separation. The flow separation at stall
is modeled by some empirical relations, but going far beyond stall will lead to incorrect results.

4.2.3 Wing sweep

Since the new engines for the improved design dictate a different flight speed of Mach 0.72, several
components of the aircraft are influenced by this. The most important parts, the wings, are off
course affected by a change in airspeed. Since the airfoil remains constant for the sake of simplicity,
this change can be facilitated by a variation of the sweep angle. The role of the critical Mach number
is first explained, followed by a description of the effects of wing sweep and its relation with tail
sweep.The purpose of swept wings is mainly to increase the critical mach number of the airplane
in order to cruise faster, or allow for a thicker airfoil for a given cruise speed. This is achieved by
the decrease in the perpendicular component of the oncoming flow on the airfoil. This decrease is
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proportional to the cosine of the sweep angle, which is measured at the leading edge.
Consequently, the spanwise component of the flow is increased which has several disadvantages.

For instance, the tip loading is increased which leads to a heavier wing structure. Also, the problem
of tip stall is exacerbated and CLmax is reduced. However, since the new design features a lower
flight speed the sweep angle can be reduced and these side effects are in favour of the design.

When calculating the new required sweep angle corresponding to the cruise speed dictated by
the new engine, the assumption is made that the difference between the A320 cruise Mach number
and critical Mach number stays the same for the new design. This means that the relation between
the cruise Mach number and critical Mach number is constant. With this assumption it is now very
easy to calculate a sweep angle belonging to a new cruise speed with the cosine method.

Meff = M∞cos(Sweep) (4.1)

With Equation 4.1 the perpendicular component of the flow on the airfoil is calculated. This
number is the critical Mach number of the airfoil. When a new flight speed is inserted in the
equation, the corresponding minimum required sweep angle can be determined. For the redesigned
A320 with UDF engines, the cruise speed is Mach 0.72. Then, the sweep angle should be at least 17
degrees to prevent negative transonic effects on the wing.

4.2.4 Tail sweep

The sweep angles for the tail surfaces are less critical and easier to determine than that for the wing.
It is desired to have a higher critical Mach number on the tail than on the wing, in order to make
the tail stall after the wing and to prevent a loss in elevator effectiveness at high speeds. From page
76 of Raymer [33] it can be seen that the sweep of the horizontal tail surface is usually set to five
degrees more than on the wing.

The sweep angle for the vertical tail surface is also used to increase the critical Mach number.
Again from Raymer [33] it can be seen that this sweep angle varies approximately from 35 to 55
degrees. The vertical tail sweep of the A320 is twelve degrees more than the wing sweep angle.
For both the horizontal and vertical tail it is decided to keep the difference in sweep with the wing
constant. Therefore, on the new design the horizontal and vertical tail sweep angles will be five and
twelve degrees more than the wing sweep, respectively.

4.2.5 Taper

The developed computer program can be configured to find the fuel consumption (in [g/pax/km])
of a scaled aircraft. According to the scaling laws a very low taper of 0.05 (or even lower, but 0.05
is set as a limitation) is beneficial for a lower fuel consumption. However in the derivation of these
scaling laws topics as controllability and control surface placement were not taken into account. The
objective of this subsection is to account for these topics.

In order to have safety when wing stall occurs, it should first occur at the wing root and not
at the tips. Stall first occurs at the location with the highest cl. For straight untwisted wings, the
location with the highest cl is defined by Equation 4.2, from Torenbeek [34]. This equation indicates
that a lower taper ratio causes the tip to stall first.

y/b/2 = 1− λ (4.2)

Furthermore, a low taper ratio leads to a small chord length at the tip, leading to a lower Reynolds
number at the tip. Which lowers the stall lift coefficient at the tip. In Subsection 4.2.1 the effect of
spanwise wing twist was also introduced as a precaution to prevent premature tip stall. However,
the role of taper ratio in preventing tip stall is dominating.

Besides, in order to have sufficient roll controll. The ailerons need to have a minimum size. Both
in chordwise and spanwise direction.

To prevent stall starting at the tip, and to have a minimum chord length for the ailerons. There
was decided to use a minimum taper ratio constraint. To determine this minimum taper ratio
constraint, use was made of Figure 4.3 from Torenbeek [34].
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Figure 4.3: Taper ratio as a function of sweep angles, based on historical data.

From the lower boundary, indicated in the figure, it is concluded that the minimum required
taper ratio for the new design with a quarter chord sweep of 15 degrees should equal 0.25.

4.2.6 Lift

The computations of the lift produced by the wing are quite straight forward, as AVL computes the
lift coefficient for the given wing geometry. With the lift coefficient and the wing characteristics the
lift is computed. However, this is not the lift produced by the aircraft as the horizontal tail plane
will produce a down force to assure a stable aircraft. The lift produced by the horizontal tail plane
is not computed by AVL, instead the following method is used.

Ltail = −1

2
ρV 2

tail

Sh
S
SCLtail (4.3)

Where the flow velocity experienced by the tail is derived from Equation 4.4 and the tail to wing
area ratio equals 0.17 and corresponds to the reference aircraft. This methods is was taken from
[35].

Vtail = Vupstream0.852 (4.4)

The total produced lift equals the lift produced by the wing minus the down force produced by
the horizontal tail. As there is little to no information available on fuselage pitch and the angles
under which the wing is mounted to the fuselage, the aerodynamic program is executed for multiple
angles of attack. From this it was derived that the angle of attack of the wing at the root, kink
and tip should equal three, one and minus four degrees respectively. This value applies to the cruise
condition in which the aircraft weight will equal the empty operational weight, the design payload
weight and half the design fuel weight. For the aircraft AOA during cruise the program provided an
angle of one degree. This value was obtained in the following way. The normal minimum operating
weight of the aircraft during cruise is derived. It is assumed that this weight equals the empty
operating weight and the design payload. The lower bound constraint of the pitch equals zero, as
a negative pitch would lower the aerodynamic performance and it is furthermore preferred to have
a pitch angle close to zero at the end of cruise. With these design requirement the minimum and
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maximum aircraft AOA during cruise equals 0.11 and 1.88 degrees respectively. A representation of
these values and the corresponding lift coefficients can be found in Figure 4.17.

4.2.7 Drag

The drag of the complete aircraft consists of the following components: wing induced drag, induced
drag by the horizontal tail, parasite drag of the wing and parasite drag of the rest of the aircraft.
Besides the spanwise lift distribution, also the spanwise drag is of importance for the computation
of the structural weight. The induced and parasite drag components will be discussed briefly.

4.2.7.1 Induced Drag

As AVL provided an output file containing the induced drag coefficient per spanwise location, the
corresponding induced drag can be computed in combination with the spanwise chord length distri-
bution. When the spanwise parasite drag and induced drag are combined the total drag distribution
is obtained. These computations are performed with equation 4.5.

D x
s

=
1

2
ρV 2c(CDI + CD0wing

) (4.5)

The induced drag produced by the horizontal tail plane is not computed by AVL, instead an
analytical method of equation 4.6 is used. The down side of the implementation of the analytical
method is that it is static and will not take the effects of topology change into account.

CDItail =
CLtail

2

ARtailetailπ
(4.6)

Where the following parameters are assumed to be constant: CLtail equals 0.177, aspect ratio of
5 and the span efficiency factor equals 0.8.

The induced drag of the tail is computed as follows:

Dragtail =
1

2
ρV 2

tail

Sh
S
SCDTail (4.7)

Where the flow velocity experienced by the tail is derived from Equation 4.4 and the wing to tail
area ratio corresponds to the reference aircraft.

4.2.7.2 Parasite Drag

As mentioned before, the parasite drag of the aircraft is divided over two components. The par-
asite drag coefficient of the wing is equal to 0.006 and the parasite drag coefficient of the aircraft
excluding the wing equals 0.0145. These values are based on a drag analysis from Torenbeek [34].
When combining the parasite drag coefficients the total parasite drag coefficient equals 0.0205 which
complies with the A320 [36]. Changes in wing geometry or engine relocation will in reality effect
the parasite drag, however, these effect are not taken into account.

4.3 Aerodynamic loading

The following graphs indicate the effects of the variation of geometrical parameters on spanwise
lift and drag distribution. These graphs also contain typical reference data of an unwswept wing
without twist. These result are of interest as the aerodynamic and structural scaling laws can be
derived and explained from the distributions of the wing loading. The drag loading consists of the
induced and parasite drag corresponding to the wing. On the y axis the dimension equals the local
lift coefficient time the local chord length devided by the total lift coefficient times the average chord
lenght. This is an indication of the relative lift distribution.
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4.3.1 Angle of Attack

Figure 4.4 indicates that for increasing AOA relative more lift is generated towards the tip of the
wing. The location where the different lift distributions cross each other, around 0.4 y/(1/2)/b,
seems to correspond with the location of the spanwise kink. The same can be concluded for the
drag distribution from Figure 4.5. Relatively more drag is produced toward the tip of the wing with
increasing AOA. It is further noted that the lift reduces to zero at the tip of the wing, complying
with finite wing theory.

Figure 4.4: Relative lift distribution for the
A320 configuration for varying angle of attack

Figure 4.5: Relative drag distribution for the
A320 configuration for varying angle of attack

These figures do not comply with typical trends for untwisted, untapered swept wings, it could
have been expected that the lift towards the tip would be higher than at the root. This effect is
discussed in the next section.

4.3.2 Sweep

The main change in lift distribution due to increasing sweep is the relative increase in lift at the root
and the tip a relative decrease from the kink location towards the tip with increasing sweep angles.
This effect will especially affect the bending moment of the wing as well as the span efficiency factor.
The change in spanwise drag is also prominent. With increasing sweep the drag towards the tip
approaches zero as a result of induced thrust. However, this decrease in drag towards the tip is
compensated by the relative drag increase from the root to kink.

Figure 4.6: Relative lift distribution for the
A320 configuration for varying sweep

Figure 4.7: Relative drag distribution for
theA320 configuration for varying sweep
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Has the lift distribution does not comply with typical swept wings, the aerodynamic program is
executed to find the reason for this deviation. Figure 4.8 illustrates the effect for an untwisted wing
with a taper ratio of 1. It can be concluded that in this case the lift toward the tip is large than the
lift at the root location.

Figure 4.8: Relative lift distribution for untwisted
wing with taper ratio of 1

How does this effect change if the taper
ratio of the A320 is added. This effect is illus-
trated in Figure 4.9. If the effect of wing twist
is added to the standard wing the trends of
Figure 4.10 are obtained. From both graphs
it can be concluded that the effect of taper
is the main contributor to an increase in lift
towards the root and a decrease toward the
tip. The effect of spanwise wing twist has
the same contribution to the lift distribution
as the taper but less dominant. These effects
could have been expected as they where intro-
duced in section 4.2.5. The reason that this
lift distribution does not comply with typical
swept wing distribution can be connect to the
prevention of premature tip stall and savings
on structural weight as will be discussed in
Chapter 5. This behaviour of the spanwise
lift distribution will return in most of the up-
coming lift distributions for different varying
geometric parameters.

Figure 4.9: Relative lift distribution for un-
twisted wing wing taper ratio of 0.24

Figure 4.10: Relative lift distribution for
twisted wing with taper ratio of 1

4.3.3 Taper ratio

With an increase in taper ratio the relative lift distribution at the root increases and decreases
toward the tip, this can be seen in Figure 4.11 From Figure 4.12 it is noted that for high taper
ratios the loading towards the centre becomes a negative instead of a drag. This is a result of the
combination of sweep and wing twist. However, the drag over the remaining length of the wing
increases. When validating the effect of taper on the spanwise lift distribution it is noted that the
behaviour of the two reference data lines roughly corresponds to the effect of the computationally
obtained data. The reason that the distribution of the obtained data does not accurately describes
the reference data is due to the effect of twist in the wing.
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Figure 4.11: Relative lift distribution for the
A320 configuration for varying taper

Figure 4.12: Relative drag distribution for the
A320 configuration for varying taper

4.3.4 Aspect ratio

From Figure 4.13 it is clear that the lift distribution at the root increases with increasing aspect ratio.
This is mainly a result of the large chord lenght from root till tip due to the 28 degree sweep. The
drag distribution depicted in Figure 4.14 indicate that for small aspect ratios the loading towards
the centre becomes a thrust instead of a drag. As the only varying parameter is the aspect ratio,
the wing area is to remain constant, this means that both the chord and spanwise length change
accordingly. It is further noted that the length from root till kink is a ratio of the the total span
length and is equal to the A320.

Figure 4.13: Spanwise lift distribution for the
A320 configuration for varying aspect ratio

Figure 4.14: Relative drag distribution for the
A320 configuration for varying aspect ratio

4.3.5 Wing Twist

The wing twist at the kink location plays a dominant roll in the change of load distribution in the
spanwise direction as can be seen from Figure 4.15 and 4.16. As a result a significant change in the
span efficiency factor will occur.
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Figure 4.15: Relative lift distribution for the
A320 configuration for varying kink twist.
Twist at root = 3◦, at tip = −4◦

Figure 4.16: Relative drag distribution for
the A320 configuration for varying kink twist.
Twist at root = 3◦, at tip = −4◦

4.4 Performance Scaling Laws

The following scaling laws indicate the effect of varying one geometrical parameter on various aero-
dynamic parameters. The constant geometric parameters which are used as input are defined in
Table 4.1. In most of the graphs four data points are inserted. The estimated cruise condition for
the A320, the conditions corresponding to the maximum take-off weight and the weight at the end
of flight. These two conditions specify the domain in which the A320 can operate during cruise and
were specified in Subsection 4.2.6. The third point represents the condition at top of climb, this
condition is of interest as it can be compared with the only reference data of the lift over drag of
the A320 [22]. Furthermore, a trend line is submitted through the obtained data point. These data
points are also plotted in the graphs and serve as verification of the derived trend line. At last, other
available reference data is incorporated in the graphs and are used to validate the corresponding
parameter values.

4.4.1 Varying Angle of Attack

From Figure 4.17 the first scaling law is obtained. This scaling law describes the effect of changes in
the angle of attack on the lift coefficient of the aircraft. This trendline deviates from the theoretical
trend for unswept infinite wings as would be expected. It does however shows very similar behavior
to a typical lift curve of unswept wings. This makes the result valid. The next scaling law is the
drag curve, which can be seen in Figure 4.18. Here the effect on the drag coefficient as a function of
angle of attack is displayed. In the range of AOAs which are displayed the curve is almost linear,
since the first term of the equation is very small. The non-linear parts outside this range are not of
importance and can not be calculated exactly by the used methods. The A320 points on the curve
lie within the range of reference data, which is displayed in green on the vertical axis. This validates
the result. The information regarding the reference data and values corresponding to the different
A320 weights have been explained at the beginning of this chapter.
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Figure 4.17: Lift coefficient for the A320 con-
figuration with varying angle of attack

Figure 4.18: Drag coefficient for the A320 con-
figuration with varying angle of attack

The scaling law for the Oswald factor as a function of angle of attack can be seen in Figure 4.19.
The fact that this changes come from the changing lift distribution with angle of attack. On the
vertical axis, the range of reference data is displayed again. The calculated values for the A320 lie
within the range, which makes it acceptable to say that the result is valid. Figure 4.20 displays the
variation of lift over drag ratio with angle of attack. Obviously, when the angle of attack becomes
too large the drag rises significantly and efficiency reduces. The actual value of the A320 [22] is
displayed in the figure, which deviates approximately 3% from the obtained curve.

Figure 4.19: Span efficiency factor for the
A320 configuration with varying angle of at-
tack

Figure 4.20: Lift to drag ratio for the A320
configuration with varying angle of attack

4.4.2 Varying Sweep Angle

Figure 4.21 shows the variation of the lift coefficient with changing sweep angle. The trend which
can be seen from the curve is very obvious, increasing sweep angle beyond 10 degrees leads to a
lower lift coefficient. As it was only possible to scale one geometrical parameter, it is not possible to
change the lift distribution by altering the spanwise twist angles. The vertical scale is rather small,
so the effects are not that significant. In Figure 4.22 the variation of drag with sweep is shown. The
drag remains almost constant, since the decrease in lift is countered by a decrease in Oswald factor.
This logically follows from equations 4.8

DDi =
C2
L

πeA
(4.8)
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Figure 4.21: Lift coefficient for the A320 con-
figuration with varying sweep angles

Figure 4.22: Drag coefficient for the A320 con-
figuration with varying sweep angles

In Figure 4.23 the scaling law for the Oswald factor as a function of sweep angle can be seen.
It can be noted that the efficiency is decreasing when the sweep angle is increased far beyond 20
degrees. For this particular aspect, the A320 design is not optimal. Note that this aspect may be
compromised to improve the final design.

Figure 4.24, shows the variation of lift over drag ratio with sweep angle. This figure shows quite
some similarities with Figure 4.23 w.r.t. the trend, however, the scale is different. The blue points
in the figure indicate the estimated and actual values of the A320 at top of climb. The difference
between these two is approximately 3%, which is accurate enough to validate the results.

Figure 4.23: Span efficiency factor for the
A320 configuration with varying sweep angles

Figure 4.24: Lift to drag ratio for the A320
configuration with varying sweep angles

4.4.3 Varying Taper Ratios

In figure 4.25 the variation of the lift coefficient with taper ratio is displayed. As clearly can be seen,
the relation is linear. Figure 4.26 shows a scaling law for the drag coefficient as a function of taper
ratio. This graph shows the same trend as Figure 4.25, a linear decrease. However, the slope is less
steep. This will result in a decreasing lift over drag ratio, as can be seen in Figure 4.28. In this
figure also the actual and estimated values are shown. These, once again, differ by only 3% which
validates this result.

Figure 4.27 displays the variation of the Oswald factor with the taper ratio. The taper ratio has
a strong influence on the lift distribution, as can be seen in Figure 4.11, which in turn is a driving
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parameter for the Oswald efficiency. The estimated cruise design point for the A320 is located at
the top of the graph, which indicates that the taper ratio was optimised for the Oswald factor.

Figure 4.25: Lift coefficient for the A320 con-
figuration with varying taper ratios

Figure 4.26: Drag coefficient for the A320 con-
figuration with varying taper ratios

Figure 4.27: Span efficiency factor for the
A320 configuration with varying taper ratios

Figure 4.28: Lift to drag ratio for the A320
configuration with varying taper ratios

4.4.4 Varying Aspect Ratios

Figure 4.29 shows the scaling law for aspect ratio w.r.t. lift coefficient. The lift coefficient shows a
clear increase with increasing aspect ratio, which can be attributed to the fact that lift is produced
more efficiently, i.e. less lift at the tip which leads to less pressure loss. In Figure 4.13 it can be seen
that the lift distribution changes, where less lift is located at the tip. However, the Oswald factor is
influenced in a negative way, as follows from Figure 4.31.

When looking at Figure 4.30, it can be seen that the drag coefficient is decreasing with an increase
in aspect ratio. This is obvious when looking at the formula for induced drag, where aspect ratio is
in the denominator.

From the lift and drag coefficients it follows that the lift over drag ratio increases. This is made
visible in Figure 4.32. The estimated and actual values of the A320 indicate again that there is a
3% difference, which was concluded to be acceptable before.

29 | Final Report - SCALAIR Scalable Aircraft Model



4 | Aerodynamics

Figure 4.29: Lift coefficient for the A320 con-
figuration with varying aspect ratios

Figure 4.30: Drag coefficient for the A320 con-
figuration with varying aspect ratios

Figure 4.31: Span efficiency factor for the
A320 configuration with varying aspect ratios

Figure 4.32: Lift to drag ratio for the A320
configuration with varying aspect ratios

4.4.5 Varying Wing Twist

Figure 4.33 shows how the lift coefficient varies with the twist at the kink location. Obviously, twist
is directly linked to angle of attack and thus to lift coefficient. The relation is directly proportional.
The same holds for the drag coefficient, displayed in Figure 4.34, except for the directly proportional
relation. The figure shows that the relation is somewhat parabolic. It is also visible that the
estimated values lie within the range of reference data, which is validating the results.
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Figure 4.33: Lift coefficient for the A320 con-
figuration with varying kink twist

Figure 4.34: Drag coefficient for the A320 con-
figuration with varying kink twist

The relation between Oswald factor and kink twist is displayed in Figure 4.35. The underlying
reason for the increasing Oswald factor can be seen in Figure 4.15, which shows the lift distribution
with changing kink twist. The shape of the lift distribution is changing in favour of the Oswald
factor.

Figure 4.36 shows how the lift over drag ratio is changing with the kink twist. Up to a certain
point, the lift is increasing faster than the drag. After this point, drag is increasing faster leading
to an maximum lift to drag ratio at a kink twist of seven degrees.

Figure 4.35: Span efficiency factor for the
A320 configuration with varying kink twist

Figure 4.36: Lift to drag ratio for the A320
configuration with varying kink twist

4.5 Geometrical Scaling Laws

In the previous section the effects of changing one geometric parameter were presented. In this
section the effects on the lift to drag ratio by varying two geometrical parameters are presented.
Besides the effect that these geometric parameters have on the lift to drag ratio, also the trend
for optimum lift to drag ratio for the two geometric parameters is presented. These trends will be
the scaling laws. To give an indication of the absolute values the estimated cruise condition of the
A320 is inserted, this point is visualised in the graphs by means of a yellow diamond. The graphs
on the left side represent the reference aircraft with the following constant parameters: Mach 0.78
and a leading edge sweep of 28 degrees. The graphs on the right side represent the new design:
Mach 0.72 and a leading edge sweep of 17 degrees. By illustrating the two scaling laws it can be
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concluded whether or not a scaling law can be applied over a range of varying Mach and sweep
numbers. The legend which applies to the graphs in this chapter is indicated in Figure 4.37. Beside
this information, all graphs contain a legend with their corresponding scaling law.

Figure 4.37: Scaling law legend

4.5.1 Angle of Attack as a Function of Sweep

Figure 4.38: Lift to drag ratio for the A320 configu-
ration with varying AOA and sweep

Figure 4.38 presents the trend between AOA
and sweep angle and the lift to drag ratio.
As wave drag is not computed by AVL the
results from both graphs would indicate the
same trend. Therefore one graph is presented
which is assumed to be valid for both Mach
numbers. It also contains the scaling law
for the optimum angle of attack for different
sweep angles. The scaling law indicates that
the optimum angle of attack is depending on
the sweep angle. Also, from the trend sur-
face it can be concluded that the lift to drag
ratio decreases for higher sweep angles. At
this point, however, it is noted that the graph
might deviate from reality. As in reality the
drag would significantly increase due to a de-
crease in critical Mach number as the angle
of attack increases. This is a result of the
compressibility effect and is not sufficiently
taken into account. Hence, this trend surface and scaling law do only apply for aircraft which are
not approaching the critical Mach number. This constraint also applies to the figures in the next
subsection, Subsection 4.5.2.

4.5.2 Angle of Attack as a Function of Aspect Ratio

In contrary to the previous trend surface, the trend surface of Figure 4.39 and 4.40 do not show
exactly the same correlation in the lift to drag ratio. It does indicate that, regardless of the angle of
attack, the lift to drag ratio increases with increasing aspect ratio. At the same time it is concluded
that the increase in lift to drag ratio stagnates for high aspect ratios and high angles of attack.
The scaling laws for the angle of attack as a function of the aspect ratio differ from each other.
With increasing aspect ratio it is preferred to also increase the angle of attack to obtaind the most
vavarable lift to drag rato. Increasing the AOA will result in a higher lift coefficient which might be
unwanted. However, as this graph only allows two geometrical parameters to be varied, the effect
of decreasing the wing area or flying at a higher altitude are not taken into account.

This effect is expected as it corresponds with the obtained data from the Sections 4.3 and 4.4.
An increasing in aspect ratio elongates the lift distribution and therefore decreases the the span
efficiency factor. While an increase in angle of attack increases the strength of the lift distribution
towards the root and hence increases the span efficiency factor. It is once more noted that this trend
surface and scaling law do only apply for aircraft which are not approaching their critical Mach
number.
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Figure 4.39: Lift to drag ratio for the A320
configuration with varying AOA and aspect
ratio

Figure 4.40: Lift to drag ratio for the new
design with varying AOA and aspect ratio

4.5.3 Angle of Attack as a Function of Taper Ratio

Figure 4.41 and 4.42 give the indication of the lift to drag ratio for varying taper ratios and angles
of attack. At first sight these trends seem to be equal. However, small changes are noted in the
gradient of the lift to drag ratio with taper ratio, this is a result of the change in sweep angle of
the two designs. The most interesting finding is that at low angles of attack it is most beneficial
to have a low taper ratio while at higher angles of attack the most beneficial lift to drag ratio is
reached for larger taper ratios. This opposite behaviour is a result of the spanwise wing twist in
combination with the chord length, of which the spanwise chord length is depending on the taper
ratio. When analysing the scaling laws it is evident that the effect of sweep affects the optimum
AOA with taper ratio. The trend between the two scaling laws indicate that with decreasing sweep
angles the optimum AOA becomes independent of the taper ratio.

Figure 4.41: Lift to drag ratio for the A320
configuration with varying AOA and taper ra-
tio

Figure 4.42: Lift to drag ratio for the new
design with varying AOA and taper ratio

4.5.4 Aspect Ratio as a Function of Sweep Angle

Figure 4.43 describes the correlation between the sweep angle, the aspect ratio and the lift to drag
ratio. An interesting finding is that the lift to drag ratio converges to a maximum for high sweep
angles and increasing aspect ratio while for small sweep angles the lift to drag ratio increases more
or less linear with aspect ratio.
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Figure 4.43: Lift to drag ratio for the A320 configuration with varying aspect ratio and sweep angle

4.5.5 Aspect Ratio as a Function of Taper Ratio

The Figures 4.44 and 4.45 can be considered one of the more interesting scaling parameters, as
the induced drag is primarily depending on the span efficiency factor and the aspect ratio of which
the taper ratio is of great influence. This is seen in Figure 4.27. It is concluded that the trend
surface of the two designs differs in shape as well as in absolute values. The lift to drag ratio for the
A320 has two local minima for high taper ratio while the new design only indicates one minimum.
For the A320 configuration with a sweep of 28 degrees a maximum lift to drag ratio at high taper
ratios is found within the domain of the aspect ratio. The opposite is true for the new design which
has a sweep angle of 17 degrees, this configuration indicates that the maximum value occurs at the
maximum aspect ratio available in the domain. From these finding it is concluded that for decreasing
sweep angles the maximum achievable lift to drag ratio increases.

It is clear that it is impossible to apply one scaling law on aspect ratio and taper ratio for different
sweep angles. This is one of the constraints of a three dimensional scaling law.

Figure 4.44: Lift to drag ratio for the A320
configuration with varying aspect ratio and ta-
per ratio

Figure 4.45: Lift to drag ratio for the new de-
sign with varying aspect ratio and taper ratio

4.5.6 Taper Ratio as a Function of Sweep Angle

Figures 4.46 and 4.47 indicate the effect on lift to drag ratio of taper ratio and sweep angle for
the two different flight speeds. It can be directly concluded that the effect of flight speed does not
influence the trend surface nor the scaling law. The lift to drag ratio decreases strong for high sweep
angles in combination with high taper ratios. This is a result of the decrease in span efficiency and
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has already been discussed in Section 4.4. The trend described by the scaling law complies with the
trend observed of current aircraft.

Figure 4.46: Lift to drag ratio for the A320
configuration with varying taper ratio and
sweep angle

Figure 4.47: Lift to drag ratio for the new de-
sign with varying taper ratio and sweep angle

4.5.7 Taper ratio as a Function of Kink Twist

It is emphasised that the reader is conscious of the following: This section contains scaling laws
based on variable kink twist which, at this point, is not taken into account by the structural weight
analysis nor in the multi-disciplinary scaling laws. However, from an aerodynamic point of view this
is an interesting parameter as it is able to increase the lift to drag ratio quite easily compared to
the previous discussed parameters.

In Subsection 4.4.3 and 4.4.5 the effect of taper and the spanwise wing twist at the kink location
were discussed, from this it followed that a decrease in taper ratio and an increase in kink twist is
beneficial for the span efficiency factor. However, this effect does not completely comply with the
findings in Figure 4.46 and 4.47. From these figures it is concluded that the decrease and increase
in taper ratio and kink twist, respectively, only have a positive contribution to the lift to drag ratio
up to a certain boundary. This boundary is specified by the scaling laws. Further, it is noted that
the scaling laws corresponding to the two designs differ from each other. Hence, the scaling of taper
and kink twist for different sweep angles requires multiple scaling laws. The following twist angles
correspond to the two designs: at root = 3◦, at tip = −4◦ and are defined w.r.t the fuselage.

Figure 4.48: Lift to drag ratio for the A320
configuration with varying taper ratio and
kink twist

Figure 4.49: Lift to drag ratio for the new
design with varying taper ratio and kink twist
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4.5.8 Kink Twist as a Function of Aspect Ratio

Figure 4.50 and 4.51 describe the effect of the wing twist in the spanwise direction at the kink
location and the aspect ratio on the lift to drag ratio. From these figures it is concluded that the
surfaces of the two graphs show the same trend with changing twist and aspect ratio. The effect
of the twist for low aspect ratio of the two designs show little to no difference on the effect of lift
to drag ratio. However, for high aspect ratios the lift to drag ratio of the new design, with a lower
sweep angle, increases. This is valid for the total domain of the twist at the kink location.

Figure 4.50: Lift to drag ratio for the A320
configuration with varying kink twist and as-
pect ratio

Figure 4.51: Lift to drag ratio for the new
design with varying kink twist and aspect ratio

4.5.9 Kink Twist as a Function of Sweep

From Section 4.4 it was concluded that an increasing kink twist and a decrease in sweep angle led
to an increase in the lift over drag ratio. However, from Figure 4.52 and 4.53 it is concluded that
these effects do not hold for the combination of the two parameters. As can be seen from both
figures, the lift to drag ratio actually decreases for the combination of low sweep and high twist
angles. Furthermore, the scaling law indicates that it is preferable to have an increase in twist with
increasing sweep angles, this complies with the observations from 4.52 and 4.53. Finally, it is also
noted that the effect of flight speed does not influence the scaling law nor the trend surface.

Figure 4.52: Lift to drag ratio for the A320
configuration with varying kink twist and
sweep angle

Figure 4.53: Lift to drag ratio for the new
design with varying kink twist and sweep angle
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4.6 Verification of the Aerodynamics program

Figure 4.54: Lift coefficient as a punction of aspect
ratio

As AVL is a commonly used program and it
is therefore assumed verified. To verify the
complete aerodynamic module, the program
is executed for three different cases. The re-
sults which will be obtaind will be compared
to three cases which have been manually com-
puted by AVL alone. The wing geometry
used for this verification is the standard A320
geometry as described in section 4.2.1. To ob-
tain three different result the aspect ratio will
be 5, 9, 13 and 17. The lift created by the hor-
izontal tail is not taken into account as AVL
does not derive these aerodynamic aspects.
The results of the aerodynamic program are
depicted in Figure 4.54, the result directly ob-
tained from AVL and the data point from Fig-
ure 4.54 are summerized in Table 4.2. From
this it can be concluded that the aerodynamic
program is verified.

Table 4.2: Verification aerodynamic program list

Aspect ratio AVL value Program value

5 0.463 0.463

9 0.5222 0.5222

13 0.5408 0.5408

17 0.5464 0.5464

Figure 4.54 does not only indicate the ob-
tained result for the lift coefficient but also the polynomial trend line, since the trend line approaches
the data points it is concluded that the derivations made for the trend line are verified. Beside this
trend line, also all other graphs in this chapter contain data points and polynomial trend lines and
polynomial scaling laws. As all these figures indicate that the polynomial trend approaches the
obtained data points accurately.

4.7 Validation

To validate the mathematical part of the model, the program is executed once for the most basic
wing geometry: Zero sweep, aspect ratio of 10 and zero change in spanwise twist. The angle of
attack is varied from minus one degree to 3 degrees, an air density of 0.38kg/m3 corresponding to
a flight altitude of 3500 feet and a Mach number of 0.78. Figure 4.55 indicate the spanwise relative
lift distribution. The figure clearly indicate that the reference lift [34] distribution corresponds with
the obtained results.

As decreasing the taper ratio can significantly affect the shape of the vortex panels towards the
tip in a negative way, it should be verified that this does not lead to invalid results. Improper
vortex panel shapes will lead to strong local fluctuations in the lift and drag distributions. When
these distributions are examined in Figure 4.11 it can be concluded that no fluctuations are present.
Hence, the domain over which the taper ratio is examined leads to proper results.
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Figure 4.55: Spanwise lift distribution

A second validation method is performed
by executing the program with the A320 char-
acteristics and comparing the obtained aero-
dynamic performance data with the available
A320 and typical high speed passenger jet
aircraft. Table 4.3 summarises this valida-
tion results. It is noted that the obtained
data lies within the reference range or shows
a marginal deviation from the A320. With
this observation, together with the validation
performed in the previous mentioned chap-
ters, it is concluded that the model solves the
correct aerodynamic aspect. However, also a
analyses is performed on the Boeing 747-100.
This indicates quite large deviations with the
reference data [34]. These result might show
a larger deviation as a result of incorrect as-
sumption on the wing and total aircraft geo-
metrical lay-out. From this it can be concluded that the aerodynamic analysis is only applicable to
the A320.

Table 4.3: Model validation list

Parameter
A320 program
value

A320 Refer-
ence value

Figure
B747 program
value

B747 Refer-
ence value

L/D 16.1 (TOC) 16.7 (TOC) [22] 4.20 13 (max) 17.6 (max) [22]

Oswald factor 0.82 0.75 - 0.85 4.19 0.83

Drag coefficient 0.033 0.029 - 0.037 4.18 0.043

4.8 Discussion

The main conclusion is that it is impossible to apply one scaling law to multiple change geometrical
parameters, this is one of the constraints of a three dimensional scaling law. Therefore the main
computational program should incorporate multidimensional scaling laws.

It is further concluded that the cruise point of the A320 does not comply with the optimum lift
to drag ratio and the corresponding geometrical parameters. Hence, significant improvement on the
lift to drag ratio can be obtained, from an aerodynamic point of view, by scaling the geometric pa-
rameters. What the result of the scaling laws are in combination with the other design requirements
and components will be presented and discussed in Chapter 11.

It is also concluded that the optimisation of the lift to drag ratio based on most of the trend
surfaces indicate that both geometrical parameters should be scaled to the boundaries of the scaling
law. This might indicate that there is space for further improvement if the scaling laws would have
been designed based on a large geometrical parameter domain.

With the three dimensional scaling laws a preferable design for the new aircraft, purely based on
aerodynamic performance and the constraint of varying only two parameters, can be designed. The
parameters and values for such a design are listed in Table 4.4.
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Table 4.4: Aerodynamic Design Options for Sweep of 17 and Mach cruise nr. of 0.72

Parameters Parameter 1 Parameter 2 Optimum L
D Figure

AOA : Taper 4 0.6 18 4.42

AOA : AR 6 17 23 4.40

Taper : AR 0.05 17 20 4.45

Wing Twist : Taper 8 0.6 18 4.49

Wing Twist : AR 8 17 23 4.51

Sweep : Taper 17 0.14 16 4.47

Sweep : AR 17 17 19 4.43

Sweep : AOA 17 4 17.5 4.38

Sweep : Wing twist 17 6 17.5 4.53

The minimum and maximum possible geometrical parameter values are of course constrained by
the domain and range of the scaling laws. If these constraints would not be applied one can expect
that the aspect ratio would go to infinity for an optimum lift over drag ratio. A user of the scaling
laws should not insert parameter values which exceed the domain for which the laws where designed,
as this can lead to inaccurate or even invalid results.
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Chapter 5

Structural Design

One of the most important aspects that has to be considered when scaling an aircraft is the structural
design. The structure of the aircraft is very important as it determines whether the aircraft is able
to sustain the loads it has to endure throughout its life. Furthermore, it is important to optimise
the structure as it has a very large influence on the total weight of the aircraft. As such, this chapter
focuses on two main aspects of the aircraft. The structural design is considered and the different
weight estimations of the aircraft are discussed.

First, a general method is described which is used by the model to scale the different weights
of the aircraft. Next, the structural design methodology is described for the wing, the horizontal
and vertical stabiliser and the fuselage. After that, initial scaling laws are described which give an
indication how the weight of the different wing types should change based on multiple parameters.
Followed by finding more detailed scaling laws by running the individual modules a large number
of times. However, all of these data are of no relevance if they are not verified and validated to
represent reality. As such, this chapter shall also describe the verification and validation of the
structure. Finally, the structural result will also be analysed and recommendations will be given
based solely on structures.

5.1 Weight Scaling Methods

The aircraft weight will be scaled based on three aspects. Certain weights change with the structural
weight of each element. Scaling based on structures will be discussed in more detail later in this
chapter. However, besides the structure, certain elements will also scale with the Maximum Take-off
Weight (MTOW). Furthermore, there are elements that scale with the engine and the fuel load.
These are calculated separately. These weights are discussed in Chapter 6.

The weight of the aircraft that is calculated is based on scaling. Instead of estimating the exact
weight of each element, an estimate is made for how much the weight changes due to a certain
effect. For example, suppose the fuselage structure module estimates a weight of ten per cent. Now
suppose that the actual fuselage structural mass of the A320 is 9000 [kg]. This means that a fuselage
structural weight of 9900 [kg] (ten per cent higher than the actual A320) can be incorporated for
the new design.

5.1.1 Weight of the elements

The aircraft can be broken down into five main elements. These parts are the fuselage, wing, engine,
horizontal and vertical stabiliser. The sum of the weights of these elements results in the operating
empty weight (OEW). Including the payload and fuel will then lead to the MTOW. The weight of
each element has to be incorporated for scaling purposes. Since the elements will scale, the weights
will be divided into two categories;

• The fixed weight which stays constant and is irrespective to change even when scaled.

• The variable weight: the weight which changes due to scaling.

– Structural: weight varying due to changes in structures.
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– MTOW: weight varying due to changes in MTOW.

As can be seen, the variable weight will be further subdivided into a weight varying with struc-
tures and a weight varying with MTOW. These weights have been estimated using the subsystems
of the aircraft. A weight breakdown for the A320-200 [37] is used for further estimations. The
locations of these sub systems are estimated using for example maintenance photos. Most of the
sub systems can be attributed to just one of the elements of the aircraft. Examples of such elements
are the APU [38] and payload. However, others like the hydraulics are laid out through multiple
elements of the aircraft [39]. These weights have to be accounted for. Therefore, the weight is split
up over the elements according to their contribution. Also, whether these systems will scale or stay
relatively constant is determined.

The A320 data [37] is taken from a different source as the usual Airbus datasheets [40]. Since
the OEW differs slightly between both datasets, it has to be accounted for. The difference in weight
is distributed proportional over the subsystems. The ratio is obtained from the relation between
the two OEW’s. This ratio is multiplied with every subsystem except for the payload and fuel, thus
resulting in the same OEW. Every element weight has been determined. The percentage of the
structural weight that is fixed is estimated. Hence, the fixed and variable weights of the elements
can be determined. The results are shown in Appendix B.

5.2 Material properties

At the Mid Term Review presentation the allowable design stress in the pressure cabin under cruise
conditions was set to 286 [MPa]. This limit was set after a study and calculations on allowable
fatigue stress. The allowable stress for the rest of the aircraft structure at maximum load factor
then was equal to: VMSy/1.5 = 300 [MPa], this limit was not set by a fatigue limit. The feedback
from the tutors and coaches on these allowable stresses was that 286 [MPa] for the pressure cabin
under cruise conditions was way too high. From their experience they said that this value should be
closer to 100 [MPa] instead. Furthermore they recommended the Aerospace Materials department
of the TU Delft (ASM TU Delft) for further advice. This was done and the acquired knowledge
and understanding about materials resulted in a change of the calculated allowable stresses, which
is explained in the rest of this chapter.

The allowable stresses due to fatigue are based upon VMSNL curves, which in turn are based
on tests with coupons. Coupons are test pieces with an uniform stress distribution. The use of a
lower limit curve in an S-N diagram is valid to design for the entire lifetime of a coupon. However,
fatigue on a coupon is different than in an aircraft. This is caused by at least: stress concentrations,
corrosion and scratches on the surface. Due to these and more effects in an aircraft a crack might
appear much earlier than in a coupon. Therefore the use of the lower limit in a VMSNL diagram
becomes invalid. Crack growth calculations can predict life expressed in number of cycles after a
crack initiation. For the sake of brevity these calculations are not considered in this project.

Instead of performing the more complex crack propagation calculations, design experience from
the ASM TU Delft has been used. Their theory states that calculations on the actual fatigue life with
crack propagation, can be replaced by a calculation with only VMSNL diagrams. This theory is
allowed to be applied in initial design stages, which require less accuracy on the fatigue life. However
to do that one needs to multiply the total amount of loading cycles during the lifetime with a factor
between 4 and 8. For the SCALAIR project a factor of 6 was chosen, this results in 240000 cycles to
be taken into account. Furthermore, twice the pressure cabin stress during cruise should be taken
into account during the calculation.

When taking into account those recommendations, the calculation of allowable cruise operating
stress for the pressure cabin also arrives at around 100 [MPa]. This is when aluminium alloys
2024 − T3 or 2024 − T351 are used in the pressure cabin. The fatigue expert from the ASM TU
Delft confirmed that 100 [MPa] is a common value used by aircraft designing companies. However
in this initial design phase, there is insufficient (test) data about the material. This makes it hard
to calculate the exact allowable stress values. The 100 [MPa] will be used to design the material
thickness in the pressure cabin. This allowable stress value is considered to be sufficiently verified,
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since multiple experts in this field recommended this value for the project. Additionally the fatigue
expert from the ASM TU Delft looked at the fatigue calculation approach and confirmed that this
is correct.

The calculation of the fatigue stress in all parts of the aircraft except the pressure cabin was also
performed again, since the new calculation approach has different fatigue criteria. This generally
results in a lower allowable stress. The material used in the fatigue calculation for the aircraft
structure, excluding the pressure cabin, is also aluminium alloy 2024 − T3 or 2024 − T351. The
resulting allowable stress at maximum load factor of n = 2.5, due to fatigue criteria, is 308 [MPa].
However for these aircraft components fatigue is not the dominating allowable stress. Since at no
load factor it is allowed to exceed the yield stress of VMSy=270 [MPa].

Summarising, the fatigue calculation methodology and results presented in the MTR were correct
for the first part of fatigue lifetime, where no cracks have initiated yet. However to calculate fatigue
lifetime, crack initiation and propagation should be taken into account as well. This has been done
and the obtained allowable stresses have been verified and validated with the help of experts from
the ASM TU Delft.

5.3 Structural Design Methodology

In order to find the structural weights of each component, it is important to model the structural
elements in some manner. How this is done will be explained in the following section.

5.3.1 Wing Structure

The wing structure is the most dominant structure of the entire aircraft. As such, it is important to
model the wing structure accurately. As a general rule, the wingbox weight consists of around 70%
of the entire wing structural weight [41]. As such, modelling the wing box can be used to scale the
entire wing structural weight. First, a program will be generated that describes the entire wing box
structure. Next, this program can be used to generate detailed scaling laws for the wing structure.
The wing planform and structural lay-out which are considered are illustrated in Figure 5.1, where
the root is located in the center of the fuselage.

Figure 5.1: Wing planform and spar lay-out

First of all, it is important to calculate the planform and all different dimensions of the wing
box. The lay-out of the wingbox is derived from the Airbus A320 [42]. This lay-out includes the rib
pitch and count, stringer pitch and count and spar locations. Next, the different loading cases have
to be calculated. A loading factor as calculated in Chapter 6 is incorporated. The loading cases
that are considered are as follows:

1. Upward bending moments due to lift and weight.
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2. Bending due to thrust and drag.

3. Upward shear force due to lift and weight.

4. Shear force due to thrust and drag.

5. Torsion.

Once the loading cases have been calculated, it becomes possible to design the geometry based
on the failure cases. The failure cases which are considered are as follows:

1. Von Mises Stress

(a) Normal stress due to bending about the longitudinal axis.

(b) Normal stress due to bending about the vertical axis.

(c) Shear stress in vertical direction.

(d) Shear stress in longitudinal direction.

(e) Shear stress due to torsion.

2. Skin buckling due to compression.

3. Stringer Euler buckling due to compression (incorporating both the stringer and skin).

4. Stringer flange buckling due to compression.

These failure cases are then used to determine the wing box geometry. The wing is optimised
such that all elements of the wing fail simultaneously at failure load. This is done in order to keep
the weight as low as possible. How the module calculates the wing structure is as follows:

1. Loading diagrams are calculated based on the lift and drag distribution gotten from aerody-
namics.

2. Section parameters are calculated (loading, enclosed area, stringer count...).

3. All thicknesses are estimated at three cm thickness.

4. VMS at all critical locations are calculated.

5. The model calculates the ratio of the VMS/VMSfail at the critical locations, where VMSfail
is the allowable stress.

6. The local thickness is multiplied by VMS/VMSfail.

7. The new stringer geometry is calculated based on stringer colum buckling (including skin) and
stringer flange buckling.

8. The model iterates from step four untill it receives sufficient accuracy.

9. The cross-sectional area is calculated.

10. The model moves to the next wing section and repeats steps two to nine. This step is iterated
untill all sections have been calculated.

11. The wing calculates the material volume.

12. The volume is multiplied with the density to calculate the wing box mass.

13. The wing structural mass is found by dividing the wing box mass by 0.7 [42].

Once the wing module is complete, it can be used to generate scaling laws. This is done by
running the wing module a large number of times for a large number of combinations, depending on
the scaling law that is to be found. Once these values have been found, the MATLAB function polyfitn
is used to generate a polynomial scaling law through all of the points that have been calculated by
the analytical module. In case of scaling laws that only depend on one parameter, the MATLAB
function polyfit is used.

For a more extensive theoretical description, the Mid Term Review can be read [17].
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5.3.2 Horizontal and Vertical Stabiliser

For the horizontal and vertical stabiliser a simpler approach is used with respect to the wing struc-
ture. This is because the empennage has a much smaller effect on the total weight of the aircraft.
Furthermore, the changes with respect to geometry (excluding area) are much smaller than those
for the wing. As such, it is assumed that the shape of the lift, drag and torque distributions stay the
same. Furthermore, it is assumed that the maximum loads on these stabilisers vary with lift which
boils down to the following parameters: CLmax , ρ, V and S.

The weight of the horizontal and vertical stabiliser can then be found using scaling laws. First
of all, the scaling law presented in Figure 4.21 shows the effects of sweep on CLmax and therefore
on the total load. If the scaling laws presented in Subsection 5.4.1 are then incorporated, the new
structural weights of the horizontal and vertical stabiliser are found.

5.3.3 Fuselage

For the fuselage, there are only a few changes that are taken into consideration. First of all, moving
the engine (and therefore the wing) changes the load distribution across the fuselage. Furthermore,
possible changes in drag and thrust also have an impact on the fuselage. The general fuselage
geometry is considered to be constant.

The fuselage structure is modelled based on a single cross-section which sustains the average in-
ternal loads (cabin pressure, bending, normal force). First, these average loads are calculated. Next,
the skin thickness is sized based on the pressure cabin. Once this is done, buckling is taken into
consideration. Three types of buckling are considered, namely compressive skin buckling, compres-
sive stringer column buckling and compressive stringer flange buckling. The result is then a stringer
geometry and total stringer count. These results can then be combined with the skin thickness to
find the cross-sectional area. Finally, the fuselage external structual mass of the Airbus A320 is
then scaled by the ratio of the cross-sectional area calculated for the scaled aircraft divided by the
cross-sectional area calculated for the Airbus A320.

Once the fuselage module is complete, it can be used to generate scaling laws. This is done by
running the fuselage module a large number of times for a large number of combinations, depending
on the scaling law that is to be found. Once these values have been found, the MATLAB function
polyfit is used to generate a polynomial scaling law through all of the points that have been calculated
by the analytical module.

5.4 Structural Scaling Laws

The main goal of this project is to find scaling laws and then use these scaling laws to design a new
aircraft which is based on the Airbus A320. For the structural design, these scaling laws will be
discussed in this section.

5.4.1 Scaling Laws Wing

Once the MATLAB module of the wing is complete it becomes possible to run this module a large
number of times in order to find the effects of certain parameters on the wing structural weight. The
results that are found can then be represented in graphs. By fitting a polynomial function through
such a graph, it becomes possible to find scaling laws. These scaling laws can then be incorporated
in the model in order to run it quickly. These graphs and scaling laws are described in this section.

Besides running the structural part of the wing module, all aerodynamic aspects that change
parameters such as the shape of the lift distribution and the lift over drag are also incorporated in
the following scaling laws. Also note that each scaling law is run twice: once for the Airbus A320
and another time for the expected new aircraft design, where a clean wing with a sweep angle of 17
degrees is considered as is described in Section 4.2.3.

Furthermore, the scaling laws presented in this section only incorporate scaling laws based on
one or two changing parameters. The rest is considered constant. As such, these scaling laws should
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be used cautiously when ceteris paribus is no longer valid. Also note that for each different graph,
the respective scaling law is presented in the graph itself. The graphs relating to the Airbus A320
also present the actual A320 reference data inside the graph [37].

Finally, the two-dimensional graphs that are presented in the following section also include
graphs based on initial scaling laws. These initial scaling laws are derived from bending relations
that consider material failure. They assume that the shape of the lift distribution is constant at all
times. Furthermore, they also assume that the lift over drag is constant and that the total loads on
the wing scale linearly with the MTOM or loading factor. These scaling laws include scaling laws
such as the square cubed law and similarly derived scaling laws. The comparison between these
initial scaling laws and the detailed scaling laws gives an indication of the accuracy of such simple
scaling laws.

5.4.1.1 3D Effects of Taper and Aspect Ratio

In the end, there are only two main parameters of the wing that can be determined independent
of the aircraft requirements, namely taper ratio and aspect ratio. Other parameters, such as sweep
angle and surface area, are mainly the result from the given requirements on speed, wing loading
and MTOW. However, it is possible to optimise the aircraft for a combination of taper and aspect
ratio incorporating both the aerodynamics and the structural weight. As such, it is interesting to
look at the three-dimensional effects arising from a change in aspect and taper ratio. These effects
can be seen in Figures 5.2 and 5.3 for the Airbus A320 and the new aircraft respectively.

Figure 5.2: 3D scaling laws for the A320 wing
structural weight based on aspect and taper
ratio

Figure 5.3: 3D scaling laws for the new wing
structural weight based on aspect and taper
ratio

As could be expected, the wing structural mass increased quickly with increasing aspect ratio.
This is due to the fact that a higher aspect ratio leads to a decreasing chord length and thickness,
which then llead to a much lower moment of inertia. A large thickness increase is required to
compensate for this reduction in moment of inertia. Furthermore, an increasing aspect ratio also
leads to an increase in moment arm, further increasing the thickness and wing structural mass.

A next matter which can be concluded is that an increase in taper ratio also leads to an increase
in wing structural mass. This is also logic as an increase in taper ratio means that the root chord
is reduced, therefore causing a lower moment of inertia at the root, which is a much more critical
location for the structural mass than the tip. Furthermore, as Figure 4.11 shows, an increasing taper
ratio also leads to a lift which is more concentrated towards the tip, thus leading to a larger moment
and larger structural mass.
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5.4.1.2 Effects of Aspect Ratio

Besides the multi-dimensional scaling laws for aspect ratio and taper ratio, it is also interesting to
see what happens when only the aspect ratio changes. The graphs that are presented in this manner
provide a better overview. It is also easier to compare them to the reference data and the initial
scaling laws. As such, the effects and the scaling laws for a change in wing structural weight based
on aspect ratio are presented in Figures 5.4 and 5.5.

Figure 5.4: Scaling laws for the A320 wing
structural weight based on aspect ratio

Figure 5.5: Scaling laws for the new wing
structural weight based on aspect ratio

Something that is interesting to note is that the initial scaling for aspect ratio deviates from the
detailed scaling laws. However, this can be explained. As Figure 4.31 shows, an increase in aspect
ratio leads to a less elliptical lift distribution. This lift distribution has more lift distributed near
the root and less towards the tip. As such, the moment increases more slowly than what would be
expected if the shape of the lift distribution remains constant.

Furthermore, while an increase in aspect ratio leads to a larger moment arm and therefore directly
to a larger moment, this is not the case for the shear force and torsion. If the shapes of the lift and
torque distributions do not change, the shear force and torque distributions do not change. The
result is that the effect of a changing aspect ratio on the wing structural mass is smaller than what
could be expected based solely on bending moments.

5.4.1.3 Effects of Taper Ratio

The second effect which is included in the scaling laws in Section 5.4.1.1 which is also interesting to
consider alone is the taper ratio. The effect of taper ratio on the wing structural weight is presented
in Figures 5.6 and 5.7.

Figure 5.6: Scaling laws for the A320 wing
structural weight based on taper ratio

Figure 5.7: Scaling laws for the new wing
structural weight based on taper ratio
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As has already been explained in Section 5.4.1.1, an increasing taper ratio leads to an increase
in weight, which could be expected. However, there is no initial analytical scaling law with which
the detailed scaling law can be compared.

5.4.1.4 Effects of Change in Cruise Speed

Another parameter which is interesting to consider is the cruise speed as the angle of attack changes
for changing cruise speed. The effect of changing speed on the wing structural mass is presented in
Figures 5.8 and 5.9.

Figure 5.8: Scaling laws for the A320 wing
structural weight based on cruise speed

Figure 5.9: Scaling laws for the new wing
structural weight based on cruise speed

The effect that can be seen in Figures 5.8 and 5.9 is interesting, as it deviates substantially from
the assumed constant weight. However, a decreasing trend between Mach 0.45 and Mach 0.9 can be
explained. It can be noted that flying at a higher speed means that it is possible to fly at a lower
angle of attack. As Figure 4.17 shows, a lower angle of attack leads to a lift distribution which is
located much towards the root of the aircraft. The result is a lower moment and a decrease in wing
structural mass.

However, Figures 5.8 and 5.9 also show that the weight increases between a cruise speed of Mach
0.3 to Mach 0.45. This is more difficult to explain. As a check, the required lift coefficients are
calculated at these flight speed, using the following equation: CL = L/(1/2ρv2S). Applying this
formula at a flight altitude of 35000 feet shows that a lift coefficients of over 1.65 is required for a
flight speed of Mach 0.45 and even a lift coefficient of over 3.7 for a flight speed of Mach 0.3. It
can be noted that is unrealistic to flight at such lift coefficients during cruise. As such, it can be
concluded that Figures 5.8 and 5.9 provide unrealistic data for flight speeds below Mach 0.5.

5.4.1.5 Effects of Change in Surface Area and MTOM

When the aircraft is changed to a different design, something that changes considerably is the
MTOW. Under the condition that the wing loading remains constant, this would also mean that the
wing surface area increases. As such, it is also important to look at the effect of MTOW combined
with surface area on the wing structural weight. The graphs and scaling laws that represent this are
presented in Figures 5.10 and 5.11.

47 | Final Report - SCALAIR Scalable Aircraft Model



5 | Structural Design

Figure 5.10: Scaling laws for the A320 wing
structural weight based on surface area and
MTOW

Figure 5.11: Scaling laws for the new wing
structural weight based on surface area and
MTOW

Figures 5.10 and 5.11 show that the square cubed law is very accurate if the wing area and
MTOM do not decrease by more than 50 per cent or increase by more than 20 per cent. However,
beyond those ranges, the deviation becomes larger. This can be explained. It can be noted that the
square cubed law only take bending into consideration. However, if the surface area is reduced, the
moment arm is also reduced. As such, the moments decrease faster than the torsion and the shear
forces. As such, the total loads on the wing decrease more slowly than what would be the case based
solely on bending. This effect can also be applied for increasing surface area, where the total loads
increase more slowly than what would be the case if only bending is considered.

5.4.1.6 Effects of Change in Surface Area with Constant MTOM

Naturally, during the iteration process of the model, the surface area changes with the MTOW.
However, suppose the wing loading of the aircraft changes. In this case, the surface area changes
while the MTOW does not. As such, it is also interesting to find out how the wing structural weight
changes with changing surface area under the condition that the total loads remain constant. The
results are found in Figures 5.12 and 5.13 for the Airbus A320 and the new design respectively.

Figure 5.12: Scaling laws for the A320 wing
structural weight based on surface area with
constant MTOW

Figure 5.13: Scaling laws for the new wing
structural weight based on surface area with
constant MTOW

Figures 5.12 and 5.13 show an effect similar as is described in Section 5.4.1.5. The analytical
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scaling law, based purely on bending increases more quickly than the detailed scaling law which
incorporates multiple effect. However, this can be explained in the same manner as is done in
Section 5.4.1.5. The shear forces and torsion increase more slowly than the bending moments,
resulting in a slower increase in structural mass than what would be the case if only bending is
considered.

5.4.1.7 Effects of Change in Sweep Angle

The next interesting parameter on the wing structural weight is the sweep angle. This effect is
represented in the graphs and scaling laws presented in Figures 5.14 and 5.15 for the Airbus A320
and the new design respectively.

Figure 5.14: Scaling laws for the A320 wing
structural weight based on sweep angle

Figure 5.15: Scaling laws for the new wing
structural weight based onsweep angle

From Figures 5.14 and 5.15 the effect of sweep angle on the structural mass can be seen. It can
be seen that the initial scaling law deviates by as much as 30% from the detailed scaling law for
low sweep angles. However, this can also be explained. As is seen in Figure 4.21 the lift coefficient
for a sweep angle of ten degrees is lower than the lift coefficient for a wing without sweep. As such,
a higher angle of attack would be required for a lower sweep angle, should the total lift remain
constant. Figure 4.19 then shows that the Oswald factor increases for a higher angle of attack. This
in turn means that the lift distribution would become more elliptical which in turn means that the
lift is moved more towards the tip. As such, the moment becomes larger which causes the weight to
increase. If however the angle of attack remains constant, this effect does not occur. Furthermore,
for very low sweep angles, the effect of sweep is very small on the length of the moment arm and
the length of the spars. As such, the initial scaling law for sweep with constant angle of attack can
still be used.

5.4.2 Detailed Scaling Laws Fuselage

The next major structural component of the aircraft consists of the fuselage. As the fuselage shape
and payload remain constant, it is not interesting to look at the internal structure. However, with
the changing engine location, there are changes in the external structure. As there is an extremely
high amount of interdependency for the fuselage, the scaling laws that can be obtained by running
only the fuselage module are less interesting than those of the wing. After all, the design of the
fuselage structure is based on the rest of the aircraft design.

5.4.2.1 Fuselage Scaling Laws Wing Location

Naturally, what is still interesting to see is how the external structural weight of the fuselage changes
for wing and fuselage mounted engines. As such, the resulting scaling laws and trend lines are

49 | Final Report - SCALAIR Scalable Aircraft Model



5 | Structural Design

presented in Figures 5.16 and 5.17 respectively. Note that the graph for the fuselage only incorporates
the change in engine location. It does not incorporate changes in tail area and MTOW. In order to
incorporate these effects, it is necessary to run the entire aircraft module. Furthermore, the actual
Airbus A320 data is incorporated in the graph for the wing mounted engines. The method that is
used to derive these scaling laws is described in Subsection 5.3.3.

Figure 5.16: Scaling laws for the fuselage ex-
ternal structural weight based on wing loca-
tion for the wing mounted engine aircraft

Figure 5.17: Scaling laws for the fuselage ex-
ternal structural weight based on wing loca-
tion for the fuselage mounted engines aircraft

It can be noted that the minimum values which can be found in Figures 5.16 and 5.17 correspond
to the point where static equilibirum holds. It is therefore not interesting to look at different wing
locations as an aircraft with a different wing location would not be stable.

A next matter which can be noted is that the wing location is located more aft for the fuselage
mounted engine aircraft. This was to be expected as the center of gravity if moved aft. Hence, the
wing should also be moved aft.

Furthermore, a next matter which can be seen is that the minimum value of the external fuselage
structural mass is slightly higher for the fuselage mounted engine than for the Airbus A320. This
makes sense as the propulsive forces of the engine generate a compressive force across the entire
fuselage. If the engine is located on the wing, the tail is not compressed due to the engine. As such,
buckling is more critical for the fuselage mounted engine aircraft and the fuselage structural mass
is higher.

5.4.3 Detailed Scaling Laws Empennage

Finally, there are also interesting scaling laws for the horizontal and vertical stabiliser. However, all
of these scaling laws are based on the scaling laws presented in Section 5.4.1, where the tail wing
areas are found based on Stability and Control, which is described in Chapter 8.

Furthermore, the scaling law for sweep also incorporates the effect of the scaling law presented
in Figure 4.21. As such, the individual scaling laws are not listed in this section. However, the
results will be shown, both in two and three dimensions. The three dimensional scaling laws for
the horizontal tail will be shown first, followed by two-dimensional graphs for both the horizontal
and vertical tail weight. The shown weights represent the entire weight of the respective wings.
Furthermore, reference data of the A320 is also presented.

It can be noted that the accuracy of the structural empennage module is lower than that of the
structural wing module due to the fact that the scaling laws which are used have been derived for
the wing instead of the tail wings. Furthermore, superposition inaccuracies can also occur due to
the fact that multiple scaling laws are combined.

However, the changes that occur for the tail wings are also smaller than those for the wing. For
example, the aspect ratio and taper ratio of the different tail wings is kept constant. There are no
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effects due to changing aspect and taper ratio.

5.4.3.1 3D Scaling Laws Tail

There are four parameters of the stabilisers which are chosen to change with respect to the Airbus
A320, namely MTOW, stabiliser surface area, sweep angle and speed. However, it is not possible
to view the combined effect of all these parameters in a single graph. For this reason, two three-
dimensional graphs are made and presented in Figures 5.18 and 5.19. These graphs show the effect
of these four parameters on the total weight of the horizontal stabiliser. Similar graphs can be made
for the vertical stabiliser. However, including these effects would be at the expense of the overview.

Figure 5.18: Scaling laws for the horizontal
stabiliser weight based on MTOW and surface
area

Figure 5.19: Scaling laws for the horizontal
stabiliser weight based on MTOW and surface
area

5.4.3.2 2D Scaling Laws Tail

In order to present a better overview of the individual effects of the scaling laws presented in Figures
5.18 and 5.19, two dimensional plots can also be made. The effects of the different individual scaling
laws are presented in this section. Besides the effect on the horizontal stabiliser, the graphs presented
in this section will also provide the effects of the different scaling laws on the vertical stabiliser. The
resulting trend lines for area, MTOW, cruise speed and stabiliser sweep angle can be seen in Figures
5.20, 5.21, 5.22 and 5.23 respectively.

Figure 5.20: Scaling laws for the empennage
weight based on stabiliser surface area

Figure 5.21: Scaling laws for the empennage
weight based on MTOM

Figure 5.20 shows that the empennage weight increases with increasing tail wing area. This
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makes sense. Both the squared cubed law and the scaling law derived in Figure 5.11 illustrate this
effect.

Figure 5.21 shows that the MTOM has little direct effect on the empennage mass. This is
expected as the total loads and the planform of the tail are not affected. However, some deviation
is can still be seen in Figure 5.21. This is due to the fact that it is assumed that the hydraulics of
the entire aircraft are scaled with the MTOM. However, this effect is still very small.

Figure 5.22: Scaling laws for the empennage
weight based on cruise speed

Figure 5.23: Scaling laws for the empennage
weight based on stabiliser leading edge sweep
angle

Figures 5.22 and 5.23 show that the empennage weight increases with increasing increasing speed
and sweep. This is to be expected as an increase in speed leads to an increase in lift and therefore
in all the loads. Furthermore, an increase in sweep angle leads to an increase in moment arm and
spar length, which also results in an increase in wing weight.

5.5 Structural Verification

With the results known, a next important phase starts, namely the verification. The verification has
to be performed in order to find out whether the model represents the devised analytical methods. If
this is not the case, the data is unreliable. Again, the verification will be split into multiple sections,
namely the verification for the wing, fuselage and empennage respectively. Furthermore, verification
will be done based both on the actual modules as well as on the found scaling laws.

5.5.1 Verification Wing Structure

The wing module consists of very eleborate calculations. If these calculations are not checked
throughout the design process, bugs are bound to arise in the program. The following section will
describe how the wing module was verified throughout the design process. First, the verification
process of the detailed wing module will be discussed, followed by the found scaling laws.

5.5.1.1 Verification Wing Module

In order to verify the wing module, all calculations have been performed analytically incorporating
a number of simplifications. As the verification process has been performed throughout the entire
design process, the individual calculated results are not interesting. Verification already started
when it was known that the model still had bugs in it. Furthermore, as certain inputs changed, the
expected results also changed.
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The first thing that had to be verified consists of the loads on the wing. In this case, the different
loading distributions (moment, shear force, torsion) were calculated by the model. Also, these same
loads were calculated analytically, using certain simplifications. For example, for the moment, a
loading factor of 2.5 was considered. As such, under MTOW conditions, the lift of half a wing
should be 1.25 times larger than the MTOW. The same was done for the engine weight. It was then
assumed that the lift was a point force at a third of the half span of the root. By multiplying the
arms with the lift and engine weight, an approximation of the moment is found. This calculation
can be illustrated using Figure 5.24. A similar approximation is used for the other loading cases.

Figure 5.24: Actual and assumed load distri-
bution for moment verification

Figure 5.25: General actual and assumed wing
box shape.

Next, the model was run. Using simple logic, it could be concluded that the bending stress would
have to have the largest contribution to the VMS and that the thickness of all skins should not be
larger than a few centimeters. Also, the bending stress is calculated analytically by approximating
the wing box as a rectangle with constant thickness everywhere. This is represented in Figure 5.25.
The same approximation is used to calculate the torsional stress and the stress due to pure shear.
The stresses and thicknesses are calculated by the model and these values are also calculated for a
simplified wingbox. If these do not correspond, then there is an error in the program which should
be found.

A similar approach can be used with respect to the different buckling types. If the maxmimum
compressive normal stress is known - which should be close to the yield stress as bending is the
dominant failure criterion - the thickness to height ratio of the stringers can be calculated analytically
based on stringer flange buckling. This should correspond to the value calculated by the model.
Similar calculations can be performed for the other buckling types, which can then be compared to
those values calculated by the model.

Once the failure and thickness calculations of the model have been verified, the weight still has to
be verified. This can be done by calculating the cross-section of the wingbox analytically at certain
locations. If these cross-sections correspond to the cross-sections calculated by the model, it can be
checked whether the model integrates the weight correctly by manually calculating this integration.

When all of these verification calculations have been performed, it can be found that the model
corresponds to the analytical calculations.

5.5.1.2 Verification Detailed Scaling Laws

A next matter which has to be considered is the verification of the detailed scaling laws. These scaling
laws are verified based on the graphs presented in Section 5.4.1. It should be checked whether the
scaling laws correspond to the values calculated by the wing module. This means that the scaling
laws should stay very close to the scatter points (blue circles Section 5.4.1), which are calculated by
the wing module. Furthermore, the scaling laws are not allowed to oscillate in between these points
as that would render the scaling laws useless.

As can be seen in the graphs in Figures 5.2 to 5.15, the detailed scaling laws are fit very close
compared to the scatter graphs calculated by the wing modules. Furthermore, none of these graphs
oscillate between different scatter points. As such, it is safe to conclude that the detailed scaling

53 | Final Report - SCALAIR Scalable Aircraft Model



5 | Structural Design

laws are verified with respect to the model.

5.5.2 Verification Fuselage Structure

The next module which has to be verified is the fuselage. Again, this verification consists of two
parts, namely verification of the numerical fuselage module and verification of the scaling laws.

5.5.2.1 Verification Fuselage Module

In order to verify the fuselage module, the skin thickness can be calculated analytically first based
on the pressure cabin. As a result, both the numerical and analytical solution present a result of 1.2
mm for the skin thickness for the given pressure difference. As such, the skin thickness calculation
is verified.

Next, the calculations with respect to buckling have to be verified. First, the different load
distributions have to be calculated. It can be noted that during steady flight the normal force (in
longitudinal direction), vertical shear force (in vertical direction) and moment distributions should
all begin and end at zero. These three different distributions can be seen in Figures 5.26, 5.27 and
5.28 respectively. It can be noted that part of the fuselage drag acts as a point force on the front of
the fuselage. As such, the normal force distribution jumps away from zero already at the front of the
fuselage. The shape of Figures 5.26, 5.27 and 5.28 are as was predicted and are therefore verified.

Figure 5.26: Normal force distri-
bution

Figure 5.27: Shear force distri-
bution

Figure 5.28: Moment distribu-
tion

Next, the buckling results have to be verified. This can be done by considering the final charac-
teristics of the fuselage module, namely the stringer count, stringer geometry, skin thickness, average
moment and average compressive force. All of these parameters can then be used to calculate the
maximum compressive normal stress at the cross-section. It can then be calculated whether the skin
or stringers buckle at this stress. They should be exactly at the point where they start to buckle.

5.5.2.2 Verification Fuselage Scaling Laws

The next matter which is to be verified consists of the scaling laws for the fuselage structure, which
can be found in Figures 5.16 and 5.17. First of all, it has to be checked whether the scaling laws
correspond to the values calculated by the fuselage module. Figures 5.16 and 5.17 confirm this.
Furthermore, the scaling laws do not oscillate. As such, the scaling laws for the fuselage are verified.

5.5.3 Verification Empennage Structure

The scaling laws for the empennage are based on the scaling laws which are illustrated in Subsection
5.4.1. As such, verifying the stabiliser structure consists of showing that the empennage module
represents the scaling laws. Due to the fact that the scaling laws are simple consequential polynomial
functions, they can be calculated manually. Performing these manual calculations shows leads
exactly to the same results as those that are calculated by the model. As such, the empennage
structural module is verified.
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5.6 Structural Validation

Besides knowing that the modules represent the analytical solution, it should also be shown that
they represent reality. As such, a validation procedure is important which is described in this section.

5.6.1 Validation Wing Structure

With such an extensive wing module as has been described in Section 5.3.1, it is necessary to validate
it before it is used to generate scaling laws. As the wing module is a general module, it should be
applicable for a wide range of aircraft. As such, the wing structure is validated by comparing the
calculated wing structural weight with the actual wing structural weight. For this, one file is used
as main reference to find the structural wing weights [37]. This is chosen because it accurately lists
the wing structural weight and other weights of multiple aircraft. However, the weight calculated
by the model only includes the wing box, not the entire structure. In general, it appears that the
wingbox weight is 70% of the total wing structure weight [41]. As such, the estimated wingbox mass
is divided by a factor of 0.7 to find the structural wing mass of each aircraft.

For this validation, it was chosen to run the model for a number of different aircraft. The module
was run using both the aerodynamics and structures part of the module as this provides a more
accurate structural weight than running the wing structure seperately. The parameters that were
changed for modelling these aircraft are as follows:

1. Leading edge sweep angle

2. Taper ratio

3. Surface area

4. Aspect ratio

5. Wing span (through surface area and wing span)

6. Engine location

7. Engine weight

8. Engine count

9. Engine thrust

10. Maximum loading factor

11. Aerodynamics calculated by AVL

12. Cruise speed

It can be noticed that the change in airfoil is not taken into consideration. This means that only
aircraft with airfoils similar to the Airbus A320 can be considered. From the list presented in the
main reference file [37], there are only two aircraft of which it can be determined that the airfoil is
similar, namely the Fokker 100 and the Boeing 747-100. Other aircraft, such as the ATR-42 have a
much thicker airfoil. Also, aircrafts such as the Boeing 727-200 have airfoils of which the shape is
unknown. As the thickness to chord ratio has a large impact on the second moment of area, these
aircraft can not be considered.

If the wing module is run for these three different aircraft, the results presented in Table 5.1
shows the accuracy of the wing structural module. As Table 5.1 shows, the model is very accurate
for the Airbus A320 and the Fokker 100. For the Boeing 747 it shows a deviation of 16% which is
still reasonable. However, the Boeing 747 actually has a thickness to chord ratio of fourteen per cent
[43] which is higher than that of the Airbus A320 (11.8 per cent). As such, the moment of inertia is
higher which means that the weight can be reduced. Implementing the actual airfoil of the Boeing
747 would therefore lead to a lower weight estimation and lower deviation.

However, even though the weight esimation is off by sixteen per cent, this is actually very accurate
considering the fact that the MTOW of the 747 is six times higher than that of the A320. This means
that the wing module offers a very accurate approximation for a vast amount of configurations. The
Airbus A320 is a mid-size aircraft with wing mounted engines. The Fokker 100 is a much smaller
aircraft with fuselage mounted engines. Finally, the Boeing 747 is a very large aircraft with four wing
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mounted engines. Even though these aircraft are so different, the wing module can approximate all
of them accurately. This means that any weights generated by the wing module can be considered
validated.

Table 5.1: Validation Results Wing Module

Airbus
A320-200

Fokker 100 Boeing
747-100

Estimated structural wing mass [kg] 8843 4540 45937

Actual structural wing mass [37] [kg] 8801 4669 39841

Deviation [%] +0.46 -2.77 +16.3

5.6.2 Validation Fuselage Structure

In a manner similar to the wing, the fuselage also has to be validated. There are two main methods in
which the fuselage is validated: one depending on logic and the scaling laws and another depending
on detailed empirical data.

First of all, it is important to look at the scaling laws presented in Figures 5.16 and 5.17. It can
be noted that the minimum average moment occurs when the aircraft static equilibrium applies.
This corresponds to level flight. When the Airbus A320 is modelled, this corresponds to the case
where the wing location is the same as the A320 wing location. Figure 5.16 shows that this is the
case. Furthermore, it can also be noted that the wing should be located further aft for a fuselage
mounted engine aircraft. This again can be seen by comparing Figures 5.16 and 5.17. The minimum
weight of the fuselage - for a fuselage mounted engine aircraft - is clearly found for a more aft location
of the wing when compared to the wing location.

However, the scaling laws alone only take into effect the change in wing location. It is still
necessary to compare the fuselage to actual data. As such, once the model was finished, the entire
model was run for both a wing mounted and fuselage mounted configuration, where the range, aspect
ratio and taper ratio remain constant. These values can then be compared with actual data which
is presented in Table 5.2.

Table 5.2: External fuselage structural weight characteristics [44]

Aircraft type Fuselage
or wing
mounted
engines

Fuselage ex-
ternal struc-
tural mass
[kg]

MTOM
[kg]

Weight
fraction
[%]

DC-8 F 11288 140614 8.03

MD-83 F 7453 72600 10.27

Boeing 727 F 7977 72570 10.99

Boeing 720 W 8792 100800 8.72

Boeing 747 W 32958 377842 8.72

Boeing 737 W 5366 62800 8.55

Airbus A320 [37] W 6257 73500 8.51

Fuselage mounted average F 9.76

Wing mounted average W 8.63

Airbus A320 calculated W 6257 73644 8.50

New aircraft calculated F 5913 61990 9.54

What Table 5.2 clearly shows is that the Airbus A320 fuselage weight is perfectly represented by
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the model. This can be seen as the fuselage external structural weights for both aircraft are identical
and the size of this weight compared to the MTOM is nearly identical. Furthermore, what the table
also shows is that the relative size of the fuselage structural mass compared to the MTOM that is
calculated by the model is perfectly in line with actual reference data. As such, it is safe to say that
the fuselage structure module is validated.

5.6.3 Validation Empennage Structure

The final structural elements which have to be validated are the horizontal and vertical stabilisers.
These stabilisers are validated in two manners. First, for all the graphs which are shown in Figures
5.18 to 5.21, it should be checked whether these graphs can represent the actual Airbus A320 data.
For all of these graphs, it can be seen that the actual A320 data corresponds perfectly to the graphs
as the A320 data are always located on the empennage scaling trend lines.

Next, it is checked that these graphs represent reality. As these scaling laws are based on the
scaling derived in Section 5.4.1 and these scaling themselves have been validated, this also means
that the empannage structure is validated.
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Performance

6.1 Wing and Thrust loading

The mass of the engine is related to its thrust and can be found using the thrust loading. Therefore,
to calculate the mass of the engine, the necessary thrust loading has to be obtained. The wing area
is related to the wing loading, so in order to determine the area, the wing loading needs to be known.
These two parameters are fixed for an airfoil, wing, high-lift-device-configuration. This parameter,
known as the design point, can be found in the wing loading vs thrust loading diagram. A graphical
representation of the wing loading versus the trust loading is shown in Figure 6.1.

Figure 6.1: Thrust loading versus Wing loading

This diagram has three lines of data. These are related to; the take-off, landing and aspect
ratio. A higher wing loading and lower trust loading are preferred. However, these are limited by
other factors. The limiting lines are of the aspect ratio group and the corresponding lift coefficients
of the take-off and landing. The necessary wing and trust loading is determined by obtaining the
intersections between the ’landing’ with the ’Aspect ratio’ and ’Take-off’ lines.

The wing loading during landing is obtained using the stall speed (6.1).

W

S
=

1

2
ρV 2

s CLmax (6.1)

The wing loading is then implemented into the ’Take-off’ and ’Aspect ratio’ to calculate the
corresponding thrust loadings (6.2)(6.3). The highest value of the trust loadings is decisive.
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W
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Final Report - SCALAIR Scalable Aircraft Model | 58



6.2 | Loading Diagram
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Using this approach a thrust loading can be derived. This thrust loading is used to determine
the thrust which the engines have to generate. It also serves as an input for the scaled engine mass,
which will be handled in Chapter 7.

All known and used performance parameters are summarised in the Table 6.1. The ClmaxFlapp ,

ClmaxTO , ClmaxClean and k are kept constant with respect to the A320.
Table 6.1: Performace characteristics

Parameter Value

CLmaxFlapp 3.00 (Depends on Sweep angle)

CLmaxTO 2.56 (Depends on Sweep angle)

CLmaxClean 1.63 (AVL: AOA=15◦)

CD0 0.0205

k 7800Pa (Take off Parameter)

Vappraoch 68.9m/s (A320)

Vstall 57.4m/s (A320)

nlimman 2.5 (Defined by the CS25)

nlimman -1.0 (Defined by the CS25)

CLα 4.38
T
W 0.3018 (Design Configuration)
W
S 6382 (Design Configuration)

nmaxDesign 3.75 (Desing Configuration)

nminDesign -1.5 (Design Configuration)

6.2 Loading Diagram

The minimum and miximum loading factors are determined using the loading diagram. These load
factors are then later on used to size the wingbox and other load carrying structures. Several
steps are followed to create a loading diagram. First, the loading diagram consists of two different
diagrams, one being the load factor during manoeuvres and the other in a gust situation. The largest
of the two determines the limit load factor.

Figure 6.2: an example V-n diagram of the aircraft
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6.2.1 Maneuver Loading

The manoeuvre loading diagram consists of several parts as can be seen in Figure 6.2. The first part
represents the loading due to the maximum lift produced. That particular curve is produced by the
following equation.

n =
qCLmax

W
S

(6.4)

This curve goes up till it reaches the maximum limit load factor which is specified by the CS-25
in this case. The CS-25 states that the maximum load factor cannot exceed 2.5 for transport aircraft
with a MTOM over 50000lbs [45]. This given load factor actually represents the maximum positive
load factor for the manoeuvre diagram. This load factor is kept constant up and till the dive speed.
For this project it was assumed that the dive speed equals the dive speed of an A320, i.e. Md = 0.88.
The maximum negative load factor is also given by the CS25, which is -1 for transport aircraft [45].
However this load factor is only valid up to Mcr. So the maximum negative curve starts abeam the
stall speed and ends at the cruise speed. The last part of the manoeuvre diagram is again parabolic
as the first part was, it is in fact given by the negative of Equation 6.4.

6.2.2 Gust Loading

The second diagram gives the load factor during a gust. The gust diagram is normally evaluated
at three different flight regimes; speed at which maximum angle of attack occurs, cruise speed and
dive speed. In this case only the cruise speed will be evaluated as this normally gives the highest
loading factor. The loading factor is given by the following equation.

nmax = 1 + ∆n (6.5)

Where ∆n represents the incremental load factor. The incremental load factor depends on the
incremental lift, produced by the temporary increased angle of attack due to the gust. This ∆n is
given by the following equation.

∆n =
ρV CLαu

2WS
(6.6)

Equation 6.6 uses a parameter u, which represents the normal component of the gust velocity.
This normal component is the product of the load allevation factor K and the statistical gust velocity.
The gust velocity used in the model is 10.67m/s [46]. The load allevation factor can be determined
as follows.

K =
0.88µ

5.3 + µ
(6.7)

and µ is given by,

µ =
2WS

ρgcCLα
(6.8)

Note that Equation 6.7 uses imperial units. If these steps are followed in a proper manner, a
sloped curve should be the result, reaching a maximum at cruise speed. The curve itself starts at a
positive load factor of one. The negative part is perfectly equal to the positive part but opposite in
sign.

Normally the two diagrams are drawn above each other in order to determine or read the maxi-
mum value of the diagram. In this case the model determines the maximum positive and negative
value of all load factors using a simple max() function. These maximum load factors are then mul-
tiplied by a safety factor of 1.5 to arrive at the design load factor. When all parameters of Table
6.1 are used, the load factor of the design configuration results to be dominated by the manoeuvre
diagram. The load factors are +2.5 and -1.0, these are given by the CS25 regulation [47]. Which is
a reasonable figure seen that the A320 maximum load factors equal +2.5 and -1.0 [48].
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6.3 Fuel Estimations

The model should be able to scale for fuel mass. For this reason, the model simulates the flight in
order to generate a fuel weight.

6.3.1 Design Methodology

The method that has been used to estimate the fuel weight is based on fuel fractions [49]. These
fuel fractions are based on the flight profile presented in Figure 6.3. The fuel fractions for cruise and
loiter condition are based on the Breguet equation [50].

Figure 6.3: Flight profile

This method of estimating the fuel weight is then used to find the fuel weight of the Airbus A320.
However, solving this method leads to a fuel estimation of over 20 000 kg instead of the actual 17
940 kg [40]. As such, the fuel weight is scaled in order to reproduce the actual A320 fuel weight.
The fuel fractions and Breguet range equation are then used together with the scaled fuel weight
to estimate the necessary fuel for the design range, or another given mission range. These are then
used to calculate the fuel use per passenger per kilometre. By changing the input, the same method
can be applied to different aircraft with different ranges.

6.3.2 Fuel Scaling Laws

If the fuel module is run a number of times, it becomes possible to find scaling laws. These were set
up by calculating severall points using the fuel module and then apply a certain polynomial function
to those points. The most interesting parameters regarding scaling laws are L/D, Range, MTOM
and speed. As it is not possible to represent all of these parameters in a single graph, the scaling
laws are split in two three-dimensional plots. The graphs and scaling laws that represent the fuel
weight as function of the Range and MTOM are represented in Figures 6.4 and 6.5 for the original
and new aircraft, respectively. The same graphs, based on the cruise L/D and the cruise speed, can
be found in Figures 6.6 and 6.7.
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Figure 6.4: Scaling laws for the fuel weight
based on MTOM and range for the Airbus
A320

Figure 6.5: Scaling laws for the fuel weight
based on MTOM and range for the new air-
craft

Figure 6.6: Scaling laws for the fuel weight
based on L/D and speed for the Airbus A320

Figure 6.7: Scaling laws for the fuel weight
based on L/D and speed for the new aircraft

6.3.3 Verification Fuel Module

Naturally, it is also important to verify the fuel module. As no complex mathematical constructions
are used, this can be done analytically. Calculating the values analytically and numerically shows
that both methods lead to the same values.

6.3.4 Validation Fuel Module

Calculating a fuel weight itself is interesting but the question always remains whether the data which
are delivered by the model are correct. As such, the model has to be validated. This is done by
comparing the calculated fuel weights to the actual fuel weights of the A320 for different ranges
[51]. Furthermore, as the data about the A320 is relatively limited and the A320 has a limited flight
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range, the fuel estimation is also validated based on the aircraft which are most similar to the A320,
namely the Boeing 737-700ER and the Boeing 737-800 [52], where the range and take-off weight are
the changing input variables. The validation data is presented in Table 6.2.

Table 6.2: Validation data fuel estimation
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Airbus A320-200 5,000 73,500 17,940 0 0.00

Airbus A320-200 2,900 73,500 12,914 12,873 -41 -0.32

Boeing 737-700ER 10,186 77,600 32,539 30,071 -2,468 -7.58

Boeing 737-700ER 5,000 72,600 18,100 17,720 -380 -2.10

Boeing 737-700ER 2,000 65,800 9,050 9,437 387 4.28

Boeing 737-700ER 0 60,500 3,365 4,106 741 22.02

Boeing 737-800 9,445 79,000 31,734 29,160 -2,574 -8.11

Boeing 737-800 5,000 72,600 18,600 17,720 -880 -4.73

Boeing 737-800 2,000 72,600 9,868 10,412 544 5.51

Boeing 737-800 0 66,100 33,68 4,486 1,118 33.19

As Table 6.2 shows, the fuel estimation is very accurate. Compared to the known A320 data,
the fuel estimation is always within a 0.32% margin. Even when compared to a different aircraft,
the deviation is no more than 8.11% for ranges between 2,000 and 10,186 km. As such, the fuel
estimation can be considered validated.

However, what can be noted is that the fuel estimation does not take the change in specific
fuel consumption into consideration for different speeds. Figures 6.6 and 6.7 therefore show that
increasing the speed leads to a decrease in fuel consumption. This does not represent reality. As
such, the model should only be used for the engine design speeds.
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Engine Characteristics

During the MTR, initial engine sizing was performed. This sizing was based on weight data of
comparable aircraft to find the required thrust. With the required thrust in mind a market analysis
was performed to come up with three engine options. Based on a trade-off between the engines
combined with their respective layouts, it was chosen to use the General Electric UDF, see Figure
7.1.

Figure 7.1: GE UDF cross section [53]

The UDF is a propfan engine which was devel-
oped in the late 80’s by GE as a technology demon-
strator. It was used on MD81 which served as flight
test platform. The purpose of the test platform was
to demonstrate a approximate fuel reduction of 30%
with respect to a turbofan engine, and that at a rea-
sonable altitude and Mach number, i.e. in the range
of 0.7 to 0.85. The UDF makes use of an GE F404
as core engine and a counter-rotating propeller. The
counter-rotating propeller consists of two fans, each
with eight highly swept blades which have a high
loading.

This section will start of with a brief summary
of all engine dimensions and specifications, and an estimation of the engine power and efficiencies.
Then the engine will be analysed. Followed by a discussion on engine noise and noise certification.
The last section will handle the engine scaling laws used in this project, these scaling laws mainly
serve as a relation between the engine thrust and the engine mass.

7.1 Dimensions and Specifications

In order to determine most of the relevant engine characteristics of the UDF it is logical to start
of with the dimensions that can be found in the technical reports of NASA’s Advanced Turboprop
Project [18]. These are however not complete and up to date, therefore more recent data will be
used from NASA’s research model of an UDF that was used to simulate performance of a geared vs
direct drive propfan. For this section the model data will be used.
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Table 7.1: GE UDF Engine Characteristics [18, 22]

General Dimensions

Quantity Imperial metric

Dfan (front/rear) 10.9/9.9 ft 3.32/3.02 m

Dnacmax 5.5 ft 1.68 m

l 15.6 ft 4.75 m

mengine 6250 lb 2490 kg

minstalled 8040 lb 3647 kg

mpyl,nac 1157 kg

Tstatic (Sea Level) 22,120 lb 98 kN

TSFC 0.169 lb/lb-h 4.78 g/kNs

TTO 17,500 lb 78 kN

TSFC 0.252 lb/lb-h 7.13 g/kNs

TCruise 4,600 20 kN

TSFC 0.394 lb/lb-h 11.15 g/kNs

Performance

Quantity Value

BPR 32

PR 27

PRfan 1.17

T/W (SL/Cruise) 2.75/0.57

Mcruise 0.72

Mne 0.88

M range 0.60 - 0.84

Altcruise 35000 ft

Altmax 39000 ft

ηjcruise 0.9

ηjGround/TO 0.65 -0.7

Propeller

Quantity Value

Counterotating 8 x 8 or 10 x 8 config

cr1 17.51 in 0.445 m

cr2 17.47 in 0.443 m

(t/c1)max 11.1

(t/cr2)max 11.2

Radius Ratio 1 0.42

Radius Ratio 2 0.41

Λtip1,0.5c 33

Λtip2,0.5c 29

AR1 2.39

AR2 2.35
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With the data of Table 7.1 the total efficiency of the engine can be determined as well as the
power ratings in the three given flight regimes. The total efficiency, ηtot, can be determined using
Equation 7.1. Note, this approach assumes that the thrust delivered by the engine comes purely
from the propeller. Meaning that the jet thrust produced by the exhaust part of the engine is
neglected. This can be seen as a reasonable assumption as this jet thrust normally accounts for 5
to 15% maximum for regular turboprop engines. Also the model data was used instead of the real
data because that data is not available, i.e. this is rather an estimation of the engine characteristics.
But the purpose of Table 7.1 and the rest of this section is the inform, give an overview and an
indication of the propfan engine that is used.

ηtot =
TV

HLmf
=

V0

HLSFC
(7.1)

The cruise speed at 35000ft can be determined as follows.

T = T0 − 1.98
Alt(ft)

1000
(7.2)

This gives that the temperature at 35000ft equals −54.3◦C or 218.85K. Now the local speed of
sound at cruise altitude can be found, a = 296.54m/s, which leads to a cruise speed, Vcr, of 213.53
m/s. Using this cruise speed the total efficiency in cruise can be determined to be as much as 44.7%.
Using the total efficiency and the propulsive efficiency, the thermodynamic efficiency in cruise can
be found.

ηthcr =
ηtotcr
ηjcr

= 49.7% (7.3)

The power of the engine can also be determined for cruise condition.

Pacr = TcrVcr = 4270kW (7.4)

Pscr =
Pa
ηjcr

= 4744kW (7.5)

Following, the power available at take-off can be found to be 6633kW . Using MTO = 0.25 or
VTO = 85m/s at sea level. In order to determine the shaft power at take-off the propulsive efficiency
is needed. This can be found assuming that the thermodynamic efficiency stays constant between
cruise and take-off condition, which is reasonable as the thermodynamic efficiency is defined as
follows.

ηth =
engine output power

energy input power
=
Ps
Pq

=
Ps

mfHL
(7.6)

The difference between cruise and take-off for the engine is mainly speed and atmosphere condi-
tion. As altitude increasing the mass flow through the engine decreases, but the output power, Ps,
decreases proportionally to that mass flow. Meaning the thermodynamic efficiency can be assumed
constant. The propulsive efficiency in take-off condition can be found as follows.

ηjto =
ηtotto
ηthto

= 56.1% (7.7)

As the ηtotto equals 0.279, which was found using Equation 7.1. With ηjto known the Psto is
found to be 11818kW. For this estimation the static shaft power, Psst can be assumed to be equal
to Psto . Because as the thrust increases from take-off to static conditions the propulsive efficiency
decreases in a quasi similar fashion. The actual Psto cannot be calculated, because even though the
Tstatic is given the ηjst equals zero as V0 is 0. All results can be found in Table 7.2.

Final Report - SCALAIR Scalable Aircraft Model | 66



7.2 | Noise

Table 7.2: Engine Power and Efficiencies

Quantity Imperial metric

Pacr 5724 SHP 4270 kW

Pato 8891 SHP 6633 kW

Pscr 6359 SHP 4744 kW

Psto 15842 SHP 11818 kW

Psst 15842 SHP 11818 kW

ηtotcr 44.7%

ηjcr 90.0%

ηthcr 49.7%

ηtotto 27.9%

ηjto 56.1%

ηthto 49.7%

These are reasonable figures compared to other high power turboprops like the Progress/Ivchenko
D27 (T = 102kN, P = 14000SHP,m = 2300kg) Europrop TP400 (T = 83kN, P = 10500SHP,m =
2085kg).

7.2 Noise

Noise is a very delicate topic in aircraft design nowadays, as the demand for aircraft keeps rising
and the airfields get more and more embedded in populated area, thus demanding quiet aircraft.
The MTR[17] clearly shows that the UDF is considerable good option when aiming an appropriate
amount of fuel reduction due to the propulsion system. In order for the open rotor technology
to stand a chance against the Ultra High Bypass(UHB) technology it should be competitive with
respect to the produced noise levels.

According to the latest FAA noise regulations; ”every aircraft which applies for a type certificate
on, or after January 1, 2006, should show that the noise levels are not exceeding the Stage 4 noise
limit [54]”. The Stage 4 noise limit is given by the ICAO. These Stage 4 limit of an individual
measurement is the same the as in Stage 3. Stage 4 aircraft are required to have a margin of at
least 2 EPNdB for any two measurements combined, to stage 3. The cumulative margin of all 3
measurements should be less than 10 EPNdB compared to the Stage 3 limits[54][55].

The model data that was used to determine the engine TSFC, also provided model data on the
noise production of the engine[22]. These levels are given in Table 7.3.

Table 7.3: Computed Rotor Noise levels and Certification Limits for a 70000kg Aircraft [22]

Computed
Value

Stage 3 & 4
Limit

Stage 3
Margin

Stage 4
Margin

Lateral (EPNdB) 92.8 96.5 3.7 (5.2)(10.3)

Flyover (EPNdb) 87.6 91.0 3.5 (5.2)(10.1)

Approach (EPNdB) 91.7 100.3 8.6 (10.3)(10.1)

Cumulative (EPNdB) 272.1 287.8 15.7 5.7

As can be seen from Table 7.3 the UDF lies within the Stage 4 certification limit. However
it will not be the quietest aircraft around. But a lot of research was done, and is being done on
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open rotor propulsion. Noise reduction is one of the main topics of these research projects. There
is a general understanding of open rotor noise generation and how to reduce it. Conclusions of
NASA’s experimental research on the F-7/A-7 propeller performance and acoustics, i.e. the blade
configuration used by the UDF, are given in the preceding text[56].

Increasing the number of blades has a positive effect on the noise production of the UDF. This is
actually a twofold. On the one hand a there’s a decrease in steady loading noise due to a reduction in
blade loading and tip speed. On the other hand, there is a decrease in the rotor-to-rotor interaction
noise. Which is created by the interaction of the aft blades with the wakes and tip vortices of the
forward rotor blades. Because the tip speed decreases of both blades, the wakes and tip vortices of
the forward blade decrease, and the interaction also decreases as the aft blades also have a lower tip
speed

Increasing the spacing between the two blade rows results in a decrease of the produced noise.
But this decrease is rather limited. However if the spacing is increased together with an aft-reduced-
diameter blade configuration, the reduction becomes non neglegible.

The steady-loading as well as the total noise decreases with tip speed for a given thrust and
blade number. This is however not linear, if the tip speed is further decreased through an optimum,
the noise level starts increasing with decreasing tip speed of the blades. Because if an equal amount
of thrust needs to be produced at lower tip speed, the AOA needs to be increased. This increase in
AOA leads to stronger wakes. Also if the blades have a larger angle of attack, the spacing between
the two rows decreases. These two effects combined result in an increase in rotor-to-rotor interaction
noise for a decrease in tip speed beyond the optimum for noise.

Reducing the aft blade diameter results in dramatic reductions of the sound pressure levels
compared to an equal diameter configuration. This reduction is mainly attributed to the absence of
vortex/rotor interaction tones

The presence of a pylon does not have any effect on the rotor-to-rotor noise. It does however
have an effect on the steady loading noise. If the engine loading increases the effects of the pylon
interaction decrease and vice versa.

Besides the NASA, other organisations and manufacturer are researching this topic quiet in-
tensive. An example of such an effort to reduce noise levels is the use of pylon blowing, which
by isolating the contra-rotating open rotor inflow through flow acceleration effectively reduces the
higher harmonic oscillations for front rotor tones [28]. As it is these tones that contribute most
to the annoyance, it is an important result for passenger and community comfort. Another novel
solution to achieve lower noise levels inside the cabin is the use of noise and vibration suppression
systems by Bombardier for the Q400 [26], where cancelling signals are generated to diminish the
residual noise. It is also possible to use passive noise and vibration reduction. In that case e.g.
improved insulation is to be fitted.

All in all, the prognosis for turboprops is definitely promising when it comes to future noise
reductions.

7.3 Scaling

The engine mass should be scalable with respect to the thrust within a certain range. Because the
UDF was chosen based on the thrust and MTOW of the A320 reference aircraft. It is likely that an
aircraft using the UDF has a considerable fuel reduction, that, together with other factors should
result in a lower MTOW. Also by using high aspect ratio wing the wing loading and thrust loading
of the aircraft change, which can be seen in Section 6.1. All this together results in a lower thrust
need.

Scaling of the installed engine mass is divided in two parts. First, the engine mass is scaled
according to the method proposed by Torenbeek [34].

Enginemass ∝ Thrustn (7.8)

Where n is a constant defined between 1.07 and 1.14. This scaling, called ”rubberising” by
Torenbeek, is valid for turbo engines and assumes that the technology stays constant. That is the
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thermodynamic specifications of the engine are kept constant. But this can only be done within a
15 to 20% margin of the original engine specification. If an average scaling factor of 1.1 is assumed
the engine mass ranges from 1948kg to 3042kg, see equation 7.9. This corresponds to a thrust range
between: 78.4-117.6kN.

mScaled = (
TScaled
TOriginal

)n ·MOriginal (7.9)

Note, that this range is very important, because based on this simplistic method one can see
that the engine weight decreases faster than the thrust. This could lead to a wrong conclusion that
it is better to use a large number of small engines instead of a small number of large engines. Hence
this scaling range should be used with care.

Except from the engine mass it was assumed that the nacelle and pylon are also part of the
installed engine mass. For this particular case the pylon/nacelle mass is a very large bit.

In order to find how this mass changes with thrust, it is necessary to find a relation between the
thrust and the pylon length. This length is split up into two parts a variable and fixed part. Once
the engine position is known the fixed part can be determined, this is 1.92m. The variable part
depends on the fan diameter and engine diameter. This diameter changes as thrust changes in the
following manner.

Diameter2 ∝ Thrust (7.10)

The thrust of an propeller can be determined with the actuator disk theory or momentum theory.
According to this theory, thrust is delivered as the time rate of change of momentum of the fluid
that goes through the disk [21].

T = A(p2 − p1) =
π

4
D2(p2 − p1) (7.11)

As can be seen in Equation7.11, the thrust is proportional to the diameter. Note that when
using a propfan, the actuator disk is actually an actuator annulus. So the annulus area is used to
determine the effective disk diameter.

Aeffective = Afan −Anacelle =
πD2

f

4
− πDnac

2

4
= 7.687m2 (7.12)

This results in an effective disk diameter, Deff = 3.122m. Using the maximum thrust range of
the previous scaling relation the disk diameter range can be found.

DeffScaled =

√
TScaled
TOriginal

·DeffOriginal (7.13)

The disk diameter should be between 2.792 and 3.420m. Of course in order to get the actual
propfan diameter, the engine diameter is needed. It is safe to assume that the engine diameter
depends on the shaft power that the engine delivers. This power depends on the mass flow that
goes through the engine. So the engine power is proportional to the engine thrust. Meaning that
Equation 7.10 may also be used to determine the engine diameter. Again using the thrust range
from Equation 7.8, the diameter lies between 1.503 and 1.840m. For simplicity, the program uses
the complete diameter instead of dividing it into two parts and rearrange it back at the end. This
gives that the variable length, lvariable, ranges from 1.485 to 1.818m. A statistical relation between
the pylon length and it is mass is given in Figure 7.2.
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Figure 7.2: Pylon Weight Trendline (Note: Imperial Units)[57]

mPylNacScaled = (0.0259(
lfixed+variable

0.3048

mScaled

0.4536
) + 80.14)0.4536 (7.14)

According to Equation 7.14, mPylNacScaled boundaries are 600kg and 1003kg. Which is a bit
low compared to the mpyl,nac = 1157kg, and that Equation 7.14 gives a 32% lower result. This
error is probably caused by the fact that all statistics that where use by Gisin are based on wing
mounted engines [57]. Wing mounted pylons are generally lighter as they do not need to carry the
bending moment belonging to the engine weight itself. Therefore it is assumed that the Torenbeek
method can be used to scale the installed engine weight. All engine scaling limits can be found in
the following Table7.4.

Table 7.4: Engine Scaling Range

Quantity Standard Minimum Maximum

n 1.1 1.07 1.14

mengine 2490kg 1948kg 3042kg

mpyl,nac 1157kg 905kg 1415kg

minstalled 3647kg 2853kg 4457kg

Tstatic 98kN 78.4kN 117.6kg

Deff 3.122m 2.792m 3.420m

Dfan 3.320m 2.970m 3.636m
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Chapter 8

Stability and Control

In this chapter the stability and control of the model is addressed with, first, the methodology used
for the sizing of the empennage in Section 8.1. Then, the scaling laws derived from the simulation
results are described in Section 8.2. Sections 8.3 and 8.4 subsequently discuss the verification and
validation of the model.

8.1 Methodology

The stability and control to be discussed mainly encompasses the empennage module. The method-
ology for this topic entails the sizing of the horizontal and the vertical stabiliser.

8.1.1 Horizontal stabiliser sizing

The horizontal tail sizing is performed by means of assessing the longitudinal stability with the
longitudinal X-plot, as it is the tail’s predominant function to provide longitudinal stability and
control. The main assumptions made for the model are that the horizontal tail location is fixed
with respect to the A320 location (i.e. low-tail configuration at 91 per cent of the fuselage length,
measured from the nose) and that there is no interaction between the engines and the tail surface
for the fuselage-mounted case nor any aeroelastic bending. Furthermore, the influence of control
surfaces on the area are not taken into account and the effects of ice on the area needed are also not
considered. In determining the Centre of Gravity (CG) it is assumed that the aircraft consists of
seven groups (wing, engine, front fuselage, middle fuselage and back fuselage, horizontal tail, vertical
tail) each with their weight acting at a ’group CG’.

The aerodynamic centre used in the model mainly depends on the wing contribution, but also the
horizontal tail and thrust effects are taken into consideration. The latter accounts for the velocity
stability induced by mounting the engines above the CG, for the fuselage-mounted case.

Note that all methods used are either depending on semi-empirical equations or data taken from
Torenbeek [34]. The tail sizing method is implemented in the simulation, which requires most input
values to be variable due to changes with each iteration in the simulation. Therefore, deviations
from the actual values might occur when semi-empirical methods are applied.

8.1.1.1 Loading diagrams

The loading diagram is obtained by estimating all component weights of the A320 and determining
a realistic weight distribution and CG location of each component based on the information in
Chapter 42 of Obert [37]. Additionally, for the scaling a percentage of each component weight is
assumed to be variable depending on the scaling factor. By adding all weights to the OEW, the
total CG position can be computed. Next, all passengers, their luggage and the fuel are added and
the maximum and minimum CG positions for different wing positions can be found.
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8.1.1.2 Stability and controllability

In order to size the horizontal tail, its stability and controllability margins have to be defined as well,
which are functions of the CG position (equation 8.2 and 8.2). All lift and moment coefficients of the
wing and the aircraft are semi-empirically determined and have to change for each iteration. The
aircraft is stable and controllable if the horizontal tail area corresponds to a normalised CG within
both the stability and controllability regions, respectively to the left and to the right of the functions.
Figure 8.1 (also called longitudinal X-plot) shows the two functions within a range of CG positions
measured from the Leading Edge Mean Aerodynamic Chord (LEMAC), normalised with the Mean
Aerodynamic Chord (MAC). Since the loading diagram consists of the same x-axis as the longitudinal
X-plot, the two figures can be aligned and the optimal horizontal tail area and its corresponding
wing position at the fuselage can be determined. This can be done by finding a horizontal line when
connecting the intersection of the stability curve with the most aft CG positions and the intersection
of the controllability curve with the most front CG positions. A graphical example is given in Figure
8.2. Note that the influence of the elevator control surface is not taken into account and that the
attained area is assumed to be the minimum size possible for the selected configuration.

SH
S

=
x̄CG − x̄ac + 0.05

CLαH
CLα

(
1− dε

dα

)
lH
c̄

(
VH
V

)2 (8.1)

SH
S

=
x̄CG − x̄ac +

Cmac
CLA−H

CLH
CLA−H

lH
c̄

(
VH
V

)2 (8.2)

Figure 8.1: Longitudinal X-plot showing the sta-
bility and controllability curves using A320 pa-
rameters

Figure 8.2: Combined scissor and CG range di-
agrams resulting in optimum tail size and wing
position.

8.1.2 Vertical stabiliser sizing

The vertical stabiliser size is determined through a fast vertical tail sizing for directional stability of
fuselage-mounted engines aircraft approach [35]. The main assumptions made for the model here
are that the vertical tail location is fixed with respect to the A320 location and that there is no
interaction between the engines and the tail surface for the fuselage-mounted case. Furthermore,
the influence of control surfaces on the area are not taken into account and the effects of ice on
the area needed are also not considered. The used method is only applicable for aircraft with
fuselage-mounted engines. Therefore, in the wing-mounted case use is made of the A320 stabiliser
size.
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The used method to scale the vertical stabilizer depends on a linear relation between the vertical
tail volume coefficient and the stability derivative Cnβ (see Figure 8.3). As the overall shape of the
fuselage and the wing location (low configuration) do not change, Cnβ and the vertical tail volume
coefficient are mainly depending on the CG position, which defines the moment arm length (using
semi-empirical formulae form Torenbeek [34]).

8.2 Empennage Scaling Laws

Based on the trends observed from results of the program for varying sweep and aspect ratios the
following scaling laws can be derived for the horizontal and vertical stabiliser.

8.2.1 Horizontal stabiliser size

Figure 8.7, 8.8, 8.5 and 8.6 show an example of the scaling laws created by the program for the tail
section. The formulae are given in each figure, describing an estimated function in the given vicinity
of the inputs, aspect ratio and wing sweep angle. The area ratio between horizontal stabiliser and
wing (SHS ) and the wing position are plotted against Λ and AR, respectively. It is important to
mention, that both horizontal stabilizer size and wing position are coupled outputs and result in
one scaling law because of the used method, which is optimising for stability and controllability.
It is noteworthy, that for an increasing AR and Λ the structural weight of the wing is drastically
increased as well, which can be seen in Section 5.4.1. The aerodynamic centre position is a function
of AR and Λ, which generally moves aft for increasing AR and Λ according to Torenbeek [34].

Figure 8.4 shows an example case of the resulting change of AR. It can be seen that the CG and
aerodynamic centre are relatively close to each other in case of a small AR, which results in a wing
position farther from the nose and a bigger tail area due to the short moment arm. In case of a
high AR the opposite effect occurs. A higher stability margin is obtained and the wing is positioned
closer to the nose, resulting in a larger moment arm, hence a smaller tail area. The total trend of
the scaling law is a decreasing tail area and the wing positioned closer to the nose with an increase
in AR.

The same case as depicted in Figure 8.4 occurs for Λ. The stability margin changes proportionally
to the previous case, namely increasing for increasing sweep and the same trend can be found as for
the AR, decreasing the horizontal tail surface area.

Figure 8.3: Relation between vertical tail vol-
ume coeffiecient and Cnβ [34]

Figure 8.4: Influence of changing AR on wing
position and horizontal tail area, not to scale.
X indicates the aerodynamic centre location.

In both cases the area ratio is decreasing with increasing AR and Λ. The wing position shifts
farther to the front of the aircraft for both increasing AR and Λ.

In case of a small Λ the wing is positioned farther to the back of the aircraft and the tail size is
relatively big to counteract the short arm lH . For a bigger Λ the CG shifts farther aft due to the
wing structure and reduces the distance from the CG to the wings’s aerodynamic centre. In order
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to satisfy longitudinal stability and controllability of the aircraft the wing position is located closer
to the nose and a decreased tail area is required due to a longer arm lH .

For a small AR, the span of the wing is short compared to its chord length which results in a
high MAC. Since the position of the aerodynamic centre influenced by the fuselage, nacelles, wing
and engine position depends on 1

c̄ [34], its location is close to the LEMAC for high MAC values.
With the aerodynamic centre position closer to the LEMAC and thus closer to the aircraft’s CG,
the wing cannot not be positioned too far in the front and therefore a bigger tail area is required to
satisfy stability and controllability. With increasing AR the aerodynamic centre shifts aft and the
wing can be positioned farther to the front, reducing the required tail area.

Figure 8.5: SH
S against wing AR with a Λ of

17◦ and fuselage mounted engines.

Figure 8.6: Wing position (% of lfuselage)
against wing AR with a fixed Λ of 17◦ and
fuselage mounted engines.

Figure 8.7: SH
S against Λ with fixed AR of 11

and fuselage mounted engines.

Figure 8.8: Wing position (% of lfuselage)
against Λ with fixed AR of 11 and fuselage
mounted engines.

8.2.2 Vertical stabiliser size

Figures 8.9 and 8.10 show the vertical tail size depending on the aspect ratio and wing sweep angle.
As explained in Section 8.2.1 the horizontal stabiliser size decreases with increasing AR and Λ due
to an aft shift of the aircraft’s CG. The same applies for the vertical stabiliser size, which depends
on the distance between the aircraft’s CG and the vertical stabiliser’s aerodynamic centre (lV ) and
the stability derivative Cnβ . Due to an increase in Λ, the CG shifts aft and the vertical stabiliser
size decreases respectively. In case of the AR a peak can be found at AR=7.5, which originates
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from the wing position initially positioned aft the fuselage CG. When the AR is increased, the total
CG first moves aft until the wing’s and fuselage’s CG are aligned at AR=7.5 and reducing if AR is
further increased.

Figure 8.9: SV
S against Λ with fixed AR of 11

and fuselage mounted engines.
Figure 8.10: SV

S against wing AR with a fixed
Λ of 17◦ and fuselage mounted engines.

8.2.3 Static Longitudinal Stability Margin

From the obtained horizontal tail area and its corresponding wing position, a static stability margin
can be found which corresponds to the distance between the aircraft’s CG and the total aerodynamic
centre position (including the tail). The bigger the distance, the more stable the aircraft is but also
tends to become harder to control. With the CG shifting during flight because of fuel being burnt
and people move in the aircraft, it is important to provide sufficiently high margin. In Figure 8.11
and 8.12 the static stability margin is plotted against various AR and Λ values. The CG position is
taken from mid-cruise flight which means that half the fuel is burnt.

Figure 8.11 shows linear behaviour of a decreasing stability margin with increasing Λ. As men-
tioned in section 8.2.1, the CG moves towards the LEMAC when increasing the sweep angle. The
aerodynamic centre is also affected by the sweep and both changes combined result in a linear
function. Consequently, a lower Λ provides a higher longitudinal stability margin.

Figure 8.12 displays rather different behaviour. In case of increasing AR, a higher stability
margin can be obtained which peaks at an AR of approximately 13. The reason for that is the high
influence of the AR on the aerodynamic centre position (x̄ac = f( 1

c̄ )) [34]. For higher AR values the
CG positioning starts to dominate and the stability margin decreases.

Figure 8.11: Static stability margin (x̄ac -
x̄CG) against Λ with fixed AR of 11 and fuse-
lage mounted engines.

Figure 8.12: Static stability margin (x̄ac -
x̄CG) against AR with fixed Λ of 17◦ and fuse-
lage mounted engines.
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8.3 Verification

The following section addresses the verification of the implemented method, both for the horizontal
and for the vertical tail.

8.3.1 Horizontal Tail

Figure 8.13 shows the loading diagram for a wing position of 34% of the fuselage measured from
its nose. It can be seen that the CG shifts aft when the passengers are entering the aircraft which
complies with wing-mounted narrow-body aircraft [35]. For the fuselage-mounted case the opposite
effect is to be observed, as expected for this type of configuration [35].

For each wing position the minimum and maximum CG position including a 2% safety margin
are plotted against the CG position in the CG range diagram, see Figure 8.14.

In case of the longitudinal X-plot the function’s slopes for varying input can be compared (the
denominator’s inverse of equations 8.2 and 8.2, respectively) in order to verify its correctness. The
difference between the slope of the A320 model and a changed configuration (AR=14, Λ=17, λ=0.05)
are 0.068 for the stability and -0.192 for the controllability curve. Due to the change in slope it can
be seen that the X-plot graph increases its range (like an opening scissor) where the tail can be
sized, decreasing the required ratio SH

S .

Figure 8.13: Loading diagram for wing position
at 34% of the fuselage measured from the nose

Figure 8.14: CG range diagram with A320 pa-
rameters

8.3.2 Vertical tail sizing

Similar to the horizontal tail size, the vertical tail area decreases for the new configuration, which
reduces the area by 2.85 m2 due to the change in wing position, located further aft. Thereby also
displaying the expected behaviour.

8.4 Validation

The validation of the stability and control is conducted with respect to the A320 for the wing-
mounted case and with respect to trends from existing aircraft for the fuselage-mounted case. The
existing aircraft used for the latter case are the Boeing 727, McDonnell Douglas DC-9, Fokker
100, MD-80, MD-90 and Tupolev 134. The characteristics of these aircraft are compared with the
computationally generated data on: wing positioning, the forward and aft CG, and the tail volume
coefficient [37, 34, 33, 58]. The CG values are defined for the take-off and landing configurations, as
this is the critical case (i.e. minimal CG range) within the operating limits regarding loading.
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The comparison of the computational and the empirical values can be found in Table 8.1. Here
the forward CG position is usually critical for trim [33]. From this table it can be concluded that
apart from the CG at take-off (slightly aft of the take-off, aft-CG limit cite[59]), the computationally
acquired CG is completely within the operating limits of the A320, regardless of the fuel loading.
For the fuselage-mounted calculation, all CGs corresponding to all loading cases are well within
the average operating limits known for existing aircraft. It is to be noted, however, that for the
fuselage-mounted case the variance for the CG range is rather high and thus the boundary values
do clearly not solely depend on the engine placement.

From Table 8.1 it can subsequently be concluded that the model is relatively accurate on account
of the wing positioning with a deviation of 16 per cent from the actual A320 and a difference of
less than ten per cent for the new aircraft with respect to the average for existing fuselage-mounted
aircraft.

Furthermore, given the assumptions mentioned in section 8.1 the computed tail areas themselves
will be smaller than their real world equivalent. For the validation the tail volume coefficients are
used, as these are the primary indicators for the stability of the design. Since the horizontal tail
volume coefficient e.g. highly influences cmα , which is the main predictor of static longitudinal
stability. In the model the vertical tail volume coefficient, on the other hand, allows to evaluate the
static directional stability (i.e. indirectly evaluating cnβ ). It is found that the horizontal tail volume
coefficient of the new aircraft deviates only 1 per cent from the average coefficient for fuselage-
mounted aircraft. Hence, the longitudinal stability behaviour is similar to that of existing aircraft.
The vertical tail-volume coefficient is 24 per cent higher for the fuselage-mounted and even 36 per
cent higher for the wing-mounted case. Ergo, the vertical tail sizing procedure is not accurate enough
to represent the complex phenomena that are affecting the directional stability characteristics.

Table 8.1: Validation of stability and control characteristics [37, 34, 33, 58], F = fuselage-mounted,
W = wing-mounted

Aircraft type Engine
Posi-
tion

Wing
position
[%lfuse]

Forward
CG
[%MAC]

Aft CG
[%MAC]

Shlh
S MAC

Svlv
Sb

Boeing 727 F 0.508 10.0 34.0 0.845 0.091

Douglas DC-9 F 0.482 16.3 39.0 1.150 0.080

Fokker 100 F 0.477 13.0 35.0 0.978 0.064

MD-80 F 0.482 1.030

MD-90 F 0.524 1.228

Tu-134 F 0.481 0.700 0.076

Airbus A320 W 0.391 16.0 41.0 0.799 0.086

Fuselage-mounted average F 0.492 13.1 36.0 0.989 0.075

Fuselage-mounted variance F 0.000 9.93 7.00 0.038 0.000

New aircraft calculated F 0.452 CGOEW

CGlanding

CGtakeoff

= 22.7
= 26.9
= 29.4

0.980 0.093

Airbus A320 calculated W 0.330 CGOEW

CGlanding

CGtakeoff

= 30.0
= 39.3
= 41.7

0.727 0.117

8.5 Discussion

From the validation it can be concluded that the preliminary design approach used for the empen-
nage sizing is not accurate enough to account for all phenomena affecting the stability and control
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characteristics. Especially the directional stability - as indicated by the vertical tail volume coeffi-
cient in table 8.1 - is not up to par, with a rather large deviation from the A320 itself and from the
average value for fuselage-mounted aircraft. Therefore, given the assumptions of the sizing approach
the current results are only valid for this simplified case. Extending the analysis with the consider-
ation of control surfaces and for example aeroelastic bending in the longitudinal case, would give a
more accurate representation of the tail sizes and wing position needed to guarantee stability and
control.

Additionally the effect of the engine on the tail surfaces has not been taken into account. To be
able to describe the stability and control of the aircraft in a more satisfactory manner it is therefore
advised to make the configuration of the empennage variable to account for a change in stability
behaviour due to interaction effects. An example of such a change would be a T-tail configuration,
compared to the current low-tail configuration that is assumed constant. Further recommendations
are discussed in chapter 14.
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Chapter 9

Computational Model Description

The main goal of this project is to create a new design method in order to speed up the design
process. This should be achieved by using scaling laws. These scaling laws can be found through
analytical analysis, empirical data, or by modelling the aircraft. This chapter will elaborate on how
the model is built up, its functionality, and how it is used to create scaling laws.

9.1 Design Space

The scalable model has several varying parameters. These parameters have a defined range for
which they can be varied. To obtain the range for which they can be varied, a design space has to
be defined.

The medium-size aircraft group is a class definition set upon by regulatory agencies. This group
has characteristic definitions which apply on them. These parameter ranges are a source for the
limits on the parameters. Another limiting factor is for example the accuracy of the program.

Speed - The design range for the speed is very limited. Although the model will give a design
for varying speeds, its accuracy will be fairly low. This is due to the constant SFC of the engines.
Accurate designs are scaled for the engine of the A320 at Mach 0.78 and for the UDF designs at
Mach 0.72. These are the data points of the SFC for the respective engines on those speeds.

Aspect Ratio - The aspect ratio’s range is confined by regulations set by FAA and ICAO
[60, 61]. The aspect ratio is dependent on the wingspan and wing area only. The wing area of the
aircraft is calculated using the stall speed of the A320. Hence, changing the aspect ratio results in
a change in wingspan. Aviation regulations have a defined range for the wingspan which is based
on categories. The A320 belongs according to FAA/ICAO classifications to the III / C category
[62, 63]. If the target design is set on the same category as the A320, the wingspan will be rather
limited. Therefore the range of the wingspan for the new design is set at the same and a higher
class. This is tabulated in 9.1. The maximum span of 52 meters corresponds with an aspect ratio
of 27.

Table 9.1: Constraints

Min Max

Airport 0 80

FAA/ICAO Class III/C 24 [m] 36 [m]

FAA/ICAO Class IV/D 36 [m] 52 [m]

Design Space 24 [m] 52 [m]

Taper Ratio - The taper ratio is allowed to vary between 0.25 and 0.5. This range has been
estimated based on reference data. Furthermore, lower taper ratios can lead to inaccurate computa-
tions by AVL and can lead to designs which are difficult to produce. When using a low taper ratio,
the aircraft should be checked for aileron size and tip stall.
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Engine Options - A trade-off has been made on propeller engine possibilities for the new design.
A fuselage mounted engine came out on top. In the model, the engine has two possibilities. When
the model is run and the engine box is unchecked, the new model will use the engine settings of the
A320. This is the default value of the model as it is the reference aircraft. When the box is checked,
the turboprop engine option is used which is mounted on the fuselage. This is the engine that has
been chosen through a trade-off.

Range - The range of the aircraft can be inserted as an input for the model. Values between
500 [km] and 12,000 km are defined as the limits. The design range for the aircraft is 5,000 km.

Sweep - The bounds of the sweep for the design are dependent on the cruise speed. At a cruise
speed of Mach 0.72, which corresponds with the turboprop engine option, the minimum sweep angle
becomes seventeen degrees. The engine of the A320 is designed for a cruise speed of Mach 0.78 which
corresponds to a minimum sweep angle of 28 degrees. These minimum sweep angles are limited by
the critical Mach number.

Table 9.2: Design Space

Parameter UDF Engine A320 Engine

Speed Mach 0.72 Mach 0.78

Minimum Sweep 17 deg 28 deg

Maximum Aspect Ratio 27 27

Taper Ratio Range 0.05 - 0.5 0.05 - 0.5

Range 500 [km] - 12 000 [km] 500 [km] - 12 000 [km]

9.2 Data Flow

Because a model for a complete aircraft can become large rather quickly, a Data Handling Block
Diagram can be a useful tool to understand the information flow. The data flow of this program
can be found in Figure 9.1.

Figure 9.1: Data Handling Block Diagram

As can be seen in Figure 9.1, all modules of this program share the data stored in the Parameter
object. This class contains the data that is applicable to more than one module. An example is for
instance the wing area, which is important to both the wing module, AVL and the tail module. An
overview of the data flow can be found below:

1. The user tells the program what the minimum and maximum parameter values are, and the
number of steps by filling in the GUI.
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2. The GUI sends the data to the main program, which is checked for validity.

3. the Main class uses the info from the GUI to create Parameter sets. Each set contains a
combination of Speed, Aspect Ratio, Range, Sweep, Taper and engine location, plus an initial
estimate for all other variables such as MTOM.

4. The first Module to be activated is AVL. AVL uses the initial estimate for the MTOM and
the wingplan for its calculation.

5. The output of the AVL module is the spanwise loading distribution, together with the Oswald
factor and total Lift over Drag.

6. After AVL has finished its calculations, the wing module is called. The input is the wing
planform, the airfoil, wing loading, forces acting on it, and material properties.

7. Some of the functions used in the Wing module are defined in the Util module. This is a
separate module that is not used on its own, but it contains functions which are useful in
multiple locations in the program. One of those functions is Crosssection(). it calculates some
cross-sectional properties of an airfoil, and uses the airfoil and spar locations as input.

8. The output of Crossection() is a list of cross-sectional areas, spar heights and skin lengths.

9. The Wing module output consists of spanwise cross-sectional properties and thicknesses, spar
locations and the total wingbox mass.

10. After the wing is finished, the tail module can be called. The inputs are all the weights and
their locations, the wing location and the engine location.

11. The Tail module returns the tail area, the estimated mass and wing location. This mass is
calculated by using scaling laws that were found using the wing module.

12. The Fuselage module uses weight and lift distributions as input.

13. The Fuselage output consists of the stringer geometry, skin thickness, stringer count and the
fuselage structural mass.

14. The Engine / Performance module uses information from other modules. The input includes:
Lift over Drag, Maximum take-off mass, Sweep, Mach and MAC.

15. The Engine / Performance module gives back the engine properties and wing area.

16. Next, fuel mass and MTOM functions are called. The input includes: component weights,
SFC and mission data (Range, Speed etc.).

17. The output of the Fuel and MTOM function is the Fuel mass and Total Mass. Furthermore,
the output also includes the fuel use and efficiency.

18. Finally, the data is ready for displaying and exporting.

9.3 Components

The program is set up in a modular way, this means that components can be adjusted and expanded
without causing problems in other modules. Also, this approach allows for many people to work on
the same program without getting in each others way. Some of these components will be elaborated.

9.3.1 Wing Module

The wing module starts with converting the lift/drag/moment distribution and engine weight to
shear, moment and torque distributions across the wing.

Next, the airfoil data used for the aircraft is loaded. This airfoil data consists of many coordinates,
starting at the trailing edge, running over the top the the leading edge, back over the bottom and
ending again at the trailing edge. With this data the spanwise spar heights, skin lengths and cross-
sectional areas are found. The output of this function can be seen in Figure 9.2

In order to get the lowest possible wingbox weight, the wingbox is subdivided in slices. Of each
slice, the lightest possible cross-section should be found. this means the lightest possible combination
of thicknesses. The approach taken for this module is to equalise the Von Mises stresses in all critical
locations to the maximum allowable stress.
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At last, the mass of the wingbox is calculated by adding the volume of all slices together and
multiplying it with the density of the used material.

Figure 9.2: Cross-section function
Figure 9.3: Newton method applied to re-
quired stringer height

9.3.2 Fuselage Module

The allowable forces in all elements in the fuselage can be calculated for different failure cases.
By trying different configurations, the lightest combination that is strong enough can be found.
However, since the stringer geometry depends on the skin thickness and vice versa, the method for
solving this equation is not straightforward.

The formula defining the thicknesses and stringer geometry count turned out to be analytically
unsolvable. Therefore the Newton method was used. Figure 9.3 shows how the solution was found
in four iterations.

9.3.3 AVL interface

In order to make use of AVL, an interface is required. In this interface the input files are created,
and AVL’s output files are read. Also, this module can display information like the lift distribution,
span efficiency etc. if the user requests those graphs.

9.4 Complete Model

Figure 9.4: AR and Taper vs. DOC; range =
5,000 km, taper = 0.05)

Using the computational model, it is possible to find
an optimal configuration for the new aircraft. How-
ever, since the aircraft is defined using many pa-
rameters, solving this problem is a complex task.
Also, it should be noted that running the model for
enough configurations is a time consuming process.

The project goal was to create a new high aspect
ratio aircraft, capable of achieving a 30% fuel reduc-
tion. Therefore, it should be investigated what the
effect of a higher aspect ratio is on fuel consumption.

To get a good view of the effect of the aspect
ratio, several graphs were created by running the
program for many different configurations.

From Figure 9.4, it is clear that the optimal as-
pect ratio at a range of 5,000 km is fourteen. Also,
even though the effect is minimal, a small taper is preferred. However, the minimum taper is limited
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due to the fact that the ailerons are located at the tip, and therefore the tip chord can not go to
zero. Other consideration such as stall and the usability of AVL are also important for this.

Figure 9.5: AR and Range vs. Cost / passen-
ger kilometre (A320)

Figure 9.6: AR and Range vs. cost (New AC)

9.4.1 Effect of Range

Figure 9.5 and 9.6 show the cost per km per passenger for both the A320 and the new aircraft.
Note that in both figures, the cost decreases from a range of 3,000 to 7,000 km. This is due to the
fact that many different parts of the mission that produce cost do not occur during cruise flight and
therefore, do not add to the distance travelled. Some of these aspects are taxiing, engine start-up,
climb and descent.

It can also be seen that due to the large fuel savings, the new design is considerably more efficient
than the A320 at larger ranges (12,000 km), since less fuel has to be taken along.

9.4.2 Effect of Sweep

From Figure 9.7, it can be seen that sweep has a negative influence on the fuel efficiency. However,
it should be noted that since a vortex lattice method was used, no effects of local supersonic flow
can be taken into consideration, and therefore, effects occurring because of a too low sweep for the
Mach number are not shown. Further elaboration on the aerodynamic effects of the sweep angle can
be found in Subsection 4.4.2.

Figure 9.7: Sweep and AR vs. Cost / passen-
ger kilometre

Figure 9.8: Range and AR vs. fuel saving /
passenger kilometre
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9.4.3 Effect of Cruise Mach Number

Figure 9.9: Mach vs. Lift over Drag

Since the new aircraft is using an engine
which is currently still under development,
exact numbers on the performance at dif-
ferent airspeeds are not available. There-
fore no accurate predictions on the effect
of Mach number can be found. Figure 9.9
shows the effect of a different speed on the
lift over drag, but since many other effects
are not taken into account this result is
not very accurate.

9.4.4 Effect of New Engine

By using a new engine, fuel consumption
can be greatly reduced. Not only does the
specific fuel consumption reduce with the
new engine, it also has a snowball effect
on aircraft weight. Due to having a lower MTOM, the wings and tail can be smaller and even the
engine itself can be smaller. The fuel saving can be seen in Figure 9.8. The dot indicates where the
new aircraft design is located. It can be seen that the fuel reduction due to the engine is around 38
per cent.

9.5 Sensitivity Analysis

In this section the sensitivity of the program is described for varying inputs, such as wing sweep or
aspect ratio. The used method is One-at-a-Time, meaning only one input varies while the other stay
unchanged. This is a simple and useful method to find how the simulation responds to changing
input and whether the output diverges, converges or oscillates. Effects of varying several input at
the same time cannot be taken into account and would require a rather complex analysis.

9.5.1 Sensitivity of Fuel Cost

Figure 9.10, 9.11, 9.12 and 9.13 show the effect on the fuel cost, which is the final and most important
output (the fuel cost is the only varying part of the DOC in the program). For each figure, the other
three inputs are kept constant (see Table 9.3. In all cases the output diverges with increasing or
decreasing input values. A minimum can be found in each case which indicates the lowest fuel cost.

For Λ as input, its minimum is at 22◦ and diverges especially towards higher values. Note, that
the lowest used Λ is 17◦ because of the drag divergence constraint.

The taper λ almost represents a linear line with fuel cost increasing drastically for high values
of λ. In theory, the lowest achievable fuel cost would be at zero taper which is disregarded due to
appearing problems with AVL.

In case of the AR, a parabola can be seen with a fuel cost minimum at 13. For both increasing
and decreasing values of the AR it diverges with a steep slope.

The range shows a similar behaviour as the AR, with a minimum fuel cost at 9000 km and
diverging values for lower and higher ranges.

In summary, the simulation is sensitive to especially high input values which cause the fuel cost
to diverge with a steep increase. The interdependency between the inputs cannot be displayed with
the One-at-a-Time method and it therefore disregarded.
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Table 9.3: Magnitude of input values which stay constant while one changes, for engine located
fuselage mounted.

Parameter Magnitude

Λ [◦] 17

λ 0.05

AR 14

Range [km] 5000

Figure 9.10: Fuel Cost [$/km/pax] plotted
against varying wing sweep, Λ [◦]

Figure 9.11: Fuel Cost [$/km/pax] plotted
against varying taper ratio, λ

Figure 9.12: Fuel Cost [$/km/pax] plotted
against varying aspect ratio

Figure 9.13: Fuel Cost [$/km/pax] plotted
against varying Range [km]

9.6 Sensitivity Analysis for Initial Weight Changes

In this section the snowball effect of the simulation is analysed and described. The idea is to
recognise how the program is reacting to small changes of the input mass, in this case the fixed
fuselage mass. Several cases are compared, one with the actual A320 component mass and the other
with an increment of 200 kg up to 800 kg added to the fuselage. Table 9.4 shows the changes and
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Figure 9.14: Change in MTOM due to change in initial
fixed fuselage mass

impacts on the result - the MTOM, Fuel
cost per year and CO2 emission per year
in kg. It can be seen that the MTOM
increases by approximately 400 kg, thus
an increase of a factor of 2 of the initially
added mass. The difference in fuel cost
per year adds up to an amount of 25,408
$/year and the CO2 emission of 80,075
kg/year.

Figure 9.14 shows the MTOM plotted
against initial mass changes of the fixed
fuselage component. The mass change
ranges from zero to 800 kg. The increase
of mass is linear and can be explained with
the functioning of the program which runs
the mass calculation through a loop and
stops after a fixed amount of iteration in
order to save computational time. In case
of the mass growth it shows a good overall picture of the snowball effect which causes a chain reaction
in structural mass increment.

Additionally, it shows the downside of the simulation, which highly depends on the initial mass
values. In case of rough estimations of e.g. CG positions, component weights or component weight
fractions which are fixed and scaled, a negative effect on the program’s overall accuracy can be
expected.

Table 9.4: Mass and cost changes due to 200 kg difference in initial Mass

Parameter Normal Mass -
New Mass

Normal
Mass/New Mass

MTOM [kg] 410.28 1.0032

Fuel Cost [$/year] 25,408 1.0033

C02 emission [kg/year] 80,075 1.0033

9.6.1 Advantages and Disadvantages of Scaling Methods

The following bullet points state the advantages and disadvantages of the used scaling method,
which were found during the project progress. The scaling method is compared with the ab initio
design methodology of aircraft which has no topology constraints.
Advantages

• Generality of model, also applicable for other aircraft types within the topology constraints

• Increased cost and time efficiency due to skipping the initial design phase

• Use of existing knowledge, avoids cumbersome research

• Multidisciplinary approach includes realistic inter dependencies within the model

Disadvantages

• Short term solution for aircraft manufacturer, not innovative enough since no new technology
is introduced

• Error/uncertainty propagation and possible amplification within model, small errors decrease
accuracy of final outcome with each iteration

• Low accuracy when assumptions are included and initial values are incorrect (see Sensitivity
Analysis)
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Risk Management

To enhance the development of the SCALAIR project, risk management has been continuously
performed. This risk management consists of the subsequent four phases: risk identification, risk
assessment, risk analysis and risk handling. Throughout the progress of the project new risks were
discovered. For each risk the probability and severity of its consequences has been analysed. Section
10.2 on risk handling describes how risk cases are prevented.

10.1 Risk Identification and Analysis

The risks that were identified for the project are placed in the categories displayed in Table 10.1.

Table 10.1: Airport & FAA/ICAO Constraints

Abbreviation Category

A General design process risks

B The scaling law risks

C Computer program risks

D Verification and validation risks

E Feasibility of the computer program

F Feasibility of a typical scaled aircraft from the SCALAIR project

G Approval of a typical scaled aircraft from the SCALAIR project by the EASA

All the risks that were discovered during the project were analysed qualitatively, an overview of
all the risks together with an explanation on them is given in Table 10.2.

Table 10.2: Risk overview

General design process risks

# Risk Description

A.1 Over ambitiousness The research performed in this project can become complicated and
extensive quickly. Only things are essential for the functioning of the
program should be done.

A.2 Miscommunication Group members do not communicate well, causing the group to work
inefficiently.

A.3 Time budget The objective will not be achieved when deadlines are not met.

A.4 LATEX editing The risk of spending too much time converting text and correcting little
mistakes in this program should be taken into account.
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Table 10.2: (continued)

# Risk Description

Scaling law risks

B.1 Superposition risks When multiple scaling laws are used, the combined answer of the pro-
gram might not be as accurate as when applying single scaling laws.

B.2 Incorrect allowable
stresses used in calcu-
lations

The failure and allowable stresses that are used in structural calculations
have direct influence on the mass of the aircraft. Incorrect stress values
therefore lead to incorrect aircraft mass.

B.3 Simplification risks In the derivation of scaling laws many simplifications have been made,
these can lead to inaccurate scaling laws.

B.4 Limited scope scaling
law risks

The scaling laws used in the computer program are only valid for scaling
medium range mid size transport aircraft.

B.5 Loading case risk The structural calculations take only into account one critical loading
case. Which is the maximum loading factor taken from the flight enve-
lope generated in the program, applied at MTOW.

B.6 Fuel weight inaccuracy The fuel weight calculation is based on statistical data and the Breguet
formulas. However those statistics may not be representable for the fuel
consumption of the GE UDF engine.

B.7 Snowball effect on the
weight estimation

When there is a mistake in the weight calculation of one part, this also
influences the outcome of other correct weight calculations.

B.8 Scaling law parameter
domain limitation risk

All the scaling laws are constrained by a domain over which parameters
can be varied. If this domain is exceeded results might be obtained that
are not accurate or even invalid.

B.9 Scaling law flight con-
dition limitation risks

It can be possible a scaling law is applied for a flight condition, where it
was not derived for.

B.10 Generating incon-
sistent scaling law
risk

The developed computer program is able to perform numerical compu-
tations in order to create scaling laws. In order to get correct scaling
laws the settings of the computer program have to be correct.

Computer program risks

C.1 Program fails to con-
verge to a design

The developed program is unable to produce a single design or gives
errors because of divergent equations or characteristics.

C.2 Coding mistakes Mistakes cause the program to malfunction.

C.3 Round-off errors The program will round off the results. Which can be undesired and
might lead to inaccurate results.

C.4 Program overlooks op-
timal options

Possibility that the programmed model does not include every optimiza-
tion option.

C.5 Program user experi-
ence

The board of directors (and their technical advisors) of aircraft manufac-
turing companies need to be convinced by clear and realistic computer
program output.

C.6 Inadequate Weight fac-
tors

Weight factors used to indicate the importance of optimization criteria
should have the value corresponding to the customers needs. Such that
the computer program arrives at the desired solution.

C.7 Invalid scaling laws The scaling laws used are not applicable in the reality and thus the final
model becomes incorrect.
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Table 10.2: (continued)

# Risk Description

Verification and validation risks

D.1 Program is not proved
to be correct

The program might be rejected by experts, when it is not (or cannot
quickly shown to be) sufficiently verified and validated.

D.2 Engine performance
uncertainty

There is the possibility that the engine will not perform as well as ex-
pected. As the chosen engine has not been used commercially before.

D.3 Program sub-files not
verified and validated

The computer program consists of many sub-files. It might be the case
that mistakes in several sub-files cancel each other out, such that it looks
as if the overall program gives good results in most cases. However in
certain cases the overall program might return wrong results.

Feasibility of the computer program

E.1 Limited amount of cus-
tomers

The computer program has specificly been developed for a medium
range, medium passenger capacity aircraft; which is only being designed
by a very limited amount of companies.

E.2 Uncommon to use a
scaling computer pro-
gram

The scaling law design approach is still relatively uncommon to air-
craft designing companies. The promotion of this design approach to
aerospace engineers needs to be convincing.

Feasibility of a typical scaled aircraft from the SCALAIR project

F.1 No engine production
risk

Propfans are infrequently used engines. It might be that these engines
will never be produced.

F.2 Risk of high engine de-
velopment cost

Since the selected GE UDF engine was not certified yet, there are still a
lot of development costs to come.

F.3 Public acceptance risks The public might not like the open rotor technology.

F.4 Final aircraft design
offers no improvement

If the program is not working correctly, the output might offer no im-
provement w.r.t. the A320.

F.5 Customer require-
ments are not met

There is a risk that the customer requirements will not be met by the
computer program.

Approval of a typical scaled aircraft from the SCALAIR project by the EASA

G.1 Bird/debris strike risk The GE UDF engines have propellers such that they are vulnerable
to bird/debris strikes from multiple directions. Whereas turbofans are
almost only vulnerable to bird strikes from the front.

G.2 Blade separation risk Separation of one blade causes the entire engine to malfunction since the
c.o.g. of the propeller is not coincident with the rotation axis anymore.
Moreover there is a chance that a seperated blade hits the cabin or the
tail. This might even cause drastic failure of the aircraft.

G.3 Engine noise The engine noise might be so loud that the aircraft is not allowed to land
at many airports.

G.4 Thrust effect on the
pitching moment

When mounting the engines above the c.o.g. of the aircraft, the thrust
will have an influence on the pitching moment of the aircraft. In par-
ticular during take off and landing when the pilot varies the thrust to
control the glide slope of the aircraft.
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Table 10.3: Technical risk assessment matrix, consequences vs. probability

Catastrophic G.2 C.7, F.1, G.1

Critical C.1
A.3, B.1, B.4, B.8,

C.4, C.6, F.4

A.1, B.9, B.10, C.2,
C.5, C.6, D.1, D.3,
E.1, E.2, G.1, G.3

Marginal A.4, C.3 B.2, C.2, D.2, F.3, F.5
A.2, B.3, B.5, B.6,

B.7, F.2, G.4

Negligible

Very Unlikely Unlikely Likely Very Likely

10.2 Risk Handling

The risks that were identified and analysed were placed in the risk map shown in 10.3. This subsec-
tion will describe how the risks were handled up till now and how they will be handled in post DSE
phase. The way the risks were handled is described in Table 10.4.

Table 10.4: Risk Handling

Handling general design process risks

# Risk Description

A.1 Over ambitiousness The group and the group coordinators want to first create a program which is
as simple as possible, and that can be extended later on.

A.2 Miscommunication Will be prevented by organizing daily meetings and assigning a progress coor-
dinator who keeps track of the status of the work.

A.3 Exceeding time
budget

This is prevented by creating a relatively simple computer program first. Which
can be extended later on in the project.

A.4 Much time spent on
LATEX editing

In order to prevent text editing delay, the ”‘LATEX experts” of the group do the
debugging and set up the structure for the rest of the group.

Handling scaling law risks
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Table 10.4: (continued)

# Risk Description

B.1 Superposition risks One possibility of running the scaling program is by applying ceteris paribus
on the parameter set. In that case the program has been verified and validated
to deliver accurate results. During the project development there was looked
into multi parameter scaling and applying superposition on the scaling laws.
Some scaling laws were derived for varying one parameter, whilst other were
derived for varying two parameters. To prove that superposition can be applied
accurately on scaling laws, the group has compared the results of these scaling
laws with the results of fully numerical program runs on the same design. A
numerical run means that the program checks the performance of the resulting
design by calculating all stresses in the structure, and running AVL on the
design to calculate the aerodynamic performance. Furthermore the numerical
calculation part of the program was validated by performing calculations on
existing aircraft designs. These calculations were for example performed on
reference aircraft such as the Airbus A320-200, Fokker 100, Boeing 737 and
Boeing 747-400. Still the accuracy of superimposing scaling laws is expected
to be lower than applying one scaling law. It is recommended to perform a
numerical calculation as a check after performing multivariate scaling laws.

B.2 Incorrect allowable
stresses used in cal-
culations

Allowable stresses in aircraft designs are based upon tests, calculations and
requirements form airworthiness authorities. However aircraft manufacturers
know by experience which maximum allowable stress can be used in order to
design for fatigue. Therefore the allowable stress values the group obtained by
literature and calculations, were checked with expert opinions from the ASM
TU Delft.

B.3 Simplification risks The simplified scaling laws were checked in the validation phase, and only
applied in the computer program after a successful validation.

B.4 Limited scope scal-
ing law risks

In the verification and validation phase research has been done in which cases
the scaling laws are valid. The computer program using the scaling laws will
give messages to the user in case of inapplicable use of the scaling laws. Fur-
thermore in the reports on the scaling laws and user manuals of the program
the recommended range of application of the scaling laws will be indicated.

B.5 Loading case risks The program might not take into account the critical loading cases for each
particular aircraft that is used. However in the initial design stage the only
important output of structural calculations is the weight. To guarantee the
accuracy of the calculated weights, the structural weight calculations and the
used scaling laws have been verificated and validated, see sections 5.5 and 5.5.1.

B.6 Fuel weight inaccu-
racy

The validation in chapter 6.3 shows that the fuel weight inaccuracy is always
lower than 8%. Which is considered good enough for this phase of the project.

B.7 Snowball effect on
the aircraft mass
estimation

For each parameter set that is scaled by the computer program the mass is
constantly updated. Therefore the snowball effect is taken into account.

B.8 Scaling law param-
eter domain limita-
tion risk

The computer program will be written such that the user cannot give parameter
input that is outside the allowable range. These allowable ranges were deter-
mined based on minimum chosen accuracy, as overall accuracy of the computer
program might decrease when using ranges which are too large.
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Table 10.4: (continued)

# Risk Description

B.9 Scaling law flight
condition limita-
tion risks

The flight condition limitations to which scaling laws can be applied are clearly
indicated in the report. Additionally the computer program gives warnings
when scaling laws are used for unsuitable flight conditions. For instance when
the critical Mach number is exceeded.

B.10 Generating incon-
sistent scaling law
risk

To ensure that the generated scaling laws are correct all settings of the computer
program are checked before generating a scaling law. Specific attention will be
paid to verify that the input parameters are consistent.

Handling computer program risks

C.1 Program fails to
converge to a de-
sign

The computer program is designed such that a design is always calculated. It
works by starting with many different parameter sets. Each of those is scaled
to the local optimum, which is always possible by applying scaling laws. Then
the overall optimum design is chosen from all local optima.

C.2 Coding mistakes These are prevented by a programming cordinator who provides base files in
which other team members can program. Test runs will be performed on the
modules to check if they are working correctly. Connecting the sub files of the
program (and the debugging) is done by the programming coordinator.

C.3 Round-off errors The SCALAIR program runs in MATLAB. Which uses floating point numbers
with a mantissa of 15 numbers, as a standard setting. For the developed scaling
program this accuracy is assumed to be surely high enough.

C.4 Program overlooks
optimal options

This risk is handled in the same way as risk C.1.

C.5 Program user expe-
rience

To satisfy the user, attention is paid to the Graphical User Interface (GUI).
Leading to a program which can be operated easily and quickly in terms of
input from the user and output to the user. For expert users sufficient data
will be provided, such that they can use their expertise to see if the program
output is realistic.

C.6 Inadequate Weight
factors

At the start of the project it was expected that weight factors would be needed
to add weight to optimization criteria. However no weight factors are used at
all, since there is only one optimization criterion. Which is to minimize fuel
consumption. From this one optimization criterion all other sub optimizations
can be guided as follows. The computer program tries to meet the requirements
specified by the user. With an aircraft weight that is as low as possible. The
aircraft with lowest weight that can meet the requirements also will have the
lowest fuel consumption.

C.7 Invalid scaling laws To prevent the final scaling laws from being incorrect, a verification and vali-
dation procedure will be performed.

Handling verification and validation risks

D.1 Program is not
proved to be
correct

The project group will do effort in order to verify and validate the program.
Furthermore the project group will be trained to present how the program was
verified and validated.

D.2 Engine perfor-
mance uncertainty

Engine data from NASA and GE was found. Which can be assumed to be
accurate enough.
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Table 10.4: (continued)

# Risk Description

D.3 Program sub files
not verified and val-
idated

Most sub files of the program are about subsystems of an aircraft. To validate
such sub files, data on the subsystems of the aircraft is required. However such
data is hard to find compared to data of an entire aircraft. So a number of the
sub files still lack validation and verification. For now it is assumed that overall
validation of the program and validation of sub files where possible is good
enough. In the post DSE phase, contact with aircraft manufacturers would
open access to more specific subcomponent data. That enables to perform
better verification and validation of the sub files of the program.

Handling risks on the feasibility of the computer program

E.1 Limited amount of
customers

The SCALAIR DSE project has been focussed on scaling a medium range,
medium passenger capacity aircraft. In the post DSE phase, the SCALAIR
computer program can be extended to different type of aircraft. The obtained
experience will cause the extending process to be relatively easy compared
to the first stage of the project. Moreover, the potential customers for the
SCALAIR computer program include very large companies such as Airbus and
Boeing. When only one of these customers buys the program, there will prob-
ably be enough money to fund the project.

E.2 Uncommon to use
a scaling computer
program

In the post DSE sufficient attention should be paid to promotion. For instance
by providing the scaling program to aerospace students for free, and by offering
free trial versions for companies.

Handling scaled aircraft risks

F.1 No engine produc-
tion risk

Propfan engines are necessary for the aircraft designs are generated by the
SCALAIR computer program. However propfan engines are still under devel-
opment. However when large companies such as Airbus or Boeing will use the
developed design approach, it is an option for them to ask engine manufacturers
to produce propfan engines.

F.2 Risk of high engine
development cost

Although prototypes of the GE UDF propfan have been tested successfully.
Aircraft engine approval by airworthiness regulations requires many successful
tests. Again as with point F.1 resources are the decisive factor here. Large
aircraft companies have sufficient money to let engine manufacturers develop
propfan engines.

F.3 Public acceptance
risks

Propfans still are uncommon engines, and might not be accepted due to their
noise and different appearance. On the other hand fuel prices are rising con-
stantly, resulting in considerably lower prices for a flight with the more efficient
propfan engines. When well known aircraft manufacturers such as Airbus and
Boeing start using propfans, the public will probably be confident about the
safety of propfans.

F.4 Final aircraft de-
sign offers no im-
provement

The goal of the project is surely not to keep all operational characteristics
the same, and only to reduce the fuel consumption. That would be an A320
improvement. This goal of this project is more to trade between several oper-
ational performance parameters. For example a more fuel efficient aircraft can
surely be achieved, by for example reducing airspeed, reducing sweep, increas-
ing aspect ratio and using propfans.
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Table 10.4: (continued)

# Risk Description

F.5 Customer require-
ments are not met

The project group did set up the requirements for the computer program that
they would be developing. As there was no customer that gave them a list
of requirements. Advice on how what the program should be doing was given
by the tutors and coaches of our project group, who are experts in different
fields of aircraft engineering from the TU Delft. Therefore the project group is
confident that the developed program is useful for aircraft designing companies.

Handling airworthiness approval risks

G.1 Bird/debris strike
risk

The risk that critical bird strikes occur with a propfan engine will always stay
higher than with turbofan engines. Therefore sufficient research should be done
into the vulnerability of a propfan to bird strikes. This risk will very probably
stay critical and likely to occur at least a few times in the lifetime of an aircraft.

G.2 Blade separation
risk

A careful engine design will have to be made to prevent blade separation. Still
this will remain a risk with catastrophic consequences. Therefore it will be
hard to get approval from airworthiness authorities.

G.3 Engine noise This is a problem for crowded areas or nature reserves around airports. Nev-
ertheless when considering fuel consumption and air pollution, propfans have
large advantages compared to turbofans. This can be read in the Section 3.1.
So a trade off will have to be made.

G.4 Thrust effect on the
pitching moment

In the final aircraft design the engine is placed circa 3.5 meter above the c.o.g..
So thrust surely influences the pitching moment. This can be a risk when trying
to control the aircraft, in particular during take off and landing.

Table 10.5: Technical risk assessment matrix, consequences vs. probability after Risk Handling

Catastrophic G.1, G.2

Critical B.8, C.4, C.7, F.5, G.4
B.9, B.10, C.2, D.1, E.1,

F.1, G.4

Marginal B.3, B.4, C.1, F.4, G.3
A.1, A.2, A.3, B.6, C.5,

D.2, D.3, E.2, F.3
B.1, B.5

Negligible A.4, B.7, C.3, C.6 B.2 F.2

Very Unlikely Unlikely Likely Very Likely
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Chapter 11

Final Design

11.1 Trade-off Study

This section provides an overview of various trade-off processes that have been performed to arrive at
an improved A320 design. First, the trade-off for the engine option is presented. It is a summary of
the entire description of this process, presented in the MTR. The reader is referred to this document
for a more thorough elaboration on this subject. The second part describes the trade-offs which are
made with respect to aspect ratio, taper ratio, flight speed, sweep angle and their effects on DOC
and other key aspects.

11.1.1 Engine Trade-off

To select the best propulsion system for the redesigned A320, an extensive trade-off has been per-
formed. The first step in this process was to conduct a market analysis on available engines. Since
the assignment dictated the implementation of propeller propulsion, the emphasis was put on this
segment. For completeness, conventional turbofan engines were considered as well.

Figure 11.1: Power vs. MTOM of all reference aircraft

Many comparable aircraft and their
propulsion system have been investi-
gated to generate a relation between
MTOM and thrust. In this comparison
a distinction is made between turbofan
and turboprop aircraft, because they
have different performance character-
istics. Relations were established for
the required thrust or power as a func-
tion of MTOM. These two could not be
compared directly, since the units are
different. However, when assessed at
a certain flight speed the two can be
compared. This speed should be the
take-off speed because in this stage of
the flight maximum thrust is required.
The relation between all the considered
reference aircraft can be seen in Figure
11.1. For the scaled A320 the MTOM
will be approximately the same as for
the original A320. This indicates that
the required thrust lies between 100kN
and 110kN per engine.

With the above information, possible engine options are selected. Several engines have been
considered, on various locations. The various combinations of engines and locations gave a total
of nine options to choose from. The possible engines were the TP400-D6, currently in use on the
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A400M, the Progress D-27, currently in use on the Antonov-70, and the General Electric UDF. For
a detailed description of the engine characteristics the reader is referred to Table 7.3 in the MTR. In
short, the D-27 and the UDF both offer a fuel reduction of over 30 per cent, while the TP400 offers
12 per cent reduction. All three engines have typical cruise speeds around Mach 0.7. To compare
the SFC of these engines with that of a turbofan engine, the same procedure was applied as with
the required power determination. Next, the cruise speed was selected as reference, since the SFC
in cruise is of importance.

For the location of the engine, two places have been considered. Wing mounted engines or fuselage
mounted engines. Within these categories some subcategories have been created to distinguish
some more possibilities. All the advantages and disadvantages of these options were considered
with respect to many important aspects. For instance structural considerations, cabin noise, safety,
maintenance issues, efficiency and many other aspects were taken into account. Some advantages for
wing mounted engines were the good access in favour of maintenance, the undisturbed inlet flow and
the counteracting of the wing bending moment by the engine weight. On the other hand, advantages
of a fuselage mounted engine are a clean wing, less cabin noise and the engines being closer to the
aircraft centre-line. For both configurations also many disadvantages existed. All engines located on
the various possible positions were evaluated according to a large set of criteria. These criteria were
weighted and their weight factors were determined using the Analytic Hierarchy Process (AHP),
which is described in Chapter 6 in the MTR. Much effort was put in accurately judging the various
options on all aspects. A sensitivity analysis has been performed on the outcome to see which options
might face uncertainties in the eventual implementation. After careful consideration, the best option
turned out to be a General Electric UDF mounted on the fuselage, with the tail remaining in the
conventional configuration.

Figure 11.2: A320 with fuselage mounted UDF and
low tail configuration

It is noted, that the choice for this op-
tion brings a decrease in fuel burn and hence
DOC. The compromise is made to the preju-
dice of flight speed and noise, and hence pas-
senger comfort. However, much research is
currently put in the reduction of noise pollu-
tion, both inside and outside the aircraft. It
is expected that the noise levels will be within
acceptable limits in the future. For now, it is
up to the airlines to decide if the reduction
in DOC outweighs the reduction in passenger
comfort.

The complete trade-off table and the
scores for all considered options can be seen
in Table 7.6 in the MTR. In Figure 11.2 the
best engine location is visualised.

11.1.2 Airframe Trade-off

The changed layout which the Matlab program produces is based on trade-offs. When all the
individual effects of changing parameters are assessed the positive and negative effects have to be
traded off. Every change in input parameters, i.e. aspect ratio, taper ratio, sweep etc. can be
expressed in a change in DOC, the driving parameter for this project. For the sake of simplicity and
overview intermediate steps are used, such as lift over drag ratio, weight and fuel burn.

The influence of the aspect ratio on the aerodynamic wing efficiency is off course positive, since
it reduces induced drag. This means the required thrust is lower and the engines have to burn less
fuel. The required fuel weight is reduced, and the fuel consumption is even further reduced. In this
way, a snowball effect is started, which works for practically all minor improvements. However, an
increased aspect ratio increases the wing structural weight since the bending moment increases and
the chord length and height becomes smaller, thus a thicker structure is required. This effect will
start another snowball effect of increasing weight, and compensates for the increased aerodynamic
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wing efficiency. In this way, it is very hard to say if increasing the aspect ratio is of any good use.
This off course holds for more elements such as sweep, flight speed and other parameters. When
the program calculates outputs belonging to a range of inputs, all their effects can be assessed. The
effects on weight, efficiency and DOC can then be traded off. The effects which are not calculated,
such as cabin noise, external noise, pollution etc. are also considered in the trade-off.

The Matlab program allows sweep and flight speed to be varied as an input, but this is not
done in practice. The sweep angle is dictated by the critical Mach number of the airfoil. From
calculations it became apparent that lowering the sweep angle more than the minimum required by
the critical Mach number did not prove to be more efficient. The same holds for the flight speed
which is dictated by the engine. To arrive at an improved design, it is therefore assumed that sweep
and flight speed are constant inputs.

Figure 11.3: Cost per kilometre per passenger
as a function of aspect ratio and taper ratio
(Range=5000km, Λ=17◦ and new engine configura-
tion

The parameters on which the trade-off is
then based are the aspect ratio and taper ra-
tio. The user is free to vary these parameters
as wanted. Obviously, very large deviations
from the values of the A320 will lead to in-
valid results and should be avoided. When
an input is given, the program calculates the
corresponding outputs. If a range of inputs is
specified, the outputs can be compared and
a trade-off can be made. This is done manu-
ally, since the program is not able to perform
this due to time constraints.

Figure 11.3 shows the relation between
the aspect ratio, taper ratio and fuel con-
sumption. It can be seen that a low taper
ratio and an aspect ratio of approximately
fourteen are desired. This figure serves as an
example of how the optimal values for several
parameters are determined. As already men-
tioned, the iteration step in the program cannot be performed due to time constraints. Therefore,
this is done by trial and error on the input parameters. The effects of changing inputs are assessed
for fuel burn per passenger per kilometre. All the graphs which show the variation of lift over drag
or weight with certain parameters can be translated to show the variation with the aforementioned
driving factors. These are just intermediate steps and are done by the program. When the produced
graphs are then reviewed, an updated estimation of the inputs can be made. In this way, many pos-
sible configurations were tested and the positive and negative effects could be assessed. Obviously,
the negative effects were tried to be minimised and the positive influences increased to arrive at an
optimum. When this process was finished, the optimal parameters, i.e. for the lowest DOC, were
found to be as seen in Section 11.2.

11.2 Design Characteristics

The optimum configuration of the aircraft has an aspect ratio of 11.4 and a taper ratio of 0.25. The
specifications of the final design have been calculated by the computer program. The specifications
of the optimum scaled aircraft will be compared to the reference aircraft: the Airbus A320. This
comparison will be performed with the actual A320, and also with the A320 data modelled by the
developed computer program.

11.2.1 Specifications

The specifications are split into multiple categories: general specifications, mass breakdown, dimen-
sions, performance and an improvement comparison. These specifications can be found in Table
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11.1.

Table 11.1: Specifications for the final design, the modelled Airbus A320 and the actual A320

General Specifications

Specification type Unit Final Design Modelled A320 A320

Design passenger count [pax] 150 150 150

Design range [km] 5,000 5,000 5,000

Cruise speed [M] 0.72 0.78 0.78

Aspect ratio [/] 11.4 9.39 9.39

Taper ratio [/] 0.25 0.24 0.24

Engine count [/] 2 2 2

Wing / fuselage mounted [/] F W W

Mass breakdown

Mass type Unit Final Design Modelled A320 A320

MTOM [kg] 62,304 72,803 73,500

OEM [kg] 36,763 40,569 41,310

MEM [kg] 33,613 37,419 38,160

Airframe mass [kg] 28,899 31,817 32,558

Design fuel mass [kg] 11,291 17,963 17,940

Design payload mass [kg] 14,250 14,250 14,250

Dimensions

Dimension type Unit Final Design Modelled A320 A320

Surface area [m2] 97.33 122.1 122.4

Wing span [m] 33.60 33.9 33.9

LE sweep [◦] 17 28 28

Fuselage length [m] 37.37 37.37 37.37

Fuselage width [m] 3.95 3.95 3.95

Fuselage height [m] 4.24 4.24 4.24

Horizontal tail area [m2] 18.39 18.7 31

Horizontal LE sweep [◦] 21 32 32

Vertical tail area [m2] 18.26 21.5 21.5

Vertical LE sweep [◦] 29 40 40

Root chord length [m] 5.04 6.76 6.77

Tip chord length [m] 1.26 1.62 1.62

Performance

Performance type Unit Final Design Modelled A320 A320

Thrust per engine [kN] 91.5 107 120

Specific fuel consumption [g/kNs] 11.15 16.98 16.98

Fuel use design range [kg/pax/km] 0.01107 0.0179

Fuel use average range [kg/pax/km] 0.01265 0.0197

Fuel use cruise [kg/hour] 1300 2105 2100

L/D 18.77 16.45 16.73
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Table 11.1: (continued)

Improvements of the final design with respect to the A320

Improvement type Unit Improvement

Design fuel use [%] -38.16

Average fuel use [%] -35.79

Fuel use cruise [%] -38.10

Fuel weight [%] -37.06

TOC Drag [%] -26.17

L/D [%] +12.19

MTOM [%] -15.23

OEM [%] -11.01

Specific fuel consumption [%] -34.3

Cruise speed [%] -7.3

11.2.2 Design Drawings

A isometric view of the SCALAIR A320 is given in Figure 11.4 and the design drawings of the
SCALAIR A320 compared to the Airbus A320 is given in Figure 11.5.

Figure 11.4: Design drawings with dimensions of the SCALAIR A320 (top left three) and Airbus
A320 (yellow bottom right three) [64]
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Figure 11.5: Design drawings with dimensions of the SCALAIR A320 (top left three) and Airbus
A320 (yellow bottom right three) [64]

11.2.3 Validation results

With the final characteristics of the new design and the calculated characteristics of the A320 known,
a final validation is still required. This is done by comparing the data in Table 11.1. More precisely,
the data presented of the calculated and actual A320 data in these tables are compared.

When looking at the data presented in Table 11.1, it becomes clear that nearly all aspects are
near identical between the actual and modelled A320. The only real differences can be seen between
in the horizontal tail area calculations. However, this deviation is explained in more detail is Section
8.4. Due to the snowball effect, this results in some small changes for the rest of the model. However,
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these changes remain below two per cent in all cases. Furthermore, the model calculated a thrust of
107 kN per engine instead of 120 kN. However, it can be noted that this is the required thrust. The
engine used by the Airbus A320-200 is not specifically designed for the A320. As such, it generates
more thrust than required. The required thrust is therefore difficult to compare.

It can be concluded that the model represents the A320 very accurately, which presents a final
validation to the entire program.

11.2.4 Analysis Results

As the data of improvements in Table 11.1 show, the performance increase for the new model is
very large with respect to the Airbus A320. The change in engine already improves the specific fuel
consumption with 34%. However, the a more efficient wing design also leads to an improvement of
lift over drag by 12% and a reduction in MTOM by 15%. In total, this leads to a reduction in design
fuel consumption of over 38%. This value is considerably higher than the required reduction of 30%.

However, it can be noted that this increase in fuel efficiency does have a cost: namely an increase
in noise production and a decrease of cruise speed by seven per cent.

11.3 Sustainability of the Final Design

Once a final design is presented, one of the main requirements of this design should be checked: how
sustainable is this new design? For the most part, the sustainability approach of this project has
already been discussed in Chapter 3. As such, this chapter will not discuss the details which have
already been presented. It will focus strictly on the SCALAIR final design.

First of all, it can be noted that the change in propulsion also leads to a large reduction in fuel
consumption and emission reduction. More detail with respect to the propulsion can be found in
Chapter 3.

However, the change of propulsion is not the only change which leads to a reduction in emissions.
As Table 11.1 shows, the SCALAIR design also offers a reduction in drag of 26.2 per cent, leading to
a total fuel reduction of over 35 per cent for an average range of 3,500 km. Furthermore, a reduction
as high as 38 per cent is achieved for the design range. A similar ratio of fuel reduction can be
achieved for the emissions of greenhouse gasses. As such, the results in terms of fuel reduction and
the reduction of CO2 emissions can be found in Table 11.2 for 3,300 flight hours per year.

Table 11.2: Fuel and CO2 reduction of the SCALAIR aircraft

Unit Airbus
A320

SCALAIR
A320

Reduction Reduction
[%]

Fuel burned [kg/flight] 10,353 6,643 -3,895 -35.8%

Fuel burned [kg/pax/km] 0.0197 0.01265 -0.00705 -35.8%

Fuel burned [kg/year] 6,930,000 4,288,680 2,641,320 -38.11%

CO2 emissions [kg/flight] 32,301 20,726 11,575 -35.8%

CO2 emissions [kg/pax/km] 0.0615 0.0395 0.0220 -35.8%

CO2 emissions [kg/year] 21,621,600 13,380,682 8,240,918 -38.11%

As Table 11.2 shows, the SCALAIR design is more fuel efficient than the Airbus A320. Replacing
a single Airbus A320 by the SCALAIR design leads to an impressive reduction of in carbon dioxide
emissions of over 8,200,000 kg per year.

Furthermore, as is already explained Chapter 3, the use of scaling can significantly reduce the
design time and the manufacturing cost. In this simple case, the model can be used to generate
an initial design for nearly any configuration based on the Airbus A320. Furthermore, applying
adjustments to all sub-models s.a. aerodynamics or structures, this method can be used to scale
different aircraft types as well.
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Moreover, it can be noted that the internal electrical design as well as nearly the entire de-
sign of the fuselage remain constant. As such, these require considerably less design. This means
considerably less energy is used for production, reducing the ecological footprint.

11.4 Compliance matrix

This chapter presents the compliance matrix for this project. It presents all the initial requirements
and shows if they are met by means of a check mark as shown in Table 11.3. All the top-level system
requirements from the project guide are listed, and in the second column it is indicated with a check
mark if the requirement is met. It can be seen that all the requirements are met. Subsection 11.2.3
provides a validation of the model by analysing the A320 with the developed program. The results
of this also indicate that the requirements are met.

Table 11.3: Compliance matrix

Requirements Required
value

Actual
value

Evaluate the effects of aircraft scaling - X -

Design a mathematical description of the vehicle - X -

Process is based on applying scaling laws for relevant aspects - X -

- Aerodynamics - X -

- Stability & Control - X -

- Structures - X -

- DOC - X -

Scaling laws should be limited for medium range - X -

Validation of the scaling model - X -

Develop new aircraft with large aspect ratio and propeller propul-
sion

- X -

Lower fuel consumption 30% X 35.8%

Reduced DOC - X 8.0%

11.5 Operations & Logistics

After manufacturing the design, it will be operated. Therefore, an operations and logistics concept
is needed which will be described in this section. It will indicate the use of the system and also the
support that is needed for the system. The design that has been obtained belongs to aircraft in the
commercial medium size range. Hence, its operations and logistics are very comparable to other
medium size jetliners. The basic operations are shown in a flow diagram in Figure 11.6.

First, the aircraft is taken out of the hangar and prepared for the pre-flight phase. It is a start-up
phase so the flight initiation phase can begin. The flight initiation deals with the operations from
the terminal gate to take-off. The key operations are catering, ramp service and airport service.

The catering makes sure that the consumables are loaded on the aircraft. The ramp service deals
among others with ground handling of the aircraft, cargo loading and refuelling of the aircraft. The
airport service takes care of the departure and boarding of the passengers. All these operations can
be handled by the owner of the aircraft or it can be outsourced [65, 66].

After the flight initiation phase is finished, the aircraft can proceed to the actual flight. The
aircraft starts then with the take-off. However, this is only possible after approval is given by Air
Traffic Control (ATC). The take-off is then followed by the cruise. During cruise the aircraft is
monitored by one or multiple ATC centres. Not complying to local or international rules can lead to
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Figure 11.6: Operational Flow Diagram

a termination of the flight. After cruise, the landing phase is started which also needs an approval
from the ATC.

The flight ends with the landing of the aircraft. Hereafter, the flight termination is started.
Depending on the next phase of the aircraft, the aircraft is prepared for another flight or shut-

down. If the aircraft has to be prepared for another flight, then the aircraft will continue to the
flight initiation phase after the termination is finished. During the termination the aircraft is being
serviced again. The catering unloads the unused food. The ramp service takes care of the ground
handling and unloading of the aircraft. Other jobs might include de-icing and de-fueling of the
aircraft if necessary. The airport service takes care of the arrival and de-boarding of the passengers.

If the aircraft is not used for another flight, it will be shut-down and stored in a hangar.
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Chapter 12

Direct Operating Costs

The total operating costs of an aircraft consist of the Indirect Operating Costs (IOC) and the
Direct Operating Costs (DOC).The IOC concern expenditures which are passenger related and are
independent of the type of aircraft that is used. These costs are operator related and thus will not
be influenced by the scaling of the aircraft.

The DOC include all costs which are associated with and are dependent on the type of aircraft.
Reducing these costs for the A320 is one of the main goals of the SCALAIR project and will be
elaborated on in this chapter. The DOC can be split up in several segments, as can be seen in Figure
12.1.

Figure 12.1: Breakdown of Direct Operating Cost [67]

The elements in Figure 12.1 which are coloured grey are not influenced by scaling the aircraft
and thus remain constant.

In order to calculate the DOC the method presented in [68] is used, which is based on the work
of Liebeck [1]. In this method the costs of flight and cabin crew, airframe and engine maintenance,
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landing fee and finally of the ownership will be determined. The ownership costs consist of the
depreciation, interest and insurance costs. These costs are calculated for the Airbus A320 and due
to scaling these costs will not change and thus they are considered to be the same for the SCALAIR.
However, this method has some limitations, which will be examined beforehand to account for its
inaccuracies. These limitations are:

• Airframe maintenance cost depend only on airframe weight, this is not correct. It should also
account for skin thickness. However, when looking at reference material [69] the values agree
with each other. That the costs for the SCALAIR are smaller seems logical, since the wing
span and wing area have smaller dimensions.

• Engine maintenance cost depend on thrust and are probably only intended for common jet
engines and not for propeller engines. Replacing the engine of the A320 with a propeller engine
will however increase the maintenance cost by 52%, which is obtained from [69]

• Landing fees depend only on aircraft weight, which is correct, however, in Europe due to
the noisy engine, these costs will probably increase compared to the conventional A320 en-
gine. However, since the main driver is the aircraft weight and thus the relation between the
SCALAIR and the Airbus A320 can be assumed to be correct

The results of the final DOC are presented in Table 12.1. Note that the time in hours which are
used are for block hours, not for flight hours.

Table 12.1: Differences between the Airbus A320 and the SCALAIR A320

Airbus A320 SCALAIR A320

Design range [km] 5,000 5,000

Average range [km] 3,500 3,500

Speed [m/s] 230.5 221.8

Block hour duration [h] 5.1256 5.3071

Flight hours [h/year] 3,300 3,300

Fuel Price [$/kg] 0.99 0.99

Fuel Consumption [kg/h] 2,019.8 1,279.8

Fuel Cost [$/h] 2,000.85 1267.81

Crew Cost [$/h] 966.61 953.28

Airframe maintenance cost [$/h] 304.56 291.96

Engine maintenance cost [$/h] 464.27 705.69

Landing fees [$/h] 109.58 99.59

Ownership costs [$/h] 3,638.89 3,638.89

Total DOC [$/h] 7,484.76 6,889.76

The final breakdown of the DOC, expressed in percentages, are shown in Figures 12.2 and 12.3
for the Airbus A320 and the final design respectively.

The costs calculations for the Airbus A320 agree with the costs from Fourth Meeting of the
ALLPIRG/Advisory Group [70]. Further validation can be found from [71, 72], which show a
similar DOC breakdown as the Airbus A320, such as values of 27% for the fuel costs and 54%
for the ownership costs.
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Figure 12.2: DOC breakdown for the Airbus
A320

Figure 12.3: DOC breakdown for the
SCALAIR A320

The dramatic increase in jet fuel costs has a major influence on the DOC, as can be seen in
Figure 12.4 [73]. This can also be observed from the results. The SCALAIR has a reduction of fuel
consumption of 740 kg/h with respect to the Airbus A320. While the fuel costs influence the DOC
of the Airbus A320 by 27% the fuel costs for the SCALAIR only represents 18.2%. The reduction in
DOC of the SCALAIR are 8% w.r.t. to the Airbus A320 and account for a reduction of 595 $/h.

Figure 12.4: Historical trend of the fuel price over the last 22 years [73]

12.1 Economic effects of lower cruise speed

In order to assess the effects of a changing cruise speed on the revenues for an airline, the operations
of Qatar Airways are considered. Since the available information on this topic is limited, there is
only one airline taken into account. The fleet of this airline consists of a total of 95 aircraft from
various types. Among this are 23 A320s, which are considered for this analysis. According to Qatar
Airways their fleet of A320s is slightly underused. Qatar Airways is operating in the Middle East,
from where their A320s fly to destinations in Europe, Africa, India and off course the Middle East
itself. The operational characteristics of the 23 A320s can be seen in Table 12.2 [74].
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Table 12.2: A320 operational characteristics

A320

Operational characteristics

Total weekly utilization min 117035

Fleet size 23

Average daily utilization min 727

Average daily utilization hours 12:07

Total weekly cycles 672

Average cycle length min 174

Average cycle length hours 02:54

The most important fact that follows from this table is that an aircraft flies an average of 4.18
cycles per day. This can be seen when the total weekly cycles are divided by the fleet size and
converted to a daily basis. If the flight speed is decreased, the time for a complete cycle will
increase. This means that on average, less cycles can be flown during a day. With a new cruise
mach number of 0.72, the distance covered per hour decreases to 656 kilometer. This is calculated
using the moethod for the average flight speed for a given cruise Mach number. It is now assumed
that the average daily utilization remains constant, since this number is determined by the airlines
operation schedule and strategy. Also airport and ATC capacities play a role in the utilization. The
average cycle distance for the Qatar Airways operated A320 is 2059km. This is determined from the
average cycle length and the cruise speed (Mach 0.78). Assuming this remains constant, the amount
of cycles which can be flown during a day with a cruise Mach number of 0.72 has then decreased to
3.86.

When the amount of cycles per day is known, the distance covered per plane per day can be
determined. Multiplied with the available seats in an A320 (144 seats [75]) this yields the Available
Seat Kilometer (ASK). The ASK for Qatar Airways is 1239644 per plane per day. It is obvious that
when the amount of cycles on a day is reduced, so does the ASK.

The load factor of Qatar Airways was 83% in 2012, according to IATA [76]. The load factor
is the ratio between the RPK and the ASK. RPK is a measure for the amount of passengers that
actually travel along a certain route, but is not important in this analysis. When the ASK decreases,
the load factor increases. This is not a problem, up to the point where the load factor would exceed
100%. Above this point, the capacity of the airline is lower than the demand from passengers and
the revenues will decrease. Therefore, the Mach number associated with a load factor of 100% will
be the lowest allowed Mach number for the design. From Table 12.3 it can be seen that this is a
Mach number of 0.65. This number serves as a guideline, since data from individual airlines may
vary.

Table 12.3: Load factor as a function of cruise Mach number

Cruise Mach number km/h # of cycles ASK Load factor

0.78 710 4.18 1239644 0.83

0.72 656 3.86 1144287 0.90

0.65 592 3.48 1033037 1.00
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Chapter 13

Post DSE

The project aims at creating a scalable aircraft model. The second goal is to use this model to
redesign an aircraft. This aircraft is to compete with the Airbus A320 and to excel in fuel consump-
tion and DOC. Requirements set for the project are changing the propulsion system to a turboprop
and using a higher aspect ratio. When the project is concluded, the post-DSE phase is started.
Therefore, a post-DSE project plan has been set up with recommended activities that could be done
in the future.

This chapter will present possibilities for when the DSE period of ten weeks is over. First, Section
13.1 will discuss the post-DSE time planning. Next, Section 13.2 presents a cost breakdown of any
future activities.

13.1 Gantt Chart

The Post DSE activities consist of numerous elements, which are rather time consuming. A Gantt
chart of these activities has been created to estimate the time needed. As this is still an initial
estimation, it will be subject to changes. For this estimation it is assumed that the same resources
are available as during the DSE-phase except for the time. An initial estimation is set at about 5
weeks while the DSE is spanned over 10 weeks. The Gantt chart of the Post-DSE in shown in Figure
13.1.

Figure 13.1: Gantt Chart for the Post-DSE

13.2 Cost Break-down Structure

The Cost Break-down Structure (CBS) contains the cost elements of the post-DSE project activities.
These costs originate from various sources which are time consumption, tooling, documentation or
others. A diagram of these cost elements is shown in Figure 13.2.
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Figure 13.2: Cost Break-down Structure of the Post-DSE phase

As can be seen, the numerous cost elements have been attributed to three major sources. These
sources are identified as model related costs, costs on the resources and the management of the
project.

The costs that are linked to management can be subdivided into communication, managing
resources, documentation, quality control and planning. The management is necessary to maintain
the quality and a high efficiency throughout the project. This is not only done through planning and
quality control but also documentation and communication. Meetings are effective to keep track on
planning and improve the communication between the workers. A good management is a necessity
for a successful project.

Another type of costs are the resources needed for the project. These costs are affiliated with
facility costs, literature, software and human resources. All of these costs are key elements for the
project. Human resources are needed for the further development of the model but also for the
management. Software costs are related to licenses of the program for the model. Also (extra)
programming training for the model can be attributed to these costs. The literature and facility
costs are necessities that come along with human resources. Facility costs will increase proportional
to an increase in human resources.

The costs related to the model can be broken up into new module development, runtime en-
hancement, accuracy improvement, data acquisition and test and evaluation. These parts are rather
time and resource consuming. Therefore they can increase the cost of the project considerably.
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Conclusion and Recommendations

When the geometrical lay-outs of modern transport aircraft are compared, a large degree of resem-
blance can be found. Most of these aircraft are designed bottom-up, starting nearly from scratch.
As an alternative design method, scaling can be applied which could lead to a more time and cost
efficient design process. This chapter will conclude the results of the SCALAIR - Scalable Aircraft
Model project and afterwards recommendations will be given to indicate which improvements can
still be made.

14.1 Conclusion

The mission of the SCALAIR project was to develop a more time and cost efficient aircraft design
method for medium-size, medium-range passenger aircraft. The second goal was to use this method
to redesign an existing medium-size, medium range transport aircraft into a more efficient aircraft
with lower Direct Operating Costs due to the reduction in fuel consumption of at least 30 %. This
was to be achieved by utilising high aspect ratio wings and propeller propulsion.

The purpose of the final report was to state the results of the whole project, obtained during
the last nine weeks. The results consist of scaling laws, the optimal design parameters for the most
efficient aircraft model and further recommendations on how to improve the model in the future.

From the performed market analysis it was concluded that the demand for narrow-body aircraft
is on the rise. A growth rate of 4.7-5 % in air traffic demand is expected with narrow-body aircraft
taking a market share of 68-70%.

Furthermore, the sustainable development strategy combined with the engine analysis showed
that the use of propfan propulsion could result in significant sustainable improvements. First of all,
it was concluded that using the General Electric Unducted Fan engine leads to a decrease in specific
fuel consumption of 34 %, as well as a dramatic reduction in pollutant emissions. However, it was
also concluded that more research is still to be conducted regarding propfan propulsion. On top of
this, the use of propfan propulsion also poses problems with respect to noise and vibrations.

Moreover, the sustainable development strategy can also be used to draw conclusions with respect
to scaling. As it was found that using a scalable model reduces the design time and presents options
for a more modular manufacturing process. As such, the resource and manufacturing costs can also
be reduced.

From a more detailed analysis it was deducted that it is possible to develop a scalable aircraft
model. Thereby the first goal of the mission was achieved. The model was created based on aero-
dynamics, structures, performance, propulsion and stability and control. It was shown that this
model can be used to quickly develop an initial estimate for a wide range of medium-size aircraft.
Furthermore, it was found that this model can not only be used for medium-range aircraft but also
for the initial sizing of a medium size aircraft with any range. Finally, it was concluded that this
model can be used to find scaling laws which could then be incorporated or which can be used in
other applications.
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The next goal of the SCALAIR project was to use this model to redesign an existing aircraft
with similar requirements, but with lower DOC through higher fuel efficiency with respect to the
reference aircraft, Airbus A320. By using the scalable aircraft model to optimise the design it was
shown that it was possible to increase the fuel consumption (kg/pax/km) of the A320 by as much as
35.8% for the design range, significantly surpassing the required 30%. This reduction was a result
of using fuselage mounted GE UDF engines, increasing the aspect ratio to 11.4, slightly increasing
the taper ratio to 0.25 and reducing the flight velocity to Mach 0.72. The latter also resulted in a
lower sweep angle of 17 degrees. Consequently, the lift over drag increased by 12% and the MTOM
reduced by 15%.

A final analysis with respect to the sustainability characteristics has shown that if this design
is implemented, as much as 8,241,000 kg of CO2 emissions could be saved each year by replacing a
single Airbus A320 by the SCALAIR design. Last but not least, it was also concluded that replacing
the A320 by the SCALAIR design would lead to a reduction in Direct Operating Costs of 8%.

14.2 Recommendations

The model can be further improved in the post-DSE phase. Several notable recommendations to
improve the model are mentioned below. These recommendations can be attributed to different
aspects of the model. Implementing these recommendations will affect the model in multiple ways.
First of all, the accuracy of the model will be improved. Next, the runtime of the program can
be reduced. Furthermore, the model can be made more widely applicable and more use friendly.
Finally, recommendations are also presented from a design perspective.

14.2.1 Aerodynamics

Revisions can be made to the aerodynamics part of the program. In particular to the data which
has been used for the spanwise wing twist and spanwise aerofoil profile. If such data was available
on the A320 itself, then the reference data would be more accurate. As such, the model would have
a closer defined reference aircraft and should thus lead to preciser scaling laws.

Also, the effect of spanwise twist distribution can be investigated in more detail. This is an
important feature as the Oswald factor depends heavily on it. These changes will greatly increase
the accuracy of the program.

Next, the scaling laws can also be improved, both in interdependency and in quantity of inputs.
As has already been stated, scaling laws for spanwise twist and spanwise aerofoil selection should be
incorporated. Furthermore, scaling laws for speed and air density are also interesting to consider.
Ideally, scaling laws are made which incorporate the interdependency for all scalable parameters
together. Implementing these scaling laws would greatly reduce the runtime of the program without
affecting the accuracy significantly.

For even more accuracy, an improved estimation or calculation of the CD0
can be made. In

the current calculations, this number is assumed to be constant because it is beyond the scope of
the project to vary this number. Also, estimations on wave drag can be made for improvements at
higher speeds. For this, a CFD analysis would be required and therefore also far beyond the scope
of this project.

Finally, from a design perspective, it is also interesting to optimise the aerofoil selection and the
wing twist. Currently, the aerofoil selection has not been considered for the SCALAIR design, nor
the kink twist. Additional selection on these matters could further improve the model.

14.2.2 Structural Design

Next, a number of recommendations can be made based on structural design.
First of all, a number of recommendations can be made with respect to the wing module. Cur-

rently, the wing module still uses the analytical wing module. This is very time consuming. The
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scaling laws that have been found should be incorporated into the model, where the user should be
given the choice to either run the analytical module or to incorporate scaling laws.

However, it can be noted that these scaling laws are not yet perfect. In order to make the
scaling laws more accurate, a larger number of variables, such as air density, should be considered.
Furthermore, in the ideal case, all variables would be combined in multi-dimensional scaling laws.
Currently, there are already three dimensional scaling laws. However, these dimensions could be
increased even further.

In addition, the accuracy of the wing module can be improved even further by increasing the
amount of failure modes that are considered and by modelling the load distribution more accurately.
However, it can be noted that the accuracy of the wing module is already high.

Besides the wing module, there are also additions that can be made to the tail module. First of
all, it is useful to incorporate the detailed scaling laws in the tail module. They should present a
more accurate result than the current calculations. Furthermore, as these scaling laws are known,
incorporating these laws should not be too difficult.

However, it can also be noted that these scaling laws are not yet perfect. Currently, these
detailed scaling laws are based on scaling laws that have been generated for the main wing. In
order to improve the accuracy of the model, these same scaling laws should be made by running an
analytical tail wing module, which can be done by adjusting the analytical wing structure module
slightly. Increasing the accuracy and applicability even further can be done in a manner as has been
described for the wing module.

Furthermore, changes can also be made to the fuselage module. Similar to the wing module, the
amount of detail and the amount of scaling laws should be increased. Furthermore, in order to make
the model more widely applicable, the fuselage dimensions and internal loadings should adaptable.

Finally, the landing gear can be modelled much more accurately. In the current model the weight
of the landing gear is being scaled with the MTOW. It can be further developed by using more data
points which are used to describe the trend to increase the accuracy.

It can also be noted that for the final design, the landing gear is kept equal in length. However,
as the engine is moved to the fuselage, the spacing between the ground and the engines is reduced
significantly. As such, it might be possible to reduce the landing gear length. This should be
investigated further.

14.2.3 Performance and Propulsion

Currently, a restriction of the model is that it is unreliable for varying speed. This is due to the
effects of speed on the engine performance, to be more specific, on the SFC of the engine. In the
model the SFC is set fixed. This is due to the lack of available data. If the SFC is described as a
function of speed, the engine would be modelled with higher accuracy.

Furthermore, there are numerous performance characteristics which are currently not outputs of
the model. These include for example the take-off length of the aircraft. A module can be added
which calculates additional performance characteristics.

Finally, the accuracy of the fuel module can be improved. Using a more detailed analysis of the
flight profile presents the possibility to model the fuel consumption even more accurately. Further-
more, it could present more detailed information on the duration of each indivdual component of
the flight which could be used to calculate the DOC more accurately.

14.2.4 Stability and Control

The preliminary analysis performed for the stability and control can be improved on several accounts,
this leads to the following recommendations.

For the current tail module the interaction between the engine and the tail surfaces are not taken
into account. The engine does, however, have a large influence on the behaviour of the flow over
the horizontal stabiliser. As the inflow reduces the pressure and thereby increases the lift coefficient
quite significantly. This is visualised in a simplified manner in Figures 14.1 and 14.2. These figures
were created by means of a flat plate, vortex sheet analysis for incompressible, inviscid flow with
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also two vortices emanating from respectively the top and bottom of the engine to show an initial
estimate of the effect for 0 kN and 110 kN of thrust. As can be seen, the change in lift coefficient
is significant. Therefore it is advisable to consider the interaction when computing the required tail
areas.

Also, the presence of the engine near the vertical stabiliser surfaces induces changes in the
directional stability and control that will have to be investigated on e.g. shielding effects and
pressure effects.

Figure 14.1: Incompressible, inviscid velocity
field over the horizontal tail surface without en-
gine effects

Figure 14.2: Incompressible, inviscid velocity
field over the horizontal tail surface with engine
effects

In order to obtain a loading diagram and a total CG position of the aircraft every single com-
ponent’s CG position needs to be obtained. It is extremely important that the CG position of each
component is variable if the configuration changes and components are scaled. This part is not fully
incorporated into the current program and should be improved to obtain more accurate results.

Furthermore, the used method for finding the optimum horizontal tail size and its corresponding
wing position does not include a variable elevator surface which changes the tail’s characteristics.
Most obtained lift and moment coefficients and the aerodynamic centre locations are taken from
semi-empirical formulae and might show inaccuracies or inconsistencies for scaled components (the
stability subprogram should be further connected with the aerodynamic model in order to obtain
more accurate results). Additionally, effects like aeroelastic bending, iced tail surfaces and most
importantly the effect of the engine placement at the rear are not incorporated.

Finally, the eigenmotions were not taken into account in the current program. This part should
be added using for example AVL in order to obtain the stability derivatives and ensure stable
eigenmotions which could otherwise lead to fatal consequences. The eigenmotion characteristics can
be added as an additional constraint during scaling.

14.2.5 General Model

The model has multiple inputs which can be varied. To add other inputs to the model, modules
can be added to the program. This leads to an increase in its functionality. For example a fuselage
module could be added. The current model has a fixed fuselage. Hence, adding a module to adjust
the fuselage size opens other possibilities for scaling in aspects like the amount of passengers. Other
modules which can be included are for example electrical and hydraulic modules.

Further advancements can also be achieved on integration between the modules. Effects between
modules can then be incorporated even better. This could for example be done for the engine and
tail. The effects of varying the engine’s position on the tail can then be taken into account for the
aircraft.

The model uses iterations to generate designs. Hence, inefficient structured codes and unnec-
essary calculations should be avoided in order to keep the runtime of the program low. Currently,
the model needs a considerable amount of time to run. Altering the MATLAB code, can shorten
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the runtime of the program. In particular for the wing module a reduction in runtime would be
beneficial. The calculation time in the wing module is about ten seconds per iteration. Since it is
iterated multiple times, the run time of the wing module has a large influence on the total runtime.
Also, in order to reduce the amount of iterations, the program could start iterating from a design
which has been found quickly using general scaling laws, rather than starting at the Airbus A320.

A next aspect which could be improved is the user interface. First of all, the GUI can be improved.
At this point, it is not yet possible to stop the program at certain points from the GUI itself. If
this is to be done, the program will have to be stopped from within the code itself. Furthermore,
showing intermediate output should also be possible from the GUI. Also, the output variables can
be presented in a more structured manner. Finally, the amount of input and output variables can
be changed to widen the usability of the program without affecting the user interface.

14.2.6 Market Analysis

To have a better overview of the expected demand for scalable aircraft it would be worthwhile
to analyse the developments with respect to new generation aircraft. Because, such a change in
aircraft designs might jeopardise the equivalent topology strategy that is applied for the current
scaling design methodology. Given that scalable aircraft models might evolve over the years as
well, a complete analysis taking into account both the generality of the design methodology versus
innovative new technology should be conducted.
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Appendix A

Aerodynamics

While the flow would be most accurately described by the Navier-Stokes equations, it is unfortunately
not a trivial case to solve these in a practical manner. Therefore, simplifications will have to be
made. In this project the Athena Vortex Lattice (AVL) [77] program is used for the initial analysis
of the aerodynamic characteristics, such as lift distribution and induced drag. The simplifications
of this program are described in section A.1. Consequently, section A.2 briefly reviews the Vortex
Lattice Method (VLM).

A.1 Flow Simplifications

The simplifications made in the AVL program are as follows:

• Quasi-steady flow

The unsteady shedding of vorticity is not taken into account. Basically only slow oscillatory
motions are allowed.

• Inviscid flow

Neglecting the viscous terms in the Navier-Stokes equations means that the flow will not have
any friction, thermal conduction or diffusion effects.

• Incompressible flow

For incompressible flow the density remains perfectly constant.

Since the aircraft operates at Mach 0.72 the encounters highly non-linear transonic flow
regimes. Therefore compressibility effects are actually not to be neglected. In AVL these
are accounted for by means of the (linear) Prandtl-Glauert transformation.
Note that for an unswept wing this would be highly discutable due to the likely occurrence of
transonic flow phenomena. Since the design should be such that high-transonic conditions are
avoided, this risk is already minimised by using swept wings, as it decreases the perpendicu-
lar Mach number. For perpendicular Mach numbers up to 0.7, the AVL results will be valid
as initial estimates (given the phase of the project) [77]. Therefore, with the cruising Mach
number of 0.72 for the GE UDF engine, the computations of AVL will indeed be valid.

• Irrotational flow

The Prandtl-Glauert transformation is derived from the linearised perturbation velocity po-
tential equation (with transformed variables equivalent to Laplace’s equation in equation
A.2).Note that if there is a velocity potential, the flow has to be irrotational. By assum-
ing the flow to be irrotational, the curl of the velocity vector will be zero, as indicated in
equation A.1. Or in other words, the vorticity at any point in the flow is zero.
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∇×V = 0 (A.1)

∆φ = 0 (A.2)

With as boundary conditions:

ux=∞ =
δφ

δx
= V∞ (A.3)

vy=∞ =
δφ

δy
= 0 (A.4)

V · n =

(
δφ

δn

)
ywall

= 0 (A.5)

• Small angle of attack

For a small angle of attack: sinα ≈ α, cosα ≈ 1 and tanα ≈ α. Note that in AVL the trailing
vortices are aligned with the X axis, so a small angle of attack is important with respect to
e.g. the induced drag computation.

• Thin airfoil

Assuming a thin airfoil, the camber line can be described by a vortex sheet of strength γ(s).
Then to make the camberline a streamline of the flow the fundamental equation of thin airfoil
theory in equation A.6 has to be solved for the vortex strength γ(ξ) [78]. Note that the equation
needs to satisfy the Kutta condition at the trailing edge, i.e. γTE = 0 .

1

2π

∫ c

0

γ(ξ)dξ

x− ξ
= V∞

(
α− dz

dx

)
(A.6)

The most well-known result of this theory is the lift slope dcl
dα = 2π, which is linear and constant

for low-to-moderate angles of attack for any type of airfoil. Furthermore, the lift and quarter
chord moment coefficient are approximated by [78]:

cl =
dcl
dα

(α− αL=0) (A.7)

Where,

αL=0 =
1

π

∫ π

0

dz

dx
(cosθ0 − 1)dθ0 (A.8)

And

cm, c4 =
π

4
(A2 −A1) (A.9)

Where,

An =
2

π

∫ π

0

dz

dx
cosnθ0dθ0 (A.10)
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A.2 Vortex Lattice Method

The Vortex Lattice Method (VLM) is essentially a method that breaks down a surface into several
quadrilateral panels with one discrete horseshoe vortex for each panel. Let the horseshoe vortex be
defined as the combination of a bound vortex filament and two free vortices trailing downstream, with
the bound vortex ’replacing’ a discrete part of the wing span. The bound vortex here represents the
circulation eventually leading to a lift distribution. This ’threefold’ definition of the vortex follows
Helmholtz’s vortex theorems. For further reference, see chapter 5 in Anderson [78].

The strengths of the vortices are then to be determined by imposing the flow-tangency condition
(equation A.12) at the mid-points of the panel’s three-quarter chord. [79] To solve for the vortex
strength, the normal velocity components induced by the bound vortices and the freestream should
thus add up to zero (equation A.11). Note that the quadrilateral panels are parallel to the streamwise
direction. Thereby allowing for swept wings.

Since the VLM also allows for the use of separate systems of panels it is possible to model
the wing’s different sections in partitions (e.g. flaps, cranked wings). This is a huge advantage in
comparison with, for example, lifting line theory. The possibilities of the VLM also stretch beyond
the planform surface itself. The trailing vortices in the wake can be modelled by equating them with
the strength of the vortex at the trailing edge.

V∞sinα−
∑
i,j

Γijwij(xcp, ycp) = 0 (A.11)

V · n = (∇φ) · n = 0 (A.12)

Then using the Kutta-Joukowski theorem, or in other words the circulation theory of lift, the lift
per panel can be computed as for example(discretely) stated in equations A.13 (at the leading edge,
i = 1) and A.14 (i > 1) [78], [79], [80].

∆Lij = ρV∞Γi,j∆yij (A.13)

∆Lij = ρV∞(Γi,j − Γi−1,j)∆yij (A.14)

For the total lift this then yields [80], where the matrix size is given bij M and N.

L =

M∑
i=1

N∑
j=1

∆Lij (A.15)

The pressure difference across the panel is then defined by equation A.16 for panel area ∆Sij
[80].

∆pij =
∆Lij
∆Sij

(A.16)

The computation of the induced drag then becomes, similarly to the segment-wise lift, respec-
tively for i = 1 and i > 1 [80]

∆Dij = −ρwindi,jΓi,j∆yij (A.17)

∆Dij = −ρwindi,j (Γi,j − Γi−1,j)∆yij (A.18)

For the total drag this then yields [80]

D =

M∑
i=1

N∑
j=1

∆Dij (A.19)
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The induced drag can also be calculated by using a ’far field analysis’ in the two-dimensional
Trefftz plane [80]. Infinitely far downstream the main contribution to the drag comes from the cross-
flow kinetic energy.This ultimately results in the following equation, for k is 1 to the total number
of trailing vortices NW .

D = −ρ
2

NW∑
k=1

windkΓk∆yk (A.20)
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Appendix B

Structural Design

B.1 Weight Elements

The method described in Subsection 5.1.1 leads to estimating the weights of the A320. The data
has been taken from two different sources [37, 40]. The results are displayed in Figure B.1.
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Figure B.1: Variable and Fixed Weight of the A320
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Appendix C

Model Description

In this appendix the Communication Flow Diagram (COMFD) and the Function Flow Diagram
(FFD) for the MATLAB model can be found.

C.1 Communication Flow Diagram

Aside from understanding how information flows, it is also important in what order the communi-
cation occurs. This can be found in Figure C.1. Since the model is very Modular, this diagram
will actually have a lot in common with the Data flow diagram in Figure 9.1. As can be seen, each
parameter set will go through one module at the time, namely the Wing, Tail, Fuselage and Engine
module. after each iteration, the Main class decides if the iteration is done. It calculates how big
the difference in MTOM was with the last iteration. if this is smaller then a certain percentage, the
parameter set is done iterating. Also, if the amount of iterations is larger then a certain amount,
the program also decides the iteration is finished.

Figure C.1: Communicational Flow Diagram
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C.2 Functional Flow Diagram

The last diagram which can offer a good overview of the program is the Functional Flow Diagram.
This diagram shows all different functions the program has to perform, in the order in which they
are performed.

Figure C.2: Functional Flow Diagram
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Appendix D

Aeroelasticity

The current appendix on aeroelasticity combines both isolated structural and aerodynamic consid-
erations and describes the effects of their interaction. Fluid-structure interactions are of particular
importance for aircraft designs with high aspect ratio wings. It should also be noted that the engines
will be placed on the fuselage due to the engine choice described in this report. Because of this,
the local centre of gravity (CG) of the wing section is shifted aft considerably. Besides that, the
damping effect of the engine on the wing will also vanish. This shift in CG and the lack of damping
might make the wings significantly more prone to flutter.

Note, however, that this appendix mainly serves as an initial endeavour into the world of aeroelas-
ticity. Solving for flutter boundaries can be considered highly non-trivial. Therefore, the possiblities
of computing these boundaries might be limited in this project. The goal of this chapter is to figure
out the opportunies with respect to using aeroelastic approximations. Therefore, the basics are
explained first with the aerodynamic model and the equations of motion. Subsequently, section D.3
goes into more detail and defines what is possible for our project.

D.1 Low-frequency Aerodynamic Model

As a first simplification the aerodynamic model is described as a low-frequency model. This model
concerns the typical airfoil section (taken around 66 to 75 percent of the span). The angle of attack
includes the vertical translation speed ḣ. The lift and moment are then given by equation D.2 [81].

L(t) = qSCLα

(
α(t) +

ḣ(t)

V∞

)
(D.1)

MEA(t) = qSecCLα

(
α(t) +

ḣ(t)

V∞

)
(D.2)

D.2 Equations of Motion

The equations of motion for an uncambered typical section (two degrees of freedom; θ,h) with a
low-frequency aerodynamic model, and without control surfaces, are expressed in equation D.3[81].[

M
]{

ẍ
}
− q

V∞

[
A1

]{
ẋ
}

+ (
[
K
]
− q

[
A0

]
)
{
x
}

(D.3)

where [
M
]

=

[
m Sθ
Sθ Iθ

]
,
[
K
]

=

[
Kh 0

0 Kθ

]
(D.4)

[
A0

]
=

[
0 −SCLα
0 2SebCLα

]
,
[
A1

]
=

[
−SCLα 0

SecCLα 0

]
(D.5)
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Note that the stiffness matrix does not have any coupling terms. The structural coupling might
have to be taken into account given that the wing to be designed probably will have a certain camber.
Also note that the mass matrix includes the coupling term Sθ. This term takes into account that
the total displacement field depends on both the plunging and the pitching.

D.3 Instability Boundary Problems

Instability boundary problems are solved to find out where the division is between the stable and
unstable fluid-structure interactions. This can be approached both in a static and in a dynamic
manner. For the static boundary the time gradients are negligible and the divergence is analysed
(i.e. the ”tearing off of the wing”, indicated by the real part of the eigenvalue). For the dynamic
approach, the oscillatory behaviour will also have to be analysed. Ergo, both the imaginary part
and the real part of the eigenvalues play a role. The latter problem is also known as flutter.

The possibility of using either of these approaches is addressed in sections D.3.1 and D.3.2.

D.3.1 Torsional Divergence

For the torsional divergence problems, the equations of motion can be simplified by neglecting all
of the time derivatives, as it involves a static problem. Also, the bending deflection θ is assumed to
be small.

The static problem basically describes the relation between the aerodynamic forces and the
structural forces. If the dynamic pressure increases such that the spring stiffness is exceeded, the
wing will tear off or, as stated in the aeroelasticity lecture notes [81]: ”Beyond this speed θ increases
without bound in response to a perturbation”. The operating dynamic pressure is limited to prevent
divergence for a single degree of freedom (θ) as is seen in equation D.6.

q ≤ Kθ

CLαecS
(D.6)

Because of the static nature of the divergence problem, it is a feasible option as a first aeroelastic
analysis. However, given that the wings are expected to be swept backwards (even by a small
amount), torsional divergence is highly unlikely to occur due to e.g. the reduced lift resulting from
the twist that accompanies the wing bending. Therefore, the static problem is not addressed any
further in this project.

D.3.2 Flutter

Flutter is an instability phenomenon where the interaction of the structural and aerodynamic forces
results in self-sustained oscillatory behaviour. The risk in this type of behaviour is that the oscil-
lations might increase in amplitude if the airfoil motion (plunging and pitching) is in phase and
aligned with the lift force, thereby displaying divergent behaviour. To analyse the shift from sta-
ble to unstable regimes, it is easiest to describe the flutter points on the flutter boundary (i.e. at
constant amplitude, thus possible to assume harmonic motion) encompassing the flutter envelope.
From airworthiness requirements the flutter envelope should be at least at 115 per cent of the flight
envelope.
Using the equations of motion (equation D.3) and the aforementioned harmonic motion for the
pitching and plunging, the characteristic equation can be written and solved for its roots (real,
imaginary or complex). Then, several types of motions exist based on the form of the respective
roots. Through the dynamic pressure, q, these are related to the flutter speed. Note that for flutter
only the oscillatory converging and diverging motions are of interest and that negative frequencies
are deemed non-physical, which then leads to their dismissal.

A solution of the form presented in equation D.7 can then be assumed.
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{
x
}

=
{
x̂
}
ept (D.7)

For the low-frequency model this yields the characteristic equation as is presented in equation
D.8 [81].

a4p
4 + a3p

3 + a2p
2 + a1p+ a0 = 0 (D.8)

where the coefficients are

a4 = mIθ − S2
θ (D.9)

a3 =
q

V∞
SCLα(2ebSθ + Iθ) (D.10)

a2 = mKθ + IθKh − (2meb+ Sθ)qsCLα (D.11)

a1 = m
q

V∞
SCLαKθ (D.12)

a0 = Kh(Kθ − 2ebqSCLα) (D.13)

Then, the characteristic equation can be solved for p for increasing V∞. To simplify the anal-
ysis all other structural, inertial or aerodynamic terms in these coefficients are to remain constant
throughout the computation. Consequently, if it is assumed that the roots are of the form p = σ+iω,
the flutter diagrams can be plotted for the real and imaginary eigenvalues versus the dynamic pres-
sure, thereby displaying the damping σ (indicating the amplification) and the frequencies ω (indi-
cating the oscillatory behaviour).

Given the fact that the problem can be simplified into a two-dimensional problem by using a
typical section (and thus equivalent stiffnesses etc.), the low-frequency flutter analysis, by means
of flutter diagrams, is accomplishable. To assess whether there are any flutter modes within the
vicinity of the flight envelope, these diagrams can be compared with the various flight conditions
from the performance analysis. Future projects dealing with a similar topic are advised to use the
approach that is laid out in this appendix.
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