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Abstract

This thesis covers the conceptual design of a biog wonfiguration, an unconventional non
planar configuration comparable to a joint wing w@avings are connected on the tips by
vertical winglets. In this way the wing configu@tiforms a rectangular box in the front view.
The box wing configuration allows for savings imuted drag which results in reduced fuel
consumption. Compared to conventional aircraftehame significant differences concerning
aerodynamics, flight mechanics and the structangut. These differences are elaborated and
their consequences are applied to the design moltes shown that the requirements accord-
ing to longitudinal stability and controllabilityr& a main design driver. The aircraft is very
sensitive to shifts of its center of gravity. Tissue is solved by a well balanced aircraft lay-
out, comprising of a short fuselage not extendingmmore forward than the front wing and
an engine position close to the center of gratity. assessing the saving potentials of the box
wing configuration a reference aircraft is chostre Airbus A320). The design mission and
geometry constraints of the reference aircraftagmalied to the box wing aircraft so that per-
formance and operational characteristics of battrait can be compared. A shorter fuselage
and cabin means more seats abreast, so this baxawneraft becomes a wide body aircraft
having two main aisles. This allows for a fasteaioling /deboarding. The resulting increase
of the cross sectional area of the fuselage perm#saccommodation of standard LD3 con-
tainers. It is concluded that the designed box vamgraft consumes 9 % less fuel and re-
quires 2 % less take off thrust for the design mmssWith reduced fuel burn the box wing
configuration has also a potential of reduced eiomss The maximum take off weight of both
aircraft is equal. Unlike other unconventional a¢gufations (e.g. the blended wing body) the
box wing is compatible to current airport facilggiét is important to keep in mind that the
presented conceptual design is based on simplifggsgmptions as well as preliminary calcu-
lations and methods. The design has to be checsk@danfirmed in more detailed investiga-
tions. The designed box wing aircraft is not fudlytimized yet. Hence it still leaves room for
further performance improvements.
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Background

Already in 1924 Ludwig Prandtl indicated that a gvisystem generating minimum induced
drag consists of two wings whose tips are connedayedertical platesKrandtl 1924). Today
this configuration is mostly referred to as “boxngiconfiguration”. Since a reduction of in-
duced drag has positive effects on aircraft peréoroe and weight, the box wing configurati-
on has been subject of several studies (@gkheed 1974. However, only few of them con-
tain a complete analysis of the overall design bseaof its unconventional nature and the
lack of compatible methods. But with the growingidability of computational resources a
complete design study becomes more feasible.

Because of its complexity, aircraft design oftelieseon statistical methods. These methods
are applicable to new configurations only to a tediextent because most of them are based
on conventional aircraft configurations. For thémson a reliable computational analysis of

unknown configurations is mandatory, as well aseexpental tests.

At the University of Applied Sciences Hamburg (HAYWAmMburg) several tools are available
for aircraft design. The tool PreSTo (Preliminargii®y Tool) was developed within the Aero
Research Group at HAW Hamburg, based on sizingilzdions presented in the lecture “Air-
craft Design” by Prof. D. Schol&€holz 1999. With its help a conventional aircraft can be
sized in order to fulfill certain mission requiremi® The generated data may be exported to
other available tools for refining the design. Oofk these tools is the software suite
CEASIOM (Computerized Environment for Aircraft Skesis and Integrated Optimization
Methods, URL: http://www.ceasiom.com). It was deyesld within the SImSAC project (Sim-
ulating Aircraft Stability and Control Characterst for Use in Conceptual Design, URL:
http://www.simsacdesign.eu) and enables the destgremalyze and optimize the design with
the help of multidisciplinary methods.



Task

In this Master Thesis the conceptual design ofxaveiog aircraft shall be conducted with the
help of the above mentioned methods and tools.rBede aircraft is the Airbus A320. In de-
tail, the following tasks shall be performed:

1) Literature research

2) Discussion of essential parameters of the boxgwionfiguration with regard to
their special qualities compared to conventionaraft

3) Preliminary sizing and conceptual design of tbe ving aircraft equivalent with
help of PreSTo

4) Multidisciplinary analysis of the box wing airéravith help of CEASIOM

5) Comparison of the found box wing design with théerence aircraft in terms of
weight and performance

6) Discussion of the results and the applicabilitthe used methods and software

For points 3) and 4) it has to be determined inclisicope the software tools might be useful.
Whenever needed, alternative methods have to lskamskdescribed.

The report has to be written in English based onm@a or international standards on report
writing.
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Nomenclature

lift curve slope

aspect ratio

wing span

chord length

mean aerodynamic chord

relative mean aerodynamic chord

diameter

drag

coefficient

span efficiency factor/Oswald efficiency factor

glide ratio, Young's modulus

form factor

shear modulus

height, dimensionless distance between CG and LEMAC
dimensionless distance between AC and LEMAC
interference factor

factor influencing the lift curve slope of the whdlircraft
lever arm, length

modified lever arm

lift

load factor

mass

moment, mission segment mass fraction

dynamic pressure, load per unit span

interference factor

ratio

relative wing reference area

wing reference area, shear force

airfoil thickness, thickness

volume, tail volume

modified tail volume coefficient/modified aft wingolume coefficient
longitudinal position/distance

longitudinal position of the mean aerodynamic chord
lateral position/distance

vertical position/distance
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Greek Symbols

a angle of attack, general angle
y shear strain

e downwash angle, normal strain
n relative half span

A taper ratio, fuselage fineness ratio
p density

o wing interference factor, normal stress
T airfoil thickness ratio (tip to root), shear stress
® sweep angle

Indices

0 zero lift, initial

25 25 % of the chord length

50 50 % of the chord length

B body, beam

box box wing aircraft

CG center of gravity

CLB climb

const constant part

CR cruise

D drag

DES descent

e equivalent, exposed

eff effective

ell elliptical part

exp exposed

f skin friction

ff fuel fraction

F fuselage, fuel

[ induced, running number

L lift, landing

LOI loiter

M moment

N nose, nacelle

max maximum

min minimum
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minimum drag
maximum take off
maximum zero fuel
operating empty
wing root
reference aircraft
reserve

isolated wing of the box wing aircraft
wing tip

take off

total

ultimate

vortex

vertical tail

wing

wetted
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AC aerodynamic center

CEASIOM  Computerized Environment for Aircraft Synsieeand Integrated Optimization
Methods

CG center of gravity

ISA international standard atmosphere

LEMAC leading edge of the mean aerodynamic chord

MAC mean aerodynamic chord

SDSA Simulation & Dynamic Stability Analysis
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Terms and Definitions

Clean Configuration

The setting of an aircraft with all slats, flapsntrol surfaces and the landing gear retracted is
referred to as clean configuration.

CG Envelope

The CG envelope is the permissible region for therat's center of gravity for all flight and
ground operations.

CG Travel

The process of a change of the aircraft's CG pos(e.g. because of loading or fuel burn) is
referred to as CG travel.

Decalage

The difference in incidence angles of the forward the aft wing is referred to as decalage.

Downwash

Downwash is the downward motion of air after havoagsed a lifting surface. It is respons-
ible for the reduced angle of attack of tail suefac

h/b ratio

In the context of non planar aircraft thé ratio is the ratio of the vertical distance betwee
the most upper and the most lower component ofning configuration to the wing span.
These components can be single wings but also etmdor example. Thi/b ratio is essen-
tial for assessing the interference between thiesicomponents.
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Monoplane

A monoplane is an aircraft with only one wing. Herall conventional aircraft are mono-
planes.

Non Planar Configuration

This is a wing configuration where the wings are situated in a single plane. Any single
wing without dihedral is thus a planar wing configiion. Non planar configurations are, for
example, wings with winglets or biplanes. Sinceoa Wwing configuration is a combination of
a biplane and a tandem wing, it is a non planafigoration as well.

Reference Aircraft

For evaluating the performance of a box wing aftatas necessary to define a reference air-

craft the box wing aircraft is based on. Both @fthave the same design mission which al-
lows for comparing their performance. For not cainig effects due to the better qualities of

the box wing aircraft and indirectly optimizing theference aircraft, certain geometry para-
meters of both aircraft are supposed to be equedsd are the total wing reference area and
the wing span.

Zero Lift Line

The zero lift line is defined as the line built the angle of attack of the total aircraft where
the lift of the aircraft is zero.
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1 Introduction

1.1 Motivation

As stated in Flightpath 2050 yU 2011 civil aviation transport is facing challengeselik
globalisation, climate change and a cumulativecsigaof resources. To cope with these chal-
lenges, aircraft have to become more efficienteesfly concerning energy and fuel con-
sumption. With the latest aircraft emerging on tharket, the inherent saving potentials of
conventional configurations is almost exhaustedthWhese configurations progress in
achieving the goals of Flightpath 2050 could orgynbade through better technologies and al-
ternative fuels. This constitutes the need for wewfigurations having more inherent poten-
tial of reducing energy and fuel consumption coradao today's aircraft. One of these is the
box wing configuration, a biplane with verticallpdihorizontally staggered wings whose tips
are connected by extended winglets. The most rezedibenefits of this configuration are its
low induced drag and alleged structural superiofiityis thesis serves to investigate the ad-
vantages of the box wing aircraft in detail andlémluce a possible medium range box wing
aircraft.

The results of this thesis are supposed to beriieg) into the research projdetficient Air-
port 2030(Aiport 2030) giving answers on how to reduce emissions inaingort environ-
ment and how to reduce costs for airlines with liep of an unconventional and more
efficient aircraft.

1.2 Objectives

The aim of this thesis is to give an integral apptoto the box wing configuration from the

perspective of aircraft design. Therefore almostwinole process of the conceptual design of
a medium range box wing aircraft is covered. Bagishis design is the reference aircraft

(Airbus A320) whose design mission and geometriostraints are transferred to the box

wing configuration.

In order to design the box wing aircraft theordtfoaindations have to be built first, carving
out essential differences compared to a convertiaitaraft. The relating investigations
mostly comprise the field of aerodynamics and fligtechanics and are based on published
literature as well as own examinations. The findifiggm these fundamental investigations
are introduced into the design process. Once arenhbox wing configuration is developed
its performance will be compared with that of th&erence aircratft.
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Initially it was also planned to perform an addi@b multidisciplinary analysis of the de-
veloped box wing configuration with the help of tBEASIOM software suite. However, in
the process of this thesis it became clear thaige Ipart is dedicated to fundamental investig-
ations and their effects on the design which caotirsly had to be adapted to evolving know-
ledge. This is why a software-based multidiscipiynanalysis has to be postponed to later
studies.

1.3 Review of Literature

1.3.1 Aircraft Design Literature

The general design procedure is based on the éecintes of Prof. Dieter Schol&¢holz
1999 who teaches aircraft design at the Hamburg Usityeof Applied Sciences. They give
a comprehensive summary of all design steps ardctahethods from basic aircraft design
literature asDATCOM 1978, Loftin 1980, Raymer 1992 Roskam 1985or Torenbeek
1982 When needed, methods more dedicated to the ¢utesign tasks are taken from these
books. Next to the lecture notes of Prof. Scholapsutive material provided by him via the
internet is used (see references).

If not explicitly referenced different, all invegétions in this thesis are based on the men-
tioned lecture notes. Occasionally the methodseptesl therein have to be modified so they
can be adapted to the box wing configuration.

1.3.2 Box Wing Literature

Several studies concerning box wing aircraft hagenbconducted in the past. Their know-
ledge is an important basis for the design of aiomdange box wing aircraft. Of course
there is a lot more literature to be found abowt Wwong configurations than mentioned in the
following.

Initial examinations were already performed in #@s of the 20 century by Ludwig Prandtl
(Prandtl 1924) presenting a theory for assessing the inducegl alrenultiplanes. Further the-
oretical aspects of box wing aerodynamics weregmtesl inDurand 1935which base on in-
vestigations conducted by Ludwig Prandtl, Theodame Karman and Max MunkDeYoung
1980uses their findings to conduct a summary abousfgan efficiency factor of non planar
wing configurations Cahill 1954 gives the results of wind tunnel tests with a demipox
wing like configuration.
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Next to these theoretical investigations some desigdies have been performed as well. The
first important to mention ikockheed 1974which gives a good summary of the practical as-
pects of box wing aerodynamics as well as to statdhd controllability, together with a de-
scription of the design synthesis of a long ranigeraft. In this study it was found that box
wing aircraft are very sensitive to flutter. Thisnsitivity seems to get stronger with an in-
creasingvb ratio.

For a huge part, more recent studies have beeructediat the University of Pisa under the
supervision of Prof. Aldo FredianF(ediani 2005 Frediani 2007, Frediani 2009. They
give a survey of some of the design challengesappdoaches of how to cope with them and
contain examinations of medium and long range a@fras well as ULM aircraft.

One of the starting points of the current thesishan 2010which presents results of prelim-
inary aerodynamic investigations of the box wingfaguration conducted with the help of
low fidelity CFD methods, as well asroo 2005 elaborating the advantages of non planar
configurations.

1.4  Structure of this Thesis

The chapters two to five describe the conductedsdtigations in order to gain a fundamental
understanding of the box wing configuration. Thapmiers six to eleven focus on the concep-
tual design process and the assessment of the ingxcanfiguration. The appendices contain
additional material which was excluded from the mpart for not interrupting the train of
thoughts. In detail the distribution of chapteragsfollows:

Chapter 2 gives a short introduction to non planar configiorsd in general and the
box wing configuration in detail along with its geetry.

Chapter 3 presents the reference aircraft and its most importlesign parameters.
They are the basis for the design of the box wingait.

Chapter 4 deals with box wing aerodynamics. It describes r@gserelations concern-
ing lift and drag and shows how to determine thduged drag of a box
wing configuration and the resulting span efficignc

Chapter 5 discusses aspects of aircraft performance and eesnstatic longitudinal
and static lateral stability and controllability thie box wing aircraft.
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Chapter 7

Chapter 8

Chapter 9

Chapter 10

Chapter 11

Chapter 12

Appendix A

Appendix B

Appendix C

Appendix D

Appendix E

Appendix F

Appendix G
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focuses on the preliminary sizing of the box wingraft with the help of
the preliminary sizing spreadshestholz 2003.
goes into the details of the wing design. This cosas the design for tran-
sonic speeds, giving the final wing geometry, eating the wing mass and
the wing tank volume as well as a discussion ofhHify and control sur-

faces.

covers the design and integration of the otheraircomponents, which are
cabin and fuselage, empennage, engines and lagdarg

presents the final aircraft layout with the helpadhree view drawing.

assesses the aircraft weight and balance togethbrtine CG envelope
based on cruise conditions.

examines the performance of the final box wing murétion. This includes
the determination of the zero lift drag coefficiamd the payload-range dia-

gram.

gives a conclusion of this thesis, mentions possgiortcomings of the
design study and outlines the future work to beedon

defines the mean aerodynamic chord of a box wimdgigaration.

presents detailed derivations whose results are tesdescribe box wing
flight mechanics in chapter 5.

gives the data used for the more precise estimatidhe mass of the wing
configuration.

provides scaled drawings of the final box wing @fcand also shows the
evolution of intermediate versions.

gives insight into the calculation of the tiltinggle for lateral tilting stabil-
ity of the landing gear.

shows screenshots of the spreadsheets used fog aizd designing the box
wing aircratft.

presents the contents of the CD-ROM attached sotti@sis.
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2  The Box Wing Concept

2.1  Short Introduction to Non Planar Configurations

Non planar means that the wing of the aircraftasgituated within one single plane (the x-y-
plane). Strictly speaking a wing with dihedral @ planar any more. A widespread applica-
tion of non planar configurations are wings witmglets, which reduce the induced drag and
thus increase the span efficiency factor.

Kroo 2005 gives a good summary concerning non planar cordtgans. There it is men-
tioned that the reduction of induced drag not affgcts the fuel consumption during cruise,
but rather all flight phases. The reason is thatdincraft has a significantly improved climb
performance as well, because acdtoo 2005the induced drag makes out 80 to 90 % of the
total drag during take off and initial climb. Thisakes it possible to increase the maximum
take off weight or to install engines with lessuistrand fuel consumption. Additionally it is
stated that one important advantage of non plamagsms the possibility of increasing the
span efficiency without extending the wing spanisMaay it is possible to keep the structural
weight within acceptable limits and to comply wattrrent airport facilities.

Fig. 2.1 shows several non planar wing configuretiand their theoretical span efficiency
factors for ah/b ratio of 0,2. Thd/b ratio is the relation of the vertical wing dimemsito the
wing span. The figure shows that the box wing apnfation has the highest potential of drag
decreased = 1,46). But it can be also seen that the C-Wmg (1,45) and large winglets
(e=1,41) also have huge potential.

\/ 1.03 136

| | 138

| | o
C 1 e
e | | e

Figure 2.1 Span efficiency factors for optimally loaded non planar wings with h/b = 0,2 (Kroo
2005)
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2.2 Box Wing Geometry

The main difference between a box wing and a caimweal configuration is the wing while
all other aircraft components are comparable tedhaf conventional aircraft (Fig. 2.2).

________
i

o il

S

Figure 2.2 Example of a box wing configuration (Lockheed 1974 )

In Khan 2010an overview of the wing geometry parameters ob® \wing configuration is
given (Fig. 2.3). Also note the conventions regagdhe coordinate axes.

Upper Winglet L
\\,& Dihedral
Lower Winglet K\\ )
0N Rear Wing
/
Span /
Cant Angle Reignt
4
2 Sweep
+y
+x
Frant Wing
Figure 2.3 Wing geometry parameters of a box wing configuration (Khan 2010)

Most of these parameters are the same as for coonahconfigurations. But because of the
presence of two wings some additional parameteesd t@ be introducedstaggerdescribes
the horizontal position of the wings relative tacleather. The accordant vertical position is
the heightof the wing configuration, which can be also reddrto asvertical staggerHence
the horizontal position would then be referred $darizontal staggerAnother parameter is
decalage which describes the difference of incidence amdletween both of the wings.
These new parameters all originate from generddubgtheory.

In the following paragraphs stagger (horizontal &adical), the height to span ratio and the
aspect ratio are discussed briefly.
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2.2.1 Horizontal Stagger

There is a distinction between positive and negatiorizontal stagger. It is positive when the
upper wing is situated in front of the lower wirkgd. 2.4).

R —

R —

Figure 2.4 Positive stagger of a biplane

With regard to the effect of horizontal stagger tbe aerodynamic performance, Ludwig
Prandtl wrote:

“Where there is a positive stagger, as is generéily case, the drag of the upper wing is dimin-
ished by the upward air currents produced by theglowing; but, on the other hand, the drag of
the lower wing is increased, to exactly the santergxby the downward air current produced by
the upper wing, so that the total drag is the sam@ the case of an unstaggered biplane.”
(Prandtl 1924)

This effect was described my Max Munk in detail &&tame generally known as Munk's
stagger theorem. Thus the minimum induced dragebbx wing configuration does not de-
pend on horizontal stagger. This means that thg wesign can be optimised for transonic
cruise by adding wing sweep and for higher stabjithan 2010.

In almost every design study for box wing transantraft negative stagger is used. Here the
integration of the wings is much easier and hidtibrratios are possible, since the height of
the aft wing is limited by the height of the vedlistabilizer and not by the fuselage height, as
it would be the case for positive stagger.
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2.2.2 \Vertical Stagger and Height to Span Ratio

The vertical distance between the wings mostlyctdfeheir mutual interference. The more
they are apart, the less interference exists wiashlts in higher savings of induced drag. The
effect of interference can be described with thp béthe interference factar introduced in
Prandtl 1924 within the context of simple biplanes. The crugalameter whicla depends
on is the height to span ratidb of the wing configuration, which is the verticahgger of
both wings divided by the their average wing sgag.(2.5). In the present thesis only config-
urations with wings having the same span are déstlis

1,0

0.9 \ b = et
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Figure 2.5 Wing interference factor of biplanes (Prandtl 1924 , G means vertical gap, r = b./b,)
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2.2.3 Wing Area and Aspect Ratio

For biplanes, hence for box wings as well, it hmbé¢ differentiated between the geometry
parameters of the individual wings and those ofwthele wing configuration. The wing area
Sof the total configuration is the sum of both widual wing area$&, andS;, so

S=8,+4S, . 2.1)

The individual aspect ratios are defined by

Ai:bs—i2 pi=1; 2 (2.2)

However, determining the aspect ratio of the whmafiguration is not that clear. For the
case where both wings have the same &fwm 2010proposes that

2 2
S,+S, S

(2.3)

If the wings have unequal spans, different appresdaan be found in literature. As seen in
Fig. 2.5Prandtl 1924 works with an average span tf (- b,)/2 for determining the wing in-
terference factor.

Since in this thesis only configurations with eqapéns are discussed, Eq. (2.3) is used for
the determination of the aspect ratio. The totgkeesratio for configurations with unequal
wing spans will not be investigated any further.
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3 Design Requirements According to the Refer-
ence Aircraft

The reference aircraft for the present study isAineus A320. It is a short to medium range
aircraft accommodating 150 passengers in a twasdmgut. The data of the reference air-
craft comes from published information and is dased on the data given Rester 2010a

A three view drawing of the aircraft is shown igF38.1.

Figure 3.1 Three view drawing of the Airbus A320 (Aerospaceweb 2011 )

3.1 Mission Requirements

The requirements according to the design missiergasen in table 3.1. They are taken from
Pester 2011b

Table 3.1 Mission requirements of the reference aircraft
Design range 1550 nm
Maximum payload 20000 kg
Passengers 150 (2 class layout)
Cruise Mach number 0,76
Take off field length 2200 m
Landing field length 1700 m

These requirements are the basis of the box wnegaéii being studied in this thesis.
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3.2 Additional Conditions

Next to the design mission there are other requergsmand conditions which the box wing
aircraft is supposed to fulfill. They contain gedrieeconstraints and the engines.

3.2.1 Geometry

In order to have a valuable comparison betweerbtixewing aircraft and the reference air-
craft certain geometry parameters have to remathamged. They only concern the wing and
are listed in table 3.2.

Table 3.2 Wing parameters to remain unchanged
Wing span 34,1m
Total wing area 122,4 m2
Total aspect ratio 9,5

So the total wing area is distributed onto two wimghich have the same span as the reference
aircraft. This way the aspect ratio of one singlegwill be about double the total aspect ra-
tio.

3.2.2 Engines

The box wing aircraft is supposed to have the sanggnes as the reference aircraft. The en-
gine parameters given accordingester 2010bare summarized in table 3.3.

Table 3.3 Reference engine data
Bypass ratio 4,8
Specific fuel cons. 16,3 mg/(Ns)

Take off thrust 111 kN (muro)
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3.3 Family Concept

An important aspect demanded by airlines and direnanufacturers is the possibility of
building different versions of a basic aircraft.eTtommon approach is to shorten or lengthen
the fuselage by removing or adding certain sectwithe cylindrical part of the fuselage
while keeping the wing unchanged. This is the ppilecof the A320 family, for example.

The lack of this possibility most probably is agea for an aircraft manufacturer to cancel
any further studies of the affected aircraft. Tisisvhy the possibility of an aircraft family of
the box wing configuration has to be existent.

For stretching a normal configuration two fuselaggments are inserted, one in front and one
aft of the wing in order to keep the balance ofaheraft. Since the aft wing of the box wing
aircraft is connected to the vertical stabilisee(§ig. 3.2), this approach is not possible.

Consequently only one fuselage section is insertathely between the forward and the aft

wing. This way the balance of the aircraft is kaptl only small adjustments concerning the

wing design have to be done. Since an additionsgéldge section increases the distance
between the forward and the aft wing, the sweeth®fwinglets has to be increased because
the geometry of the horizontal wings is supposelleeaminchanged. So for a new member of
the box wing family a redesign of the vertical wigtg is necessary.

Fig. 3.2 shows a comparison of the basic box wiongfiguration (continuous lines) and a pos-
sible stretched version (broken lines). Apart fribia differences already mentioned engine in-
tegration is another important factor. As showirig. 3.2 the engines are integrated on top of
the fuselage. Strictly speaking two fuselage sestizave to be added in order to have a well
balanced aircraft, one in front and one aft oféhgine. The feasibility of this option is part of
further studies. Nevertheless it is also possiblasert only one fuselage section in front of
the engines and assess the resulting changes nomcereight, balance and static longitudin-
al stability.

(o] d‘v’— T

Figure 3.2 Comparison of the basic box wing configuration and a possible stretched version
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4  Box Wing Aerodynamics

4.1 Lift

4.1.1 General Lift Distribution

From investigations in the past it is known that lift distribution of a box wing aircraft has
some special characteristics. Already in 1935 ftis&rildution leading to minimum induced
drag was shown to consist of an elliptical and @stant part for the horizontal wings and of a
linear and butterfly shaped part for the verticahglets Qurand 1935 Fig. 4.1). This fact
was later confirmed by calculations of G. Montarzemil A. FredianiKrediani 2009).

(I

2
Figure 4.1 Lift distribution of a box wing aircraft (Durand 1935)

The lift distribution shown in Fig. 4.1 is basedtte assumption that both wings generate the
same amount of lift and have the optimum lift disition. However, this is an ideal condition
which is hard to realize in practice.

The total lift distribution may deviate from thetompum:

1) Both wings do not generate the same amounttof lif
2)  The distribution of one wing deviates from théimpm

These reasons could occur in combination but aparately. The first is mostly due to stabil-

ity requirements which will be discussed in secto8. Its effect on the aerodynamic per-

formance is part of section 4.6. The second reds&s not necessarily mean that both wings
generate a different amount of lift. It comprise® aspects:

2a) The ratio of the elliptical to the constant paot optimal

2b) The span wise distribution is not optimal, &gcause of wing twist or taper
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Considering 2a) the ratig_is introduced by the author of this thesis, being:

qL const
R = —((q )) , (4.1)

which shall represent the ratio of the constant fwathe elliptical part of the lift distribution.
In Eq. (4.1)q. means lift per unit span. The meaningRofcan be better understood with the

help of Fig. 4.2.

g
(qL)eII,U \
y
)
(qL)const
b/2 Yy
Figure 4.2 Lift distribution consisting of a constant and an elliptical part

In Frediani 2009it is stated that the circulation at the tip oedrorizontal wing is transferred
to the connected winglet. Since circulation is pmdpnal to lift, this means that the value
(qu)const Of the horizontal wing is, at the same time, th&ug of lift at the tip of the connected
winglet. If (q.)constiS the same for the forward and the aft wing, zbeo-crossing of the lift
distribution of the winglet is at its symmetry aXiig. 4.1). Otherwise it will be shifted to-
wards the wing with the smaller value for)¢ns: (Fig.4.3).

5 G A T TTTTTTTTT T T T TT™

Sy e

Figure 4.3 Lift distribution with different constant parts of both horizontal wings (modelled within
Framework from Wolsink 2011 )

From this consideration it becomes clear that thestant part of the lift distribution of the
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horizontal wings determines the lift loading of thmglets. It is also obvious that a low value
for the constant part decreases the loading orwthg tips of the horizontal wings, which
leads to a lower wing root bending moment and lovadues of the lift coefficient at the outer
wing region. It is part of further aerodynamic istigations to determine the parameters
which influence the rati®&® . According to simple studies performed by F. Kighan 2011)

it seems that an increase of tib ratio leads to an increase Rf, meaning the constant part
becomes greater. This causes a higher wing bemnaimgent and the risk of tip stall. Yet it has
to be assessed whitlb ratios might become critical regarding tip staldancrease of root
bending moment. Finally it is also not clear whiehue ofR_ gives minimum induced drag.

4.1.2 Lift Coefficients

In this paragraph the correlations of the lift dménts of the forward and aft wing as well as
the total lift coefficient evolving from both inddual lift coefficients are discussed. The pur-
pose of this discussion is to sensitize to theigpebaracteristics of the box wing configura-
tion regarding the interaction of both wings imterof lift.

The total lift coefficient of the aircraft comprséhe individual lift coefficients of the lifting
surfaces as well as effects generated by the fysela the present investigation the fuselage
effects are neglected for the sake of simplicibypsly the two lifting surfaces are of interest.

According to general aerodynamic theory the tafalcbefficient of two lifting surfaces is
calculated using their individual lift coefficienamd areas, resulting in

C L1 Sl+ C L2 S2
S+5S,

C. = =C_ ,51+C. s, . (4.2)

Determining the individual lift coefficients reqas special attention because of the down-
wash of the forward wing. Usually the lift coefeit is determined with the help of the angle
of attack and the lift curve slope:

dc
Ci= a"-a (4.3)

with a being measured with regard to the zero lift lih¢he aircraft. Eq. (4.3) can be used for
the total aircraft. It can be used for the forwatidg without any problems, too, so

dC_,

C..= 9 -

(4.4)
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However, for the aft wing the downwash of the fordvaving has to be taken account of. Here
the angle of attack is reduced by the downwasheamgiich results in

dC,,
da

C.,= {a—e) (4.5)

The downwash angle depends on the downwash graaheénthe angle of attack. Eq. (4.5) is
then changed to

_dC,| [de ||_9C. [, de
Clz= da [a (daa)]_ da a(l da) ' (4.6)

Combining Egs. (4.2), (4.4) and (4.6) yields

dC, ,
da

C. = al|s,+

dCL’Z' _de
90 a(l da)]sz 4.7)

As simplification the downwash gradient is assuntede constant. Fig. 4.4 shows a possible
lift polar for a configuration without decalage.illustrates an anomaly of the box wing. It is
supposed that, when isolated, both wings haveaheedift curve slope @, /da = dC_./da).
However, the resulting slopes are different becafisee downwash of the forward wing.

o)
@

~
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/

V
63 / —C_L1
Cui / -
02 /,, —C_L2
4 -2 g fh ] i} 10
a —
Figure 4.4 Generic lift polar of the individual wings of a box wing aircraft

Note that in this discussion the effect of upwasimf the aft wing on the forward is not con-
sidered.
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4.1.3 Lift Curve Slope

The lift curve slope describes the change of diftd variation of the angle of attack. It is im-
portant for the determination of the incidence asgif the wings and for identifying the angle
of attack where stall is to be expected as wellhasrequired angle of attack for all flight
phases (critical: approach/landing and take offitron). The lift curve slope also influences
the static margin and the reaction of the aird@mfjusts.

According toScholz 199%he lift curve slope can be approximated for st fapproach by

dC, -~ 2:-A
da 244/ A%(1+tanfpe,— M2)+4

(4.8)

With the help of this approximation the ratio df turve slopes of the box wing aircraft and
the reference aircraft can easily be formulated.this a single wing of the box wing aircraft
is considered, which is assumed to have doublaghect ratio of the reference aircraft. Addi-
tionally both aircraft are supposed to have a venwgep of 20° at half chord. Neglecting the
effects of compressibility the following ratio isiili:

(dC/daly,  2(2+A *(1+1arP20°)+4)
(dC/da),  2+4aA_%(1+tan’20°)+4

=1,103 . (4.9)

However, EqQ. (4.9) does not take account of dowhvedfects of the forward wing on the aft
wing. In DATCOM 1978 these effects are considered within the scopbeofift curve slope

of wing-body-tail combinations at angle of attaBlATCOM Section 4.5.1.1). If interferences
with the body of the aircraft are neglected anddyramic pressure is assumed to be the same
at both wings, the general equatioh is

dC, _ dCL,l dCL,Z de
da da St da Sz|1 da/ - (4.10)

As a first approack, = s, = 0,5. The lift curve slopes of the individual wswere determined
in Eq. (4.8). Assessing Eqg. (4.10) one recognikasthe downwash reduces the contribution
of the aft wing to the overall lift curve slope.fwsing that the downwash gradientdd has

a magnitude of about 0,1 the overall lift curvepglas reduced by 5 % compared to the lift
curve slope of the individual wings. Keeping in ohithe result of Eq. (4.9) this means that
the lift curve slope of the box wing is about 1,a#8es the lift curve slope of the reference
aircraft, taking account of all simplifications.

. Eq. (4.10) can also be determined by differentiatiig. (4.7) with respect @
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Referring to the statements made at the beginrfitigjosection, the box wing aircraft is con-
sequently more sensitive to gusts than the referaircraft. Additionally it is about to stall at
lower angles of attack. But a higher lift curve moalso means lower pitch angles during
landing and take off.

Strictly speaking Eq. (4.10) is only valid if thpas of the aft surface is significantly smaller
than that of the forward surface. However, thisatigun is suitable to show the general down-
wash effects. A detailed analysis taking accoureapfal spans is presented in section 5.2.2.
From the results of section 5.2.2 it can be coreduthat the lift curve slope is slightly overes-
timated when using the simple approach of Eq. 4.10
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4.2 Drag

4.2.1 Zero Lift Drag

Zero lift drag is the total drag of the aircraftalean configuration minus the drag due to lift.
The relating coefficient i€p 0. According toLoftin 1980 a good initial value for preliminary
sizing is 0,02.

In the course of the conceptual design it beconsegssary to determine the zero lift drag
more exactly with the help of more dedicated meshda Scholz 1999%wo possibilities are
presented.

The first is based on the equivalent skin frictaaefficientCe, which in combination with the
known aircraft geometry (more precise: its wettegharesults in the zero lift drag coefficient.
The corresponding equation is

Cpo=Cp== (4.11)

with Sy being the wing reference area. This method comtaome uncertainty because the
equivalent skin friction coefficient is only knowoin statistics and experience.

The second method is summing up the drag of aitafircomponents. This includes the de-
termination of the individual skin friction drad)e pressure drag and the interference drag.
The corresponding equation is

n S )
Coo= Zcf,i'FFi'Qi'SW—eU (4.12)
i=1 ref

whereC;; are the individual skin friction drag coefficienks=; the form factors which take ac-
count of the pressure dra@, the interference factor§,.;; the wetted areas of the individual
components an8 the reference area for the total zero lift dragfficient.

It becomes clear that the latter method is moretetkan the one based on the equivalent skin
friction coefficient, but also much more labor im$e. This is why the method used in this
thesis is the one based on the equivalent skitidniccoefficient, since it seems to be suffi-
cient for preliminary performance calculations.

The determination of the zero lift drag coeffici@itthe final design is presented in section
11.1.
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4.2.2 Induced Drag

Induced drag, or lift dependent drag, is the dragelvresults from the generation of lift. One
of its causes is the formation of vortices on theguips, forming from the difference of pres-
sure between the upper and the lower surface. Thatees induce a downward velocity
(downwash) leading to a reduction of the effecawgle of attacka.r. The magnitude of re-

duction is specified by the induced angle of attaclds it can be seen in Fig. 4.5 the lift vec-

tor, typically perpendicular to the free streamratated throughw, resulting in the formation
of a drag component.

a  — Geometric angle of attack

a; — Induced angle of attack

a,.;— Effective angle of attack
ar,ﬂ: a= ﬂ!

Figure 4.5 Effect of downwash on the local flow over a local airfoil section of a finite wing
(Anderson 2007 )

In dimensionless form the induced drag can be sspkby the following equation:

C’
C. = . 4.13
D reA ( )

The crucial factor in Eq. (4.13) is the span effi@y factore, whereas the lift coefficient,
depends on the flight state and the aspect Aaisodefined by the geometry of the wing plan
form.

A common interpretation o is that it indicates the efficiency of the liftstlibution along the
wing. For planar wings a value of unity means tisritbution is elliptical, thus generating
minimum induced drag. However, this value can dmyachieved in theory. In practice ef-
fects like viscous drag, pressure drag as welhtsference drag reduce the efficiency result-
ing in values ofe lower than unity, even if the distribution of lif§ elliptical (Kroo 2001).
According toKroo 2001 the conception of the span efficiency factor mamstimes be mis-
leading. Considering wing twist, induced drag ewveours wherC, = 0. In this case one por-
tion of the wing may produce positive lift, but @imexr portion cancels this lift by producing a
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downward force, resulting in no lift altogether.\getheless this arrangement causes wing tip
vortices leading to induced drag.

With the following equation the absolute inducedgiresulting from the accordant coeffi-
cient can be calculated:

D =Cp;0.S (4.14)

As first approach it is assumed that a single vahthe box wing aircraft has half the area of
the reference wing. The aspect ratio of a singlegvaif the box wing aircraft is supposed to be
double the aspect ratio of the reference wing. §gan efficiency factor of an isolated wing of
the box wing aircraft is assumed to be the sambespan efficiency factor of the reference
wing. With the help of these assumptions it is fmedo calculate the induced drag of the box
wing aircraft in relation to the induced drag of tleference aircraft.

Combining Eq. (4.13) and (4.14) gives

D. = Q.S . (4.15)

Building the ratio of the induced drag of one stgling of the box wing aircraft to the in-
duced drag of the reference wing yields

G q,-0,5S
D. 2— 0" Yy ref
i,single _ T Arefze =0,25 | (4.16)
Di,ref CL q S
ﬂ'Aref'e oo ~ref

so the induced drag of a single wing of the boxgagonfiguration is quarter the induced drag
of the reference wing. Since the box wing cong$tisvo wings, the total induced drag of the
box wing configuration is half the induced dragtloé reference aircraft. This consideration
does not take account of the vertical wingletssdation 4.2.3 the effects of the additional
winglets is shortly discussed.

In Eq. (4.16) no mutual wing interference is corsadl. It would increase the ratio of induced
drag. The lower thé/b ratio, the higher the interference effects betweeth wings. The in-
duced drag depending on thib ratio will be further discussed in sections 4.8 46, as well
as the resulting span efficiency factor.
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4.2.3 Wing Tip Vortices

Fig. 4.6 shows the lift distribution of the horizahand the vertical wings separately as well
as the resulting tip vortices. The vortices fornadese of the differential pressure between the
upper and lower surfaces of the horizontal wings lagtween the inner and outer surfaces of
the vertical wings. Since the air streams from higow pressure the vortices are drawn so
that they originate at the high pressure side. Way it can easily be seen that the vortices
caused by the horizontal wings counteract the eestcaused by the vertical wings.

Lift Distribution Tip Vortices
Ty
i

L &

fa)]
\J
ra
A

2 G

é\ . &

Figure 4.6 Counterrotating tip vortices of a box wing aircraft

G

In Durand 1935Theodore von Karman writes:

»1he forces on the vertical wings are necessaryettuce the vortices which would appear at the
wingtips, if they were not united.”

So apart from the savings because of the wing, sphitch reduces the induced drag to one
half of that of the reference wing (theoreticallythe mutual damping of the tip vortices
means further savings. This is why the ideal rafimduced drag of the box wing aircraft to
the reference aircraft is below 0,5. This is canéd in literature for the most part. Section 4.3
will address this issue in detail.
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4.3 Span Efficiency Factor

In literature several methods can be found fordétrmination of the span efficiency factor
of a box wing. In this paragraph two of them arevein and in the end the most suitable meth-
od is chosen.

Method 1

In DeYoung 1980a method is given originally coming froBurand 1935 The calculation
incorporates certain elliptic integrals and thexists no direct solution. However, results for
the span efficiency factor depending on e ratio are given ibeYoung 1980 The values
for probableh/b ratios are given in table 4.1.

Table 4.1 Span efficiency factor of an ideally loaded rectangular box wing depending on h/b ratio
(DeYoung 1980)
h/b e
0 1
0,05 1,15178
0,1 1,26814
0,15 1,37327
0,2 1,47189
0,25 1,56610

Additionally DeYoung 1980shows that the rectangular box wing is generléy donfigura-
tion with the highest span efficiency factor. Rafey to section 4.2.3, where it was claimed
that Di»od/Direr IS below 0,5 in the ideal case, the span effigrefactor goes to infinity for
h/b=> oo acc. toDeYoung 1980 Forh/b = 4 it is about 7, which, acc. to Eq. (4.18) below
would be equivalent to a ratid; swW/D; s Of 0,143. This seems very unrealistic and indiate
that the values proposed BeYoung 1980can only be used for sméilb ratios.

Method 2

The second method for determining the span effogidactor is based on the relation of the
induced drag of a box wing configuration to thataofeference monoplane. The relation can
be expressed with the following equation:

C/
( C D,i )box Abox' €hox Aref “€ef
(CD,i)ref a CLZ a Abox'ebox (417)

Aref 'eref

As mentioned in section 3.2.1 the box wing aircsifbuld have the same total aspect ratio as
the reference aircraft. With this assumption thensgfficiency factor of a box wing aircraft in
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relation to the equivalent monoplane is calculatét

ebox (CD
= == 4.18
eref (CD K ( )

In Prandtl 1924 « is approximated for a box wing with

1+04hb . 1 _ 1

K= 1,0¢12,81n/b " 15 2 (4.19)

The limit value ofk is 0,16 , which is far below the value of 0,5 &osimple biplane.

In Frediani 2009an exact solution for the determinationxak derived. The results are based
on numerical calculations and therefore no simpleetation analogous to Eg. (4.19) could
be formulated. Nevertheless, a plot of the reqatte Fig. 4.7) shows that Prandtl's equation is
well suited for height to span ratios up to 0,3hjak is the range coming into question for a
box wing aircraft. However, ifrrediani 2005 which refers to the calculations Bfediani
2009 it is claimed that for a box wing the limit valoéx is 0,5.

| I I |
0.1 02 03 04 05
hih

Figure 4.7 k vs. h/b acc. to Prandtl and Frediani (Frediani 2009 )

Rizzo 2007 derived an equation for coming from CFD analysis which generates values
close to the plot frorkrediani 2009 The accordant equation is

_0,4440,959:h/b
X = 0.44+2 21N /b

(4.20)

The limit value according to Eq. (4.20) is abo#3),
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Theoretic Span Efficiency Factor e of a Box Wing Configuration

1,7

16

15

14

1,3

e Box/e Ref
1,2
11 N
) }
0 0,05 0,1 0,15 0,2 0,25 0,3
hib —
— — Method 1 - - - - Method 2 (Prandtl) =— Method 2 (Rizzo) - Biplane (Prandtl)
Figure 4.8 Theoretic span efficiency factor of a box wing configuration

Fig. 4.8 summarizes the results of the presentdtauds. It can be seen that Method 1 acc. to
DeYoung 1980generates results similar to those by MethodPiaridtl 1924). As already
mentioned they seem to be too optimistic, so theaggn proposed biRizzo 2007will be
used for the following investigations.

According to Eq. (4.18) the span efficiency faabthe reference monoplameg:is needed in
order to calculate its box wing counterpag. In Scholz 199%he span efficiency factor of a
monoplane is proposed to be 0,85 during cruiseOandh landing configuration. Hence these
values will be used in the forthcoming calculations

One important point is how to determine the ratioif both wings have different dihedral. In
Lockheed 1974the conclusion is drawn that just the verticatatise between both wing tips
Is the crucial factor, hence the ralig/b. Therefore dihedral/anhedral also affects the gfan
ficiency factor. This fact is also confirmedKmoo 2001
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4.4  Mean Aerodynamic Chord

The mean aerodynamic chord (MAC) is a referencarpater for stability considerations and
the travel of the center of gravity. Per se ita$ a crucial factor influencing the design of the
aircraft. However, its determination is based ogspdal principles which can be transferred
to the box wing configuration.

There are two important parameters which are neeulel@scribe the CG travel in terms of
per cent MAC: The length of the MAQ and its longitudinal position/position along the x-
axis X . In this paragraph the equations for calculatimese parameters are given, resulting
from applying the mentioned physical principleseTdetailed derivation can be found in Ap-
pendix A.

The length of the mean aerodynamic chord is giwen b
C= §,C,+5,T, (4.21)
with C; being the length of the mean aerodynamic chordseoindividual wings.
The longitudinal position is expressed in termshef distance between the aerodynamic cen-

ter of the total wing configuration, which is assdrto be at 25 % MAC, and the CG of the
aircraft Kccac)ot Which is based on a derivation giverSoholz 1999The final equation is

L,(x + L, (X
(XCG_Ac)tot — 1( CGACL)i—i_Lz( CG—AC)Z ' (422)

The definition of the parameters is given in Fid.4

Actual
Lift Vectors and
Pitching Moments

A @ Aerodynamic centre(s)

(XCG-AC)tct

M Substitution

Figure 4.9 Parameters for the determination of the longitudinal position of the MAC
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4.5 Effect of Low Reynolds Numbers

Because of the small chord lengths of the wingthefbox wing aircraft the Reynolds num-
bers of the wings will only be about half as highfar the reference aircratft.

In general lower Reynolds numbers mean that algge of the airfoil has a laminar bound-
ary layer. This leads to less skin friction dragullly the boundary layer on a transonic wing
is almost entirely turbulent.

However, to assess the effects of lower Reynoldshaus detailed aerodynamic studies are
necessary. Based on these, more exact conclussassrming wing design, aerodynamics and
performance of the aircraft can be made.
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4.6 Effect of Unequal Lift Distributions between Boh Wings

The minimum induced drag is reached when both wgegeerate the same lift. However, it is
very unlikely that this state is present duringwWiele flight. Additionally, in chapter 5.2 it is
shown that the requirements for minimum inducedydna in conflict with stability and con-
trollability requirements. For these reasons tlieceof an unequal lift division of both wings
has to be investigated. The analysis will be lichite the assessment of the increase of in-
duced drag.

4.6.1 Increase of Induced Drag

In Lockheed 1974a simple method for determining the increase efitilluced drag depend-
ing on the lift ratio of both wings is presentetisl based on the biplane equations shown in
Prandtl 1924. There a general equation for the induced drag loplane is given as well as
an equation for the minimum induced drag of a liplaRelating these two equations gives
the factor of drag increase for given lift ratidhese equations can be used for a box wing
aircraft without limitation, since the only facttirat distinguishes a normal biplane from a box
wing aircraft is the interference facter at least according to Prandtl's theory. The fater
ence factor is included in these equations.

During the investigation of the drag increase iswligscovered that the resulting equation giv-
en inLockheed 1974generates results which are four times higher éxgected, which lead
to the conclusion that the Lockheed equation costai wrong factor. Strangely enough the
relating plot inLockheed 1974contains the expected results. This is why thevdion of the
proper equation is shown in the following passage.

According toPrandtl 1924 the equation for calculating the induced drag géaeral biplane
IS

1 Ll2 Ll L2 L22
D, =—|2+26- 1242 4.23
mq ( b, b,b, b (4.23)

The determination of was discussed in chapter 4.3.

For the box wing aircraft investigated in this tisdsoth wings have the same wing span. For
this special case the equation can be simplificidlasvs:
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D, = —
rqb

{L+20 L L+L7) . (4.24)

2

For minimum induced drag both wings have to prodiheesame amount of lift when their
spans are equaP(andtl 1924). This minimum is calculated with

1 2| 1+0
imin — L 4.25
) n_qbz 2 ( )
Relating Eq. (4.24) to Eqg. (4.25) gives
D, 2[L L +20L,L,) 4.26)

Di. min - L2(1+a)

EqQ. (4.26) can be used to express the ratio oathgal induced drag to the minimum induced
drag of a box wing. It is convenient to express ttorrelation depending on the lift ratio of
both wings. So the following term is introduced:

_ L 4.27
x=1 (4.27)

According to Eq. (4.27) the lift of the forward wjrcan then be expressed with
L, =xL, |, (4.28)

which is inserted in the numerator on the rightchside of Eq. (4.26).

The total lift is the sum of both the individudt komponentd.; andL,. Using this correlation
in combination with Eq. (4.28) gives
L=L,[(x+1) |, (4.29)

which is used for the denominator on the right hait# of Eq. (4.26). With the just men-
tioned substitutions Eq. (4.26) becomes

D, 2(LAC+L7+20 L2
D min L% x+1(1+0)

(4.30)
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Eliminating L, finally yields

D, _ 9 X*+20 x+1 . L,

, X =
Di min (0+1)(X+1)2 L,

(4.31)

This correlation can also be expressed in termh@findividual lift coefficients. Assuming
that both wings have the same reference area atdhé dynamic pressure is the same on
both wings, it can simply be written that

Co.i X°+ 20 x+1 C.
— = , X===;5=S5,;0;,= :
(CD,i)mm (0+1)(X+ 1)2 C, S0 = (4.32)

The results of Eq. (4.31) are plotted in Fig. 4.T®e accordant determination ®fs based on
the results for a box wing aircraft Rizzo 2007 They were already shown in section 4.3 of
this thesis.

Drag Penalty for Unequal Lift Distributions
1,16
1,14
1,12 /
11 = Saa
1,08 — Sl T
DJ/(Di)umin 1,06 = Sl =T -
1,04 ’::, ST SR SO S
1,02 : T
1
1 15 2 2,5 3 35 4
L/L, ———
—--=-hb=005-----hb=01----hb=015 ——hb =02

Figure 4.10 Induced drag penalty for unequal lift of both wings
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4.6.2 Reduction of the Span Efficiency Factor

In chapter 4.3 the correlation of the induced drad the span efficiency factor was shown.
Concluding from the results of section 4.6.1 anqua lift division of both wings leads to a
reduction of the span efficiency factor. DeduceahfrEqg. (4.18) this reduction can be ex-
pressed with

= —o (4.33)

It is possible to illustrate this reduction depemgdon the ratid../L, by building the reciprocal
of Eq. (4.31). The results are depicted in Figl4.1

Reduction of the Span Efficiency Factor
for Unequal Lift Distributions
1 T
0,08 S
0,96 S s R
0,94 T~ T
0,92 e -
elemin \\‘\\
0,9 e
0,88
0,86
1 15 2 25 3 3,5 4
L./, E—
---—=-hb=0,05-----h/b=0,1 ----h/b=0,15 h/b=0,2

igure 4.11 Reduction of the span efficiency factor for unequal lift of both wings
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4.7 Stall Characteristics

The stall characteristics are important for an eat@bn of the aircraft behaviour under ex-
treme flight conditions. The stall characteristafsa box wing configuration are outlined in
Fig. 4.12.

Figure 4.12 Stall characteristics of a box wing aircraft

The front wing is swept backwards and the aft wsigwept forwards. According t8cholz
1999 backwards swept wings stall first near the tipiargvhile forwards swept wings stall
first near the root region. Since the areas of atal aft of the aircraft's center of gravity for
the most part, the risk of pitch up during stal/esy high. Of course, this simple considera-
tion does not take account of effects of mutualgnmerference, downwash and the presence
of the vertical wings, but the described issue seede investigated. Counteractive measures
are adjustments of the wing design, e.g. wing twaégier and incidence angles.

In contrastCahill 1954 concludes that there is a lack of pitch up fos tigpe of wing config-
uration. There it is written that:

“The rear wing is, in general, in the downwash dieif the front wing so that its angle of attack is
generally less than that of the forward wing arrefore, it would be expected to stall at a high-
er model angle of attack. The vortices shed froenftinward wing also contribute a lateral com-
ponent to the flow over the rear wing which oppotes spanwise flow in the boundary layer
toward the root of the rear wing and, thereforesatends to delay the premature stall usually en-
countered at the root of sweptforward wings.”

But it seems that no decalage was used for the pesformed within the scope @fahill
1954 Additionally theh/b ratio was very small, the configuration rathererebled a tandem
wing configuration. However, the described effestisw that under certain design conditions
it is possible to counteract the inherent pitchtemqdency one would expect from the discus-
sion at the beginning of this paragraph.

In general it is desired that the forward winglstéifst so that in this case the aircraft pitches
down and flight speed increases to stabilize trora.
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4.8 Distinction of the Characteristics of the Indivdual Wings
and the Whole Wing Configuration

It is important to differentiate between considiemrag concerning one single wing of the box
wing configuration and those concerning the totimiganconfiguration. Depending on the point
of view, the reduction of induced drag can be fiestiby a higher span efficiency or an in-
creased aspect ratio. However, it is importantoohix these two effects. In the following the
peculiarities of each approach are briefly discdsse

Once again the general equation for calculatingtiegficient of induced drag is given:

C 2
C. = L . 4.34
Dl . Ae ( )

Additionally the equation for determining the ahgelinduced drag is given with

D, = . (4.35)

When looking at a single wing of the box wing cgufiation it becomes apparent that its as-
pect ratio is double the aspect ratio of the refeeewing. The resulting reduction of induced
drag of the whole wing configuration based on Hg34) was already expressed with the help
of Eq. (4.16). So here the higher aspect ratidésresponsible parameter for the reduction.
Consequently the span efficiency of a single wihthe box wing configuration is about the
same as that of the reference wing.

On the other hand, when looking at the whole caméion the relations reverse. With the
definition of section 2.2.3 and resulting from ti@ometry requirements given in section 3.2.1
the total aspect ratio of the box wing aircraftie same as that of the reference aircraft. So
here the span efficien®yis responsible for the reduction of the induceaydiT his correlation
was the basis for the investigations performecdestisn 4.3.

Using Eqg. 4.35 also clarifies the distinction betwehe two approaches. Considering an indi-
vidual wing of the box wing configuration meansttkize lift is half of that of the reference
wing with all of the other parameters being conistahis results in an induced drag being
25% of that of the reference wing [compare Eq.6¥.]When considering the whole config-
uration it has to be referred to the different spéitiencies again, since all of the other para-
meters are constant. In contrast to Eq. (4.34)adpect ratio is of no importance for Eq.
(4.35), which simplifies the examination.
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5  Box Wing Flight Mechanics

Flight Mechanics are a very broad subject. In plaisagraph only aspects concerning perform-
ance and static stability are discussed. An assagsoh flight dynamics, for example with the
help of the SDSA module of CEASIOM, is part of het studies.

5.1 Performance

In this paragraph only general considerations comeg box wing performance are outlined.
Final performance characteristics including zefodrag, glide ratio and the payload-range
diagram can be found in chapter 11.

5.1.1 Drag Polar

The drag polar is essential for assessing the eafiace of an aircraft. In all coming investig-
ations the quadratic form of the drag polar is useds idealised form it is determined with

2

C
Cp= CD,C,JFEALe , (5.1)

which applies to aircraft whose minimum drag caédint is the zero lift drag coefficient. This
is the case for aircraft with uncambered airfdilewever, this form is also often used for air-
craft with cambered airfoils as first approximatidie actual polar of such aircraft is given
with

[CL_(CL)CD“,"]Z (5.2)

CD:CD,min+ TAe

(Scholz 2000

Fig. 5.1 shows the difference between both polars.
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Figure 5.1 Idealised (left) and actual drag polars (Raymer 1992)

Fig. 5.1 reveals that there is a vertical shifihmsn both of the polars. The minimum drag ac-
cording to the actual polar is at lift coefficiemigher than zero. This results in a higher max-
imum glide ratio, so using the actual drag polafursdamental for more exact performance
calculations. But also the zero lift coefficieneses to be higher according to the actual drag
polar.

However, for preliminary studies it does not mattéiich kind of polar is used. As it will be
shown in the coming sections 5.1.3 and 5.1.4, jtoissible to build a ratio of glide ratios of
the box wing and the reference aircraft with thipraf the ratio of span efficiencies. So a
drag polar is not required for a preliminary asses# of the performance of the box wing
aircraft. Additionally it is difficult to determin€, ., for a cambered wing aircraft. Hence,
when performing a more exact performance calculadibthe final box wing configuration,
the glide ratio is determined using a general egudiased on the idealised drag polar (Eq.
(5.10). The only input parameters which are neetedhe zero lift drag coefficient and the
span efficiency factor. Furthermore the determoraif the glide ratio is performed within
the preliminary sizing spreadshegtcholz 2008 as well.

The use of the actual drag polar also requirestéxamwledge about the characteristics of the
used airfoils. Since at this stage of the desigdysho definite airfoil choice is made, any fur-
ther discussion of the actual drag polar is unrsaogs
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5.1.2 Lift Coefficient for Minimum Drag Based on the Idealized Drag
Polar

To prevent any confusion, the lift coefficient istigated here is the lift coefficient for minim-
um drag for cruise flight. Otherwise it could bgwed that the minimum drag already occurs
at zero lift (compare Fig. 5.1).

It is important to consider the lift coefficientrfoninimum drag because when operating at
this lift coefficient the aircraft also operatedtad highest glide ratio. Considering aerodynam-
ics this is the most efficient state of flight. A¢o Young 2001the lift coefficient for minim-
um drag can be calculated with

CL,md = \/CD'O'TL"A'G . (53)

It needs to be kept in mind that Eq. (5.3) actuapplies to aircraft with uncambered airfoils.
The effects of using the actual drag polar arecooisidered in this paragraph. Referring to
section 4.8, the approach of considering the candigon as a whole and not the individual
wings is used.

Assuming that the reference aircraft has a zetalidg coefficient of 0,02 and a span effi-
ciency factor of 0,85, its lift coefficient for mmum drag is about 0,71.

For flying atEnaxthe following condition has to be met:
Co,i=Cpo . (5.4)

For preliminary considerations it can be assumaetl ttie drag coefficient for zero lift is the
same for both the box wing and the reference dircFais also means that the coefficient of
induced drag is the same as well:

(CD,i)md,bm: (CD,i)md,ref (5.5)

The indexmd means that the coefficients are now referred éontimimum drag condition.
Applying the standard formula for the induced dcagefficient [Eq. (4.13)] and rewriting
yields:

(CL)md,box: \/Abox' Chox (56)

(CL)md ref Aref " Clef
This means that the lift coefficient for minimumagdrof the box wing aircraft is higher than
that of the reference aircraft, since the spartieficy factor of the box wing is also higher
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than that of the reference aircraft, assuming llo#th have the same aspect ratio. This has the
following consequences:

In the beginning it is assumed that the box wingd #re reference aircraft should have the
same cruise Mach number and wing area (see cha@ptat first it is also guessed that their

masses are equal. In other words, for flying withimum drag both aircraft have to produce
the same amount of lift at different lift coeffiais. This can only be accomplished by varying
the altitude. Fig. 5.2 clearly demonstrates thierielationship. The shown graph was pro-
duced by assuming a lift coefficient for minimumagdrof 0,71 for the reference aircraft

(/b = 0). The Mach number is 0,76 and the mass ohiteeaft 73500 kg. The calculations

which were performed in order to generate the giwn in Fig. 5.2 can be found in Ap-

pendix B.1.

Altitude for Maximum Glide Ratio Depending on h/b R atio
(A320, m=73,51)
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Figure 5.2 Altitude for maximum glide ratio depending on the h/b ratio under ISA conditions

The conclusion is that for flying at maximum glicgio the box wing configuration needs to
fly at higher altitudes compared to the referenicerat. This results in a higher differential
pressure for the cabin. For short range flightsight be unlikely that the altitude for the
highest glide ratio is even attained. Higher alliés also means that the flight mostly takes
place in the stratosphere, which raises questeyerding ecological effects.

Another approach for attaining the maximum glidaoraould be the reduction of cruise
speed, since lower speeds require higher lift coeffts. This way the possibility of a box
wing prop arises.
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5.1.3 Maximum Glide Ratio

The maximum glide ratio of an aircraft can be cltad with the help of the lift coefficient
for minimum drag and the zero lift coefficient.deneral the glide ratio is defined with

E=—t (5.7)

The lift coefficient for minimum drag is given bygE(5.3). Another condition for flight with
maximum glide ratio is that the coefficient of irgd drag is the same as the zero lift drag
coefficient, so the total drag coefficient can bpressed as twice the zero lift drag coeffi-
cient. Consequently the maximum glide ratio is

_ \/CD'O'TL"A'G

E =
max 2CD,O

(5.8)

Now the ratio of the maximum glide ratios of thexlweing and the reference aircraft can be
built. Assuming that both have the same zero lifigdcoefficient and the same aspect ratio
and that effects of transonic speeds are negletitediatio of maximum glide ratios can be

written as
| Enmosbon F
= ) 5.9
( Emax) ref eref ( )

The determination of,./€.t depending on thb/b ratio was already discussed in section 4.3.
Fig. 5.3 shows the possible increase of the maxirglide ratio of a box wing aircraft com-
pared to the reference aircraft depending omtheatio. As comparison the increase for a bi-
plane is plotted as well. Note that the plot isyordlid for the mentioned assumptions.

Increase of E 4 Vs. h/b
(A = Aref; CD,0= (CD,O)ref)
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igure 5.3 INcrease or maximum glide ratio depending on the h/b ratio
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5.1.4 Glide Ratio for Different Lift Coefficients

In this paragraph general investigations concerthegglide ratio are made. They help to un-
derstand the specific effects of a box wing confagion regarding aircraft performance dur-
ing cruise. Based on the idealized drag polar lige gatio can be calculated in general with

c’ . (5.10)
Coot T Ae

Making the same assumptions as in section 5.1.3phe efficiency is the only parameter
which affects the glide ratio, since all of the eatlparameters are the same for both the box
wing and the reference aircratft.

With the help of Eq. (5.10) it is possible to shitwe trend of the glide ratio depending on the
lift coefficient. This is important for assessirigetaircraft performance for flight states requir-
ing lift coefficients which deviate from the coeient for minimum drag. The resulting
graphs for different span efficiencies are showirin 5.4. The already mentioned trend for
Emax moving to higher lift coefficients with increasisgan efficiency is depicted as well.
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‘ e=08----e=1------- e=12---—-e=14 TrendforE_max‘
igure 5.4 GIlide ratio depending on the Tift coefficient for different span efficiency factors

Fig. 5.4 illustrates that the region of lift coefénts close to the maximum glide ratio grows
with higher span efficiencies. For examplee ik 1,4 the lift coefficients can range from 0,7
to 1,2 without significantly decreasing the glidio.
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5.2 Static Longitudinal Stability and Controllabilit y

Static longitudinal stability describes the behaviof the aircraft when it is exposed to dis-
turbances affecting the angle of attack. If, foamyple, the aircraft is hit by a vertical gust

coming from below, the angle of attack is increas@dth leads to a higher lift coefficient and

consequently to an increase of the pitch angle.aiteeaft would be statically stable along the
longitudinal axis if the angle of attack decreaagain after the disturbance without any con-
trol input. Whether it decreases directly to th&ugarom before or if there is an oscillation

(convergent or divergent) around this value isp@ot of a static analysis.

Static longitudinal controllability comprises thentrollability of the aircraft around the later-
al axis (pitch attitude).

In Raymer 1992it is mentioned that:

“(...) to attain stability with a tandem-wing it is usualhecessary to move the center of gravity
somewhat forward of the location for an even weggfit (...)."

In top view (or along the longitudinal axis) a being aircraft can also be treated as a tandem
wing. In other words Raymer states that for attagrstability the front wing of the aircraft has
to generate more lift than the aft wing. However, feaching minimum induced drag an
equal division of lift between both wings is maratst

In this chapter it is examined whether it is pokestb design a stable box wing having a 50/50
fragmentation of lift between both wings. The efffecf unequal fragmentations are investig-
ated as well. A possible elevator deflection is takten account of (compare section 7.11
about control surfaces).

The method used is calculating the CG envelopewisiiimited by stability and controllabil-
ity requirements, depending on geometric and aeraalyc parameters of the aircraft. The
most forward CG position is determined by conttality requirements and the most aft posi-
tion is determined by stability requirements.

A detailed derivation of the following relationsnche found in Appendix B.2. In the present
section only the results of important sub-steppagsented.
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5.2.1 General Requirements
In generalstatic longitudinal stability comprises two condition¥¢ung 200J):

1) Stability condition
The slope of the pitching moment about the cerftgravity is negative:

dCM CG
ac, < (5.11)

2)  Trim condition
The pitching moment about the center of gravityasitive at zero lift:

(Cw ,CG)CLzo >0 . (5.12)

The most aft position of the center of gravity befthe aircraft becomes unstable can be cal-
culated by formulating the equilibrium of momentsoat the aircraft's center of gravity and
using the two conditions above. This CG positioreferred to as neutral point. Here the air-
craft is neutrally stabledCvc/dC. = 0). If the center of gravity is shifted furtherarwards,
the aircraft would become unstabtiC(,cc/dC. > 0). For a stable aircraftlCuc/dC. < 0) the

CG position must be located in front of the neud@ht. The plot ofCy vs.C, for a stable air-
craft is shown in Fig. 5.5.

A
CM ,CG
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CL, trllm\ C'L
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Figure 5.5 Cw over C, for a stable aircraft
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Static longitudinal controllability is achieved with the help of the elevators. Farvemtion-

al tail aft configurations they are located at tlogizontal tail. The elevators are also needed to
trim the aircraft for horizontal flightGucs = 0). The required force to be generated by them
in order to trim the aircraft depends on the CGtpwsof the aircraft and the moment arm of
the elevators. Additionally, the size of the elevadurfaces and their aerodynamic qualities
limit the force they can generate.

When the CG position is shifted more forward foingay static longitudinal stability, the el-
evators have to generate a higher force/momentderdo trim the aircraft. At a certain CG
position the maximum force/moment which they canegate is reached. At this point the
limit of control is attained since the whole impattthe elevators is needed for trimming the
aircraft. This also means that the aircraft camprotiuce a positive/nose up pitching moment
any more.

Taking account of the previous argument, the candiof controllability for a stable aircraft
can be expressed the following:

Cwce>0 . (5.13)

With the Inegs. (5.11) and (5.13) it is possibleexpress the envelope of the aircraft's center
of gravity for attaining static longitudinal stabyland controllability.
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5.2.2 Derivation and Evaluation

The applied method is based on considerations ¢onaentional tail aft configuration which
can be found itYoung 2001 These considerations are now adapted to a bog eanfigura-
tion.

L2
T A
{

MZ

® f @
hyT _
0™l CZ

Y mg
h-c,
Figure 5.6 Forces and moments acting on a box wing aircraft

Fig. 5.6 depicts the forces and moments acting boxawing. The CG position is shown in
terms of the mean aerodynamic chord of the fromgw(h-C,) . Additionally the position of
the aerodynamic center of the front wing is disptain terms of its mean aerodynamic chord

(hy'T,) . The body of the aircraft is not shown, but iteeefs (interference with lifting sur-
faces) must not be neglected. Since horizontak®hike thrust or drag are not taken account
of, the vertical distance between both surface®if importance. The vertical connection of
both surfaces at their tips is insigni- ficant fbe analysis of static longitudinal stability and
control.

According to Fig. 5.6 the equilibrium of moment®abthe center of gravity reads:
Meg = Ll(h_ho)cl_ LI+M+M,=0 . (5.14)

By introducing the total lifL, rearranging Eq. (5.14) and dividing byST 2 the coefficient
form of the equilibrium can be formulated:

C _ T, S T,S
Cy ,CG:CL(h_ho)gl—C,_ZV'+CM’1%+CM2%=O . (5.15)

2 The definition of the total mean aerodynamic chees given in section 4.4,
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As in section 4.1.2, the tern&/S can also be expressed wih S/S accordant. In the same
manner the symbolc," is used instead of the terf,/T and T," instead of C,/C . With
these substitutions Eq. (5.15) can be written nsorgply:

CM CG CL(h_ ho)Cll _CLZ\_/ |+CM ,1C1I Sl+CM ,zczl S, = 0 . (5-16)

Now the conditions from the Inegs. (5.11), (5.12)l #5.13) are applied to Eq. (5.16) in order
to determine the CG envelope which provides farcstangitudinal stability and controllabil-
ity. For static longitudinal stability the resuéise

dCL,z—. C
h < hy+ 0|CLV !

(5.17)

which means that the CG position needs to be int fob the neutral point expressed by the
right hand side of the equation, and

Cu 1€ 8 +Cy 58, 82_(CL,2)CL:0\7I >0 (5.18)
which is the condition to be met in order to hawdgramable aircraft. All terms excefd . are
assumed to be constant with regard to the liftfeoent. The value ofC, , for a total lift coef-
ficient of zero can be determined with the helphaf gradiendC,_ ,/dC. which is also needed
for solving Ineq. (5.17):

dC
(CL,Z)CL:O = CL,z_TLL’Z'CL (5.19)

The condition for static longitudinal controllatylireads

CL,Z‘\__/_:_'_CM,lSl_i_CM,Z E:z ’
C. & C. C. ¢

h> hy+ (5.20)

meaning that the center of gravity needs to befadt defined position in order to provide for
static longitudinal controllability.

In the Inegs. (5.18) and (5.20) almost all paransedee given by known aerodynamic or geo-
metric characteristics. However, the ted@. ./dC_ in Ineq. (5.17) and Eq. (5.19) cannot be
determined as easily and further considerationsnaesled. According t¥oung 2001it is
possible to expand the term for making its calooiapossible:
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dCL,z _ dCL,z'daz_ da
dC, do, da dC,

(5.21)

The first term on the right hand side of Eq. (5.B1the lift curve slope of the aft wing, which
shall be referred to as. It can be determined with the following equatitaken fromDAT-
COM 1978in Scholz 1999

dC,, B 27+ A,
dC 244 AZ{1+tartp, ,~ M7 +4

a, = (5.22)

The second term on the right hand side of Eq. j5<2the change of the angle of attack at the
aft wing depending on the change of the angletathtof the whole aircraftThis derivative
can be calculated with the help of the downwasludged by the front wing acting on the aft
wing (Young 2002):

da, de
=1--— 2
da 1 da (5.23)

The termde/da is the downwash gradient. AccordingDATCOM 1978 in Scholz 1999it
can be calculated with

de 1,19 (CL a)lM
=% — 4,44k, -k, -k, L :
i G i o (5.24)
where
Ky = e 5.25
Al Al 1+ A11,7 3 ( . )
10-3/
e (5.26)
and
1-|Z
b,
ky = (5.27)

J2I"
b,

with z as the vertical distance between the chord lifiéseoforward and aft wing.Q .)im IS

3 For the total aircraft, the angle of attack is mead with regard to its zero lift line. The sametioel is

applied for the aft wing.
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the lift curve slope of the forward wing includiegmpressibility effects, & .)im=o IS the lift
curve slope of the forward wing without any compiietity effects.

The last term on the right hand side of Eq. (5i&1the inverse of the lift curve slope of the
total aircraft. This lift curve slope shall be netl to asa. Its determination is based on the
methods presented in Section 4.5.1.DARTCOM 1978. It takes account of interference ef-
fects between the body and the lifting surfaces dibwnwash of the front wing as well as the
effect of the wing tip vortices on the aft wing, iafh are induced by the front wing. Because
of all of these circumstances, it is impossibleige Eq. (5.22) for the whole aircraft.

In the following the method for determining the ldurve slope of the whole aircraft is de-
scribed briefly. A detailed description can be fdun Appendix B.2.2. In section 4.1.3 a
simple equation was presented for the determinatfahe lift curve slope of the whole air-
craft [Eq. (4.10)], but it was already stated ttiegre are some deviations between this simple
equation and the more extensive approach presantkd present section.

Acc. toDATCOM 1978 the equation for calculating the lift curve slagfean aircraft having
two lifting surfaces of equal span is

dC, dC, Ses
a=|g =% g, 1-(KN+KW(B)+KB(W))1- 5

dC, d; S; Se, [dC, ’
S| = | (K K 22 24
\da )2( wie) B(W>)2 Je S; S, da )w
where

dC) S, [dC.) @ (bz dz)
dCL _ dOC 1 Sl da 2 qoo W(B)'l Vw2 2 2 (5 29)
da W, (v) 2 A E_i ’ '

TR DT

which accounts for the effects of the vortices wwtliby the front wing.

In the Eqgs. (5.28) and (5.29) some assumptionsrardifications are already incorporated, as
well as in the forthcoming equations. For not inipting the train of thoughts in this section,
they are further explicated in Appendix B.2.2.

The terms dC./da), and (C./da), are the lift curve slopes of the individual lifyrsurfaces,
which can be calculated according to Eq. (5.22).
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The K-factors include additional lift effects generateg the aircraft noseN) as well as by
the mutual interferences of wing and botly(B) andB(W)]. Their calculation is as follows:

K. — z-d?
" _[dc (5.30)
2(—=] - '
( da )1 Sea
with d being the fuselage diameter éadhe exposed wing area.
Furthermore the sum &fg andKgw can be expressed by
d 2
Kwg)i+ Kew) = E+1 (5.31)
and KW(B) by
d
Kwi = 0’86+1 : (5.32)

The ratios of the exposed to the reference surfé®éd); are roughly estimated according to
the aircraft geometry, which is sufficient for theesent investigation. The dynamic pressure
ratio 0,/0, of the aft wing is commonly assumed to be 0,9 furventional tail aft config-
urations §cholz 1999. This value may also be used for a box wing. Aemexact calculation

is not needed at this stage of analysis.

All parameters for Eq. (5.29) were already includedhe previous discussion, except for

Vu.ws » the so called vortex interference factor, whiomsiders the effect of the trailing
vortices of the front wing regarding the total lift the aircraft DATCOM 1978). It depends
on the geometry of the wing system. For the curievdstigation its values are determined
assuming thatb, = b, =b. d/b ~ 0,2;4 ~ 0,5 antx = acise These parameters do not reflect the
exact geometry of the aircraft being studied is thesis. However, because of the lack of ap-
propriate DATCOM charts, these values are useduseca chart with these very values exists
and they come closest to the geometry of the dirbsing investigated in this thesis. With
these assumptions the vortex interference factty dapends on thdév/b ratio. Table 5.1
shows the correlation between these two paraméibesexact derivation can be retraced in
Appendix B.2.2.

4 Egs. (5.29) and (5.30) are from DATCOM 1978, Secdd3.1.2, par. A, Method 1. Eq. (5.32) cannot dir-
ectly be found in DATCOM 1978. Its derivation isosin in Appendix B.2.2.
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Table 5.1 Vortex interference factor depending on the h/b ratio
h/b lVW,l(W,Z)
0 -2,6
0,05 -2,3
0,1 -2,0
0,15 -1,75
0,2 -1,5
0,25 -1,35

Now all terms on the right hand side of Eq. (5.2 known. Finally, with the introduced
symbolsa anda; Eq. (5.21) can be written more simply:

(5.33)

dC, al\  da

dC a
L2 _ _2(1_ de )
The calculation for the CG envelope was implemeiriemla spreadsheet for a quick analysis
of different geometric and aerodynamic configumnagioqAppendix F.2.1). The results are
presented in chapter 5.2.3.

At last it needs to be pointed out that the gratdi€h ,/dC, is assumed to be independent of
the angle of attack in this analysis. Strictly dqeg@ this is not true since at higher angles of
attack the vertical distance between the forwadithe aft wing, measured perpendicularly to
the free stream, becomes smaller. However, foctiment examination the chosen approach
Is sufficient.



71

5.2.3 Results and Conclusion

Detailed results with screenshots from the cal@miaspreadsheet can be found in Appendix
F.2.1.

When both wings have the same lift coefficients itmpossible to attain longitudinal stability
and controllability. At this condition the contrdahit for the center of gravity is situated aft of
the stability limit, which means that for havingantrollable aircraft, it needs to be statically
unstable. However, an inherently unstable airatafinot be certified for commercial trans-
port (CS 25.173EASA 2010.

The main reason for this issue is the absencecoh&ol surface which generates a positive
pitching moment counteracting the negative pitchimgment generated by the wingBor a
conventional tail aft configuration the positive ment is provided by the horizontal stabil-
izer. However, as it will be shown in section 7tlhé& inner control surfaces of both wings of
the box wing aircraft might be used as elevatorglwilsould provide an additional positive
pitching moment. But in this context the resultefects on the lift distribution of both wings
have to be studied carefully.

For a box wing configuration the main contributtwsthe zero lift pitching moment are the

wings, the fuselage and probably the engines if Hre positioned significantly above or be-

low the aircraft's center of gravity. So by modifyithe wings or the fuselage it could be pos-
sible to provide for a positive zero lift pitchimgoment.

There are several ways of reducing the value oainag pitching moment of wing sections.
Some of them are presentedBarger 1975 It is even possible for sections to have a pasiti
pitching moment which is mostly achieved by modityihe camber in the region of the trail-
ing edge (see Fig. 5.7). However, the qualitiesuath reflexed wing sections in the transonic
flight regime is a topic of its own and part of raatetailed aerodynamic studies.
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Figure 5.7 Eppler 340 airfoil as an example for a reflexed wing section

The same problem occurs with a flying wing or andied wing body, where there also is no horizontal
stabilizer which produces an additional positivieling moment.
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Another possibility referring to wing modifications adjusting the wing twist in connection
with a swept wing. This way parts of the wing shibpfoduce more lift the more they are for-
ward of the aircraft's center of gravity. This naths often applied in conjunction with flying

wings or blended wing bodies, where the tips ofdivept wing are twisted in a way so that
they produce little lift (or even negative lift) duthus a positive pitching moment.

The fuselage may also have a shape similar tdexesf airfoil (see Fig. 5.8) so that it gener-
ates an additional positive pitching moment. Betdhnag of such a shape may be huge at high
subsonic Mach numbers.

Figure 5.8 Box wing aircraft with a reflexed fuselage (Frediani 2007 )

Since the aerodynamic performance of the mentionedifications is questionable and the
accordant investigations are part of further stidikese modifications will no longer be part
of the current discussion. In the following, podgibs are described how to avoid the neces-
sity of a positive zero lift pitching moment of tiwéngs or the fuselage. This approach is used
for the design of the studied box wing configuratio

When examining the Inegs. (5.17) and (5.20) whadalize the CG position for attaining stat-
ic stability and controllability, it becomes evidehat the only variable parameters are the in-
dividual lift coefficients and the gradiewtC ./dC.. All of the other parameters are either
aerodynamic constants or given by aircraft geométrgrder to expand the CG envelope it is
required to either move the stability limit more @heaning that the value of the right hand
side of Ineq. (5.17) increases) or to move therobiimit more forward (meaning that the
value of the right hand side of Ineq. (5.20) desesj A combination of both would be the
optimum solution.

Concluding from the explanation in the last passaderward shift of the control limit can
be achieved by decreasing the rafio/C, and also by increasing the total lift coefficient

[compare Ineq. (5.20)].

The total lift coefficient depends on the aircnattight, flight speed and altitude. Preferably it
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should be in the region of the lift coefficient forinimum drag (see section 5.1.2). For this
reason the total lift coefficient cannot be choaditrarily just for shifting the control limit.

The ratioC_,/C. can be manipulated by changing the lift coeffitiehthe aft wing. So for
shifting the control limit more forward, the valoé C, , needs to be decreased while keeping
the total lift coefficient constant. The resultais increase of the rati®,_/C. .. However, this
also means that the induced drag increases whénaiogjs have the same reference area, as
it was shown in section 4.6.1.

Acc. to Ineq. (5.17) aaft shift of the stability limit is possible by increasing the gradient

dC_,/dC.. In chapter 5.2.2 it was shown that this gradieasthy depends on the geometry of

the aircraft. The affecting parameters are the vewgep which has a great influence on the
lift curve slope of the wings, as well as the heighspan ratio, the ratio of the exposed wing
area to the wing reference area and the averaigeofduselage diameter to wing span at the
wing root. The sweep and the height to span ra&dle only parameters that can be arbitrar-
ily chosen, disregarding aerodynamic and aeroelastnsiderations. The other parameters
result from fuselage layout and wing integration.

With the help of the spreadsheet it was determthatan increase of the ratio Gf /C, , is
the most effective way of expanding the CG enveldips important to pay attention to the
consequences, e.g. airfoil choice and stall chariatts. Depending on the aircraft geometry,
a value of 1,5 to 3 for th€_./C, , ratio is probable.

A general increase of the CG envelope can alsaleed by placing the wings further apart
longitudinally. This way the the parametdf is increased which makes it also possible to
decrease the rati@, /C, , for a given CG envelope.

An adjustment of the wing sweep can be treatedsagporting measure. Here requirements
relating to transonic aerodynamics and to stalrattaristics have to be considered. For in-
creasing the CG envelope the sweep of the forwamd Was to be as high as possible, while
the sweep of the aft wing has to be as low as plessi

It needs to be pointed out once more that the abmthods result from the assumption that
the zero lift pitching moment of the wings and theselage remain negative, which compares
to conventional tail aft configurations. A deflextiof elevators was not taken account of.

The choice of the final wing configuration considgrthe requirements coming from aerody-
namic considerations as well as the analysis difilgtaand controllability will be discussed
in chapter 7.
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5.3 Static Lateral Stability and Controllability

Capturing the characteristics of static laterabidits in detail is an extensive job. Since in the
present thesis the focus is rather set on staigitiedinal stability only trends based on gener-
al correlations and statements are described ipriésent section.

Generally lateral stability includes the rollingdatme yawing motions of the aircraft. Compar-
able to longitudinal stability (section 5.2) ancaaft is laterally stable if it tends to the initia
attitude after a disturbance (e.g. gusts) witholat ;mput. For example, if a gust leads to an
unsymmetric loading between the left and the nginig the aircraft will roll towards the side
of the lower loading. Provided that the rolling Bngoes not become too high, the aircraft
should level out without any pilot input.

According toScholz 1999wing design is important for lateral stability.cheasing dihedral
and wing sweep will also increase lateral stabilthereas anhedral and a forward swept
wing are reductive. Another point is the wing iateiron with the fuselage. Shoulder wing air-
craft have an increased lateral stability while g aircraft have reduced stability. With
the help of these three design parameters the eesggn of the box wing aircraft can be ad-
justed for lateral stability.

In Scholz 1999%ome simple correlations are given. Accordingly @Dwing sweep have the
same effect regarding lateral stability as 1° diedral. Additionally “switching” from a
middle wing to a shoulder wing or from a low wirggd middle wing will increase lateral sta-
bility as much as 3,5° more dihedral. Furtherm@eymer 1992states that a low wing air-
craft requires about 5° of dihedral to become radlytstable.

Usually wing sweep is dominated by transonic aemadyics. So this parameter is already
given. For the box wing configuration it is alsdided that the forward wing is a low wing.
According to the final configuration (see chaptgri8e aft wing is connected to the vertical
stabilizer, thus there are no significant intenfee effects between the fuselage and the aft
wing. Consequently the only parameter to be adjufstelateral stability is the dihedral.

For finding the proper dihedral of the individuahgs a simple method is used. The degree of
lateral stability of the reference aircraft is assal in terms of a necessary dihedral angle. The
results are given in table 5.2. Accordingly theerefice aircraft has an excess of 3,5° of di-
hedral, which means that with a dihedral which,B5° 3ower the aircraft would be neutrally
stable. Supplementary it has to be mentioned tha the final dihedral angle rather results
from requirements according to sufficient engireachnce to the ground.
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Table 5.2 Degree of lateral stability of the reference aircraft in terms of dihedral angle
Wing parameter Value Equivalent to dihedral of
Vertical position low -5°

Sweep 25° 2,5°
Dihedral 6° 6°
z 3,5°

It is assumed that the degree of lateral stahilitthe box wing configuration is supposed to
be in the same region, or probably a bit lower. iEdetermination the same method as in
table 5.2 is applied, now for the forward and thienang separately (see table 5.3).

Table 5.3 Degree of lateral stability of the box wing aircraft in terms of dihedral angle
Wing Wing parameter Value Equivalent to dihedral of
Vertical position low -5°
forward
Sweep ca. 30° 3°
i Vertical position no effect 0°
a
Sweep ca. -30° -3
z -5°

From table 5.3 it can be concluded at first thatdpposite swept wings neutralize their indi-
vidual effect on lateral stability. Furthermore thi wing is situated above the fuselage and
hence does not affect the degree of lateral stalaigi well. The only factor which requires di-

hedral in terms of lateral stability is the low pims of the forward wing.

An important constraint for the choice of propenatiral is that the aft wing is not integrated
into the fuselage. This might cause structural l@mols. Therefore it is chosen that the aft
wing is supposed to have no dihedral at all, seéenk because of dihedral might addition-
ally weaken the wing structure. Consequently thevéod wing has to have a dihedral of at
least 5°. To prevent any risk caused by the simpf@oach used here, the final dihedral is in-
creased to 6°. A drawing of the resulting wing egufation is shown in section 7.5.3. Note
that the dihedral decreases tiib ratio at the tips, which decreases the span effay (com-
pare section 4.3).

The contribution of the vertical winglets has beeglected in the present analysis. It is sup-
posed to be part of more dedicated studies comugtdateral stability of box wing aircratft.
However, the winglets will be loaded because ofdhesen dihedral. Since only the forward
wing has dihedral it will be the only wing who tentb level out the aircraft. This means that
during a rolling maneuver the lower side of thenfrasing moves up while the relating side of
the aft wing tends to stay in the current positibnis causes additional compression stresses
within the winglet.
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6  Preliminary Sizing

The preliminary sizing of the box wing aircraft performed with the preliminary sizing
spreadsheetScholz 2008. In order to size the aircraft a number of paramsehave to be de-
termined in advance, next to the ones already diwethe design requirements (see chapter
3). These parameters and their respective valedssted in table 6.1. Next to each parameter
a short comment is inserted in order to understamete its value is coming from.

Table 6.1 Parameters used for preliminary sizing

parameter Value Comment

Kapp 1,7 (m/s?9)?  standard value

ke 0,107 kg/m3®  derives from Kapp

CLmax (take off) 2,92 adjusted for getting Sw= 122 m2

CLmax (landing) 2,1 a little higher than for A320

Coo 0,021 see section 11.1

Cop (landing) 0,066 derives from standard settings

Cop (take off) 0,046 derives from standard settings

Creq 0,003 standard value

Swed S 7,0 see explanation below and section 11.1.6
e (landing) 0,964 determination is described in section 6.1
e (clean) 1,17 determination is described in section 6.1
my/m+o 0,889 see explanation below

Moe/Mro 0,565 iterated with mass estimation (see chapter 10)
M#t.engine 0,999 same as for A320 (Pester 2010b)

Mt taxi 0,996 same as for A320 (Pester 2010b)

M to 0,995 same as for A320 (Pester 2010b)

Mr.cLe 0,995 same as for A320 (Pester 2010b)

M pes 0,992 same as for A320 (Pester 2010b)

ML 0,992 same as for A320 (Pester 2010b)

For the reference aircraft the ratim/myo is 0,878. Because the glide ratio of the box wing
configuration is assumed to be higher than thahefreference aircraft it will consume less
fuel. On the other hand this results in a sliglhdhyer maximum take of mass. Now it can be
assumed that because of the same design missiansndlar structural layout the maximum
landing mass of both aircraft is the same. Henegdkhiom /myo can be adjusted accordingly.
The minimum allowed value is 0,889.

Concerning the relative wetted arga/S standard values are between 6 and 6,2. For the box
wing a ratio of 7,0 is determined (see section.B).kecause of the huge winglets and stabil-
izers as well as the fact that the root of the miag does not disappear inside the fuselage
but is exposed to the free steam.
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The matching chart resulting from the preliminagmg) is depicted in Fig. 6.1.

Matching Chart
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Figure 6.1 Matching chart for the box wing aircraft resulting for preliminary sizing

Further results are given in table 6.2 and compaitfdthe data of the reference aircraft. The
whole preliminary sizing spreadsheet is shown ipéulix F.1.

Table 6.2 Further results from the preliminary sizing
parameter Box Wing Reference Difference
absolute percentage

Muro/ Sw (kg/m?) 597 601 -4 -0,67
Trol(Muro*g) 0,303 0,309 -0,004 -1,94

Neruise (M) 12893 12326 567 4,6
Cim 0,86 0,71 0,15 21,13
Muro (KQ) 73245 73500 -255 -0,35
mw (KQ) 65115 64500 615 0,95
Moe (Kg) 41383 40500 883 2,18
Muze (KQ) 61383 60500 883 1,46
Mereq (KQ) 12168 13400 -1232 -9,19
Sw (M3 122,6 122,4 0,2 0,16
Tro (KN) 217,4 222,0 -4,6 -2,07

The most important result is a reduction of theunesgl fuel mass by 9 % because of the high-
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er glide ratio of the aircraft. This leads to agktly reduced maximum take off mass
(-0,4 %), which on the other hand decreases th@nestjthrust for take off by 1,9%. It is ap-

parent that all of the other masses match quité wethose of the reference aircraft. After
some iterations the resulting operating empty nimssery close to the one coming from a
more precise mass estimation, which is presentsddtion 10.2. As predicted in section 5.1.2
the lift coefficient for minimum drag increases aese of the higher span efficiency factor.
This results in a higher cruise altitude.

6.1 Determination of the Final Span Efficiency Facto

In section 4.3 the determination of the span efficy factor depending on tlb ratio was
shown. The method proposed to be used gives theaafe. as function of thdv/b ratio.
Once the span efficiency factor of the referencerait is known, the box wing counterpart
can be determined. It was already assumeddhat.n = 0,85 andeesana = 0,7. Theh/b ratio
derives from the geometry of the box wing aircrattthis point the final geometry needs to
be anticipated from section 7.5.3. There the vartoistance between both wing tips is
7,5 m, resulting in &/b ratio of 0,22.

However, the requirements according to static loagnal stability have to be considered as
well (compare section 5.2.3). As consequence thedefficient of the forward wing is higher
than that of the aft wing, which reduces the spiniency. The amount of reduction is de-
termined with the help of Eq. (4.31), sinCgi/(Cp,)min = Enal€, Whereena is the span effi-
ciency for equal lift of both wings.

With the help of a separate sizing spreadsheet €Agg F.2) which includes the require-
ments according to static longitudinal stabilitye resulting loss of aerodynamic efficiency as
well as the more detailed mass estimation, it vwasd that the span efficiency decreases by
3,4 % because of stability requirements. The spiteaat including the data of the final box
wing configuration can also be found on the CDciigal to this thesis.

Results

The ratioe,/€ef is 1,426 for d/b ratio of 0,22 [compare Fig. 4.8, Rizzo graph, gwa from
Eq. (4.20)]. This ratio is reduced by 3,4 %, whiebults in 1,377. This is the factor the span
efficiencies for the clean and landing configuratad the reference aircraft have to be multi-
plied with. Finally we get

©hoxclean — 1,17 and
eooxland = 01964
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7 Wing Design

As already stated the wing configuration is therabieristic feature that distinguishes the box
wing from the reference aircraft. Since the refeeewing is literally split into two separate
wings the design space is enlarged and the relaghgf parameters is extended. This allows
for more flexibility in design but also makes it raochallenging. For limiting the design
space it is decided that both wings are supposéaite the same reference area. This might
not lead to an optimum configuration but helpsdgust the other wing parameters for a first
design.

In this paragraph the most important aspects ofjwi@sign are discussed. This includes the
design for transonic speeds and an optimum lifridigtion, the choice of airfoils and charac-
teristics concerning fuel volume and structuralghei

7.1 Design for Transonic Speeds

The parameters which influence the transonic chamatics of the wing are mainly sweep
and the thickness to chord ratio. Wing twist ialsed to decrease the lift coefficient at cer-
tain span stations for lowering the probabilityshiock waves. However, wing twist is ex-
cluded from the present discussion.

7.1.1 Wing Sweep

At first it is important to be aware that the wismgeep does not only affect the transonic char-
acteristics but also the qualities with regardtadis longitudinal stability and controllability.
As concluded in section 5.2.3 it is desired that &imount of sweep of the forward wing is
higher than that of the aft wing in order to ingedéhe CG envelope for stability and control-
lability. Ideally the aft wing should not be swegitall, which of course contradicts transonic
requirements. For simplifying the design proceswas decided that both wings have the
same amount of sweep. With this constraint therqgitheameters like cruise lift coefficients of
the individual wings and the longitudinal distat@ween the wings were adjusted so that the
CG envelope suits the CG position resulting fronigiveand balance (section 10.2).

The wing sweep of the reference aircraft is 25tfidrd length). Since both the reference and
the box wing configuration have a cruise Mach nundié,76, this wing sweep was the ini-
tial value for the box wing configuration.
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Another aspect influencing the amount of sweeésintegration of the wing configuration
with regard to the fuselage and the sweep of tingheis as well. Taking account of the mutu-
al impact of all of these parameters the final wéwgeep is chosen to be about 28,5° for the
forward and -28° for the aft wing. Further informeat discussing and justifying this choice is
given in section 7.5 .

7.1.2 Thickness to Chord Ratio

According toTorenbeek 1982the thickness to chord ratio results from the wémgeep, the
design lift coefficient and the drag divergence Rlacmber. The accordant equation is

23
35 \/—2
. 1M pp e

2

5+M DD,ef'f2
5+(k, —0,25C, )*

%= 0,3c080,c|| 1- (7.1)

M DD, eff

This ratio is the maximum allowed thickness to chi@tio of the airfoil resulting from cutting
the wing parallelly to the aircraft's symmetry axi®r getting the thickness to chord ratio of
the actual airfoil the following transformation hasbe performed according Bubs 1987in
Scholz 1999 compare Fig. 7.1):

(3) S (7.2)
Clet C COSp,g

@ = Preil-resp. Schiebewinke!

v, ~V-C0S @

vy =v-sin @

riyuic 1.1 weculipusiuun Ul uie nee sucain vector into a normal and a tangential component
(Dubs 1987 in Scholz 1999)
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The effective drag divergence Mach number resutimmfthe actual Mach number and the
wing sweepTorenbeek 1982proposes

Mopp et =M DD'\/COS§025 . (7.3)

According toScholz 199%here are several ways of defining the drag deecg Mach num-
ber. Depending on the approach it ranges from thisee Mach number tMc, + 0,1. As com-
promise the drag divergence Mach number used Besepposed to bkl + 0,05, giving
0,81. The design lift coefficient is supposed totte lift coefficient for minimum drag. Ac-
cording to the preliminary sizing (chapter 6) iDi84. The factoky in Eq. (7.1) takes account
of the airfoil type. For modern supercritical ail$at is assumed to be 1,2.

Considering a wing sweep of 28° (compare sectidnly the final value for the maximum
thickness to chord ratio according to Eq. (7.19,803. Transforming this value to the thick-
ness to chord ratio of the actual airfoil finallygs 0,116 as maximum. According Battger
2010this value applies for the relative wing span raggrom 0,4 to 1. For the region closer
to the wing root the thickness to chord ratio isally higher.
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7.2 Taper Ratio

Taper ratio is commonly used to change the spanifigbstribution so that it comes close to
the optimum. For minimum induced drag the optimapet ratio can be determined depend-
ing on the wing swee¢renbeek 1982:

Jopt=0,45€ %= (7.4)

which applies to conventional wings. Although tleemposition of the lift distribution of the
box wing aircraft is different (additional constarart) Eq. (7.4) is used to determine the op-
timum taper. Note that the sweep angle has to $erted in degrees. The results are given in
table 7.1.

Table 7.1 Optimum taper for both wings
sweep taper
fwd wing 28° 0,16
aft wing -28,5° 1,26

It becomes clear that the optimum taper ratiosgaree utopic. For the forward wing 0,16 is

too low. Because of the low chord lengths this tapeuld not allow for enough room for the

integration of flap and aileron mechanisms. Fordftenving a taper ratio of 1,26 means that
the wing's center of gravity would be shifted ie thirection of the wing tips, creating a huge
root bending moment and increasing wing mass. Quesgly the chosen taper ratios are dif-
ferent. The taper ratio of the reference wing &10so this value is used for the forward wing
as well. The integration of flap and aileron medsians taking account of the small chord
lengths is yet to be investigated. For the aft wanigper ratio of 0,8 is chosen, which should
be a good compromise between the requirement aogotd Eq. (7.4) and an acceptable
wing mass.
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7.3 Decalage

According to the box wing sizing spreadsheet (Aplderi.2) the lift coefficient of the aft
wing is -0,136 for zero total lift. Since both webgave the same reference area (as defined in
the beginning of chapter 7) this means that thedod wing has a lift coefficient of 0,136 for
zero total lift. So the difference in lift coeffemts of both wings is 0,272 for zero lift. The plot
of the individual lift coefficients depending oretlotal lift coefficient is shown in Fig. 7.2. It
results from sizing the box wing configuration akog to requirements of static longitudinal
stability and controllability based on cruise cdiais.
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Figure 7.2 LIt coeficients of the maividual wings vs. total lift coefficient for the final box wing

configuration

With the help of the lift curve slope of the indlvial wings, which is determined according to
Eqg. (4.8), the decalage (the difference of incidesmegles) can be calculated, provided that the
small amount of downwash is negligible. The liftva slope for both individual wings is ap-
proximately 5,05 rad Dividing the difference of lift coefficients byhis number gives a
decalage of 0,054 rad or 3,1°.

Note that this decalage is based on stability amdrollability requirements concerning cruise
conditions. For other flight states the individlifilcoefficients are different which might lead
to other lift coefficients for zero lift, resulting a different decalage. The effects of deflecting
flaps and control surfaces have to be investigatedell. In the current phase of the design
study the stability of the aircraft for flight séat other than cruise is not known. Therefore no
final statement concerning individual incidence laeagand the resulting decalage can be
made.
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7.4 Torenbeek Mass Estimation

The dimensions of a single wing are only about bathose of the reference wing, except for
the span. This makes it necessary to investigatenidiss of the wing more thoroughly. As a
first approximation a simple formula givenTorenbeek 1982can be used:

rr:rth = 6,67-103-b50‘75-(1+\/bt;j : un"'“-(% N (7.5)
where
= s (7.6)
being the structural wing span and
b, = 1,90t m (7.7)

as reference span. Eq. (7.5) was derived for corditgons with a conventional wing. To use it
for a box wing it is assumed that both of its wiltgs be combined to one conventional wing.
This way the result is a wing of equal area , wimaging myz/Sy and span as the reference
wing. Only the airfoil thickness at the wing rosthalf the value of that of the reference wing.
Supposing that both the reference wing and theWng possess the same structural span be-
cause of identical wing spans and wing sweeps leatige elimination of the factor

\/Q
b,

Of course the ultimate load factor is the samebfath aircraft as well. Eliminating all equal
parameters leads to the relation

My
Myzr Jbox

My
mMZF ref

Of course this relation is based on very simples@®rations and additionally neglects any
possible brace support of the winglets, but it shtiwat the wing structure of the box wing is
heavier than that of the reference aircraft. Thenmaason is the wing geometry, where one
single wing has an aspect ratio of about 19. Tka #orfoil thickness, and thus the height of
the wing box, is only half as much as that of #fiemrence wing.

t 0,3

tr,box
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It can be seen that for lowering the weight ofwhegs the thickness to chord ratio of the air-
foils should be as high as possible. However,ighis conflict with requirements according to
transonic flight.

For getting a deeper insight into the structurpkas of the wings, an analysis of wing internal
loads is conducted in section 7.6. For doing se,etkact wing geometry is needed, which is
discussed in the next section.
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7.5 Design Integration and Resulting Wing Geometry

In order to conduct further investigation concegiihe wings their exact geometry is needed.
This is why the wing integration and the resultimgg geometry is already discussed at this
point. Although the fuselage layout was not defiget its geometry is anticipated from sec-
tion 8.1 in order to have the constraints for wimggration.

In this section the longitudinal and vertical diraems of the wing configuration are defined.
They derive from the given wing sweep (sectionj,ltaper (section 7.2) and dihedral (sec-
tion 5.3). In order to have a high reduction ofuoed drag thév/b ratio shall be as high as
possible. This is why it is chosen to attach thenaiig on top of the vertical stabilizer. At this
point it is necessary to anticipate the stabilg@ometry as well. It is a V-tail whose design is
derived later in section 8.2.

After discussing the most important aspects ofifigdhe longitudinal and vertical wing posi-
tions, the final wing geometry is presented inisec?.5.3.

7.5.1 Longitudinal Positions
For high static longitudinal stability it is degir¢hat the longitudinal distance between both

wings is as high as possible. However, this distasdimited by certain factors which can be
easily described with the help of Fig. 7.3.
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The forward wing can only be moved as much to tbatfas long as there is enough clear-
ance to the forward exit. The position of the afigvhas to comply with the position and geo-
metry of the stabilizers. Since the sweep of thezbatal wings is already defined, the
winglet sweep automatically results from the loadibal positions of the horizontal wing. In
order to have an acceptable winglet sweep the tiatigial distance between both horizontal
wings cannot become too high.

Finally the wings have to be positioned so that@& envelope resulting from longitudinal
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stability requirements (section 5.2) coincides witle actual CG positions coming from
weight and balance (section 10.2).

The whole process of finding the proper longitutiimeng position is iterative. It has to be re-
peated after every change of the aircraft geomisryyeight and balance or the lift division
between both horizontal wings.

7.5.2 \ertical Positions

Since it is desired to have a highb ratio the forward wing shall be positioned as lEsvpos-
sible. This means that a conventional integratioim® engines under this wing is not possible
because there is not enough room. The height oftheing is defined by the height of the
stabilizers.

Because of the low position of the forward wingsitpossible to have a continuous cargo

compartment. However, the accommodation of additiduel tanks in the fuselage (see sec-
tions 10.2 and 11.4.4) might split the cargo cortipant.

7.5.3 Resulting Geometry

Table 7.2 summarizes the final wing geometry. Fartimensions are given in Figs. 7.4, 7.5
and 7.6.

Table 7.2 Geometry parameters of the final wing configuration
Parameter Forward Wing Aft Wing
Reference area (m?) 61 61
Span (m) 34,1 34,1
MAC (m) 2,02 1,81
Root chord (m) 2,9 2
Tip chord (m) 0,7 1,6
Taper ratio 0,24 0,8
Sweep (1/4 chord) 28,5° -28°
Dihedral 6° 0°

hip/b 0,22
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7.6 More Precise Mass Estimation

The method used in paragraph 7.4 was originallywedrfor conventional aircraft configura-

tions. That is why the results for the wing massh& box wing configuration determined

with the help of this method imply some uncertastiln order to eliminate them for the most
part a more precise method is applied in this pagy

The approach is to estimate the wing mass depermhirte actual loads the wing is exposed
to. In the present thesis a simple method present®@yama 2000is used and slightly adap-
ted (see section 7.6.1).

To use this method it is necessary to determinéntieenal loads along the wing span. For this
the wing configuration is assumed to be a 2-dinwrai framework. The calculation of the
internal loads is done with the help of the freesarameworkprogrammed by Gerrit Wol-
sink (Wolsink 2011).

For the beginning the internal loads along theiw@rtvinglets and their resulting mass is not

part of the mass estimation. The winglet structuitebe taken account of in further studies.
At the moment their mass is assumed to be 1 tdtr Wwinglets combined.

7.6.1 Method

A simple approach is presented @yama 2000 Here the wing is modelled as a so called
box-beam (see Fig. 7.7).

e

o C
FRONT SPAR REAR SPAR )
riyuie 1.1 DUA-UEAll THIUUETIY UL winy THas> estimation acc. to

Oyama 2000 (Oyama 2000)

However, test calculations for estimating the wimass of the A320 (which is given accord-
ing to Pester 2010a have shown that the modelling in Fig. 7.7 geresratery low values. It
is possible to produce values close to the reafjwiass of the A320 by adjusting the dimen-
sions of the box-beam so that it has approximdtedysize of the real wing box (Fig. 7.8) and
by neglecting stress relieve due to the mass oivthg, fuel and engines.
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Figure 7.8 Adjusted box-beam modelling for wing mass estimation

The chord lengtlt and and the spar height(Fig. 7.8) are given by the airfoil geometry. The
skin thicknesd, and the spar thicknessare determined depending on the present internal
loads. It is assumed that the wing bending monsenhly absorbed by the skin panels which
carry the resulting normal forces. Shear forcessately absorbed by the front and the rear
spar. When the corresponding thickngesandt; are determined, it is possible to calculate the
mass of the box-beam and thus of the so modellad.wi

Acc. to Oyama 2000and considering the geometry given in Fig. 7.8tthieknesst, of the
skin panel at a certain span station is given by

= 2M _ 2M -8
2 O-allowed'c'tl € allowed" E'C'tl ( . )
and the thicknesss of the spars at the same span station by
L L
t, (7.9)

B 2'Tallowed'tl B 2'yallowed'G't1
Egs. (7.8) and (7.9) can also be understood ubmgerivations given iBeibel 2005

The applied load facton(= 3,75) is taken account of in the determinatiboandL. It has

to be noted tha¥l is the wing bending moment about the longitudaas. The torsional mo-
ment about the lateral axis is neglected in theyans. Since the value of torsional moment
usually is about 10% of that of the bending momémig simplification is reasonable for a
first mass estimation. As seenhig. (7.9) only the lifiL is considered as shear force. How-
ever, it seems to be more reasonable to consideretiction shear forces due to lift than the
lift itself. This is why the liftL in Eq. (7.9) is replaced by the shear fokcelue to lift. Stress
relief due to wing and fuel weight as well as theight of the engines is not considered. Val-
idating the presented approach by estimating timgwwass of the A320 has shown good res-
ults (deviation of -0,8 %, see section 7.6.4).

The wing mass can be calculated with the help efdittermined skin and spar thickness. Us-
ing the approach i@yama 2000and considering the geometry shown in Fig. 7.8 nlass of
the skin panels per unit span is calculated agitven span station with
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mlskin: Z'p't2'01EC = p-tz'C (710)
and the mass of the spars with
M pur = 2:p-tty (7.11)

The intention of this paragraph is to estimatewireg mass depending on the span wise in-
ternal loads. These internal loads may be detedrmeny span station which makes it pos-
sible to calculate the wing mass of the relatinggssegment. The mass of the whole wing is
then calculated by summing up the masses of thgzethsegments. If the internal loads are
given as a function of the wing span, beMg= M(y) andS = §y), it would be possible to
analytically assess the total wing mass by intaggathe mass distribution along the wing
span. For doing so it is necessary to alter EGOj#he following:

M’y (y) = p-t,(y)cly) | (7.12)

and Eq. (7.11) to

mlspa|(y): 2'p't3(y)'t1(y> (7.13)

The total wing mass is then determined with

rnWing = Zf [m'skin(y)—i_m 'spar(y)]dy (714)

For evaluating the integral it is necessary touate the functions of the skin and spar thick-
ness. By changing Eg. (7.8) the skin thickness isow

2 My
€ allowec’ E C( y)'tl( y)

t,(y) = (7.15)

The chord functiore(y) is given by wing geometry. The spar heigfy) is calculated by

t(y)=085-(y)ely) (7.16)

based on the assumption that the height of the Wwmgis 85% of the absolute airfoil thick-
ness. The distribution of the thickness to chotéris assumed to decline linearly from its
value at the wing root to a given value at 35%hef half span. For all following span stations
up to the wing tip the thickness to chord ratigpisposed to be constant having the value
which is present at 35% of the half span. Thisridbistion is similar to the one shown in
Bottger 2010(Fig. 7.9).
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According to Eq. (7.9) and taking account of thplaeement oL by S, the spar thickness
now is

1 SL(y)
t = 7.17
3< y) 2"))allowed'G tl( y) ( )
Combining the just derived correlations finally ggvthe total wing mass as
b/2 b/2
1 M (y) 1
=4 . +
rnng P 07858a||owed E 0 t dy 2yal|owedG J(: SL(y) dy ' (718)
sy)ely)

The wing is assumed to be made of aluminium, thesnaterial parameters are:

p =2,7 kg/m3
E = 70000 MPa,
G = 28000 MPa.

All deformations shall not exceed the elastic rarlyes:
Eallowed = Yallowed = 0,003

Within the mass estimation no distinction is madéneen tensile and compression stresses.
This is why buckling is not considered as well.
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7.6.2 Lift Loads

For the present analysis only lift loads are comr®d. Their span wise distribution has to be
determined in order to evaluate the distributionntérnal loads. Lift can be written as a dis-
tributed loadg. whose value depends on the span statidior a box wing the lift distribution

Is assumed to consist of a constant and an eHiptiart (see Fig. 7.10). This is the ideal distri-
bution according to aerodynamic requirements. #sdoot take account of additional structur-
al requirements, otherwise the optimum distributwould deviate from the one which is
assumed here. The equation for the span wisellistyn can be formulated as

q.(y)= (QL)cons{"(QL)eu,0\/1_(2_by)2 . (7.19)

(ql_)ell,t] \
v

A
(qL)consl

=

b2 Y

Figure 7.10 Lift distribution consisting of a constant and an elliptical part

The total lift generated along the wing half sparcalculated by integrating the lift distribu-
tion along the half span:

b/ 2

L/2= [ a.(y)dy (7.20)

with L being the lift generated by the whole wing. Theegnal of Eq. (7.20) is equal to the
area of the rectangle with the edge lengthk4standb/2 plus the area of the quarter ellipse
with (qu)ero @s semi-minor axis ana2 as semi-major axis. So Eq. (7.20) can also lenr
as

T

L12.= 012|000

(7.21)
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Let R be the ratio of the elliptical to the constantt@drthe wing root. IR_is given with

( qL)const

R —
- (qL)eII,O

(7.22)

then both parts can be determined with the helghisfratio and the total lift, in other words
by combining Egs. (7.21) and (7.22), which gives

L
(qL)eu,o = m (7.23)
and
_ RL
(qL)const_ m (724)

Now the span wise lift distribution is known acg.Hq. (7.19). For the current study the ratio
R_is assumed to be unity.

7.6.3 Effect of Wing Sweep

Since the wing is modelled as a 2-D-framework, atffeof wing sweep have to be taken ac-
count of separately. I8eibel 2005t is shown that for the determination of the intd loads

of a swept wing it is possible to assume an unswefptence wing with the same wing span.
The span wise load distribution is the same ashireal wing. The internal loads are calcu-
lated for the unswept reference wing and then pased to the geometry of the real wing:

1) All shear loads are unchanged, so
S,=S,, . (7.25)

2) The bending moment about the longitudinal axtsassformed with

1
0= Cosp Moo - (7.26)

M
Wing sweep does not effect the distribution of thiekness of the spars and the skin, so it
also does not have any additional effects on thegwnass except the higher bending mo-
ment. This is because the sweep does not changeitigearea for a given distribution of
chord lengths, provided that the chord length iasneed parallelly to the aircraft's symmetry
axis. It is assumed that an unchanged wing areana¢sans that the wing weight remains un-
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changed.

Note that the internal loads displayed in the capparagraphs do not consider wing sweep
because they are the results coming directly flioen2D-analyis. The derived values consid-
ering sweep used for the mass estimation can b fouAppendix C.2.

7.6.4 Validation of the Method with A320 Wing Mass

For assessing the significance of the used methisdtésted by estimating the known wing
mass of the reference aircraft A320. The wing islefled within the freewar&ramework.
The lift distribution is assumed to be ellipticaldais approximated with the help of ten span
stations along the half span. The values of liftyp@t span were determined by applying the
method described in paragraph 7.6.2 with the cardthat €).onst= O and assuming that the
aircraft has the maximum take off mass. The modellemg geometry and lift distribution can
be seen in Fig. 7.11. The exact values of thdligftribution and the internal loads are given in
Appendix C.

riyuic /.11 AOLVU WITIY yTulliTuy aliu it UidUuivuuull 1ivucilcu 1 riallicvwuln

Note the indicated hinge supports in Fig. 7.11.c@drse the modelled beams could not be
carried by hinge supports. That is why the constriai added that there is no rotation at the
supports, which is possible withiframework This constraint is applied to all hinge supports
which will be shown in the coming figures and le&ala transfer of internal bending moment.

With the help ofFrameworkit is possible to extract the values of intermmads at an arbitrary
number of equidistant span stations. This numbehdsen to be 50 per beam element. This
way the function of internal loads does not neetidaletermined analytically but is approx-
imated with the help of these span stations. Thasdritegrals of Eq. (7.18) can be evaluated
numerically. This is done with the help of the wapidal rule, where the value of an integral
is the sum of the areas of all trapezes which tea ander the relating function is split into
(Fig. 7.12). The general equation for approximating integral with the help afarbitrary
points is

n-1

J f(x)dx~2 0.5y, 1+ )(x =% . (7.27)

i=1
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4 X
Figure 7.12 Trapezoidal rule for evaluating an integral

The more points are used, the closer the approgonadlue comes to the actual value of the
integral.

The wing is modelled to be a simple trapeze hatimge partitions (Fig. 7.13). Their geo-
metry is summarized in table 7.3.

t’c = const l t'c = const.
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Figure 7.13 A320 wing model for wing mass estimation

Table 7.3 Wing geometry data for A320 wing mass estimation
Partition Description no Yo [M] (t/c) (t/c)o ci [m] Co [M]
1 Center wing box 0,118 2 0,15 0,15 5,8 5,8
2 Outer wing 1 0,35 5,95 0,15 0,09 5,8 4,461
3 Outer wing 2 1 17 0,09 0,09 4,461 1

The internal loads determined wignameworkare shown in Figs. 7.14 and 7.15. Shear loads
are shown in kN and bending moments in KNm. It lbarseen that there are small asymmet-
ries between both sides of the wing, although gégnaend lift were modelled symmetrically.
For the mass estimation the higher values on gt side are used. Note that these values do
not yet consider wing sweep. Unfortunately the lésxtor was confused for the Framework
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calculation fi = 3 was used instead of= 3,75). However, this mistake was corrected after
wards within the spreadsheet used for calculativegwing mass. All internal loads were
simply multiplied by the factor 1,25.
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Figure 7.15 Distribution of bending moment along A320 wing due to lift (values in kKNm)

The internal loads were extracted to a spreadsir@ktwere converted according to section
7.6.3 for taking account of wing sweep. This sleettains the wing geometry data and the
lift data as well and with its help the integrafskm. (7.18) are evaluated numerically using
the trapezoidal rule (Eg. (7.27). This evaluatisrdone for each wing partition which gives
the mass of each partition. The results are predanttable 7.4. The relating spreadsheet can
be found on the CD-ROM attached to this thesis.

Table 7.4 A320 wing mass according to more precise estimation method
Partition Mekin (KOl Mepar [KG]  Miot [KQ]
1 659 0 659
2 2393 260 2653
3 2673 243 2916
z 5725 503 6228

In Pester 2010ahe A320 wing mass is given. Although the preseathod of mass estima-
tion does not consider wing ribs and system ribbsf@ine and main gear integration, it pro-
duces very good results, deviating by -0,8 % framadctual mass. It seems that neglecting the
aspects of lightweight construction, which is aufesf the simple box-beam model, as well
as ignoring stress relief due to wing, fuel andieagveight, counteracts the missing mass of
the ribs.

The conclusion is that the present method for ediimg the wing mass is also suitable for a
box wing configuration.
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Here all connections and joints are assumed totadyt rigid, since this results in the lowest

wing mass. The influence of flexible joints is dissed in section 7.7.

The wing geometry parameters derive from the numbesen in chapter 7. For the mass es-
timation each wing is modelled to have three partg (Figs. 7.16 and 7.17). Their geometry
data is given in tables 7.5 and 7.6.
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Figure 7.17

Model of the aft wing for wing mass estimation

Table 7.5 Geometry data of the forward wing
Partition Description no Yo [M] (t/lc); (t/c)o ci [m] Co [M]
1 Center wing box 0,118 2 0,15 0,15 2,6 2,6
2 Outer wing 1 0,35 5,95 0,15 0,11 2,6 2,1
3 Outer wing 2 1 17 0,11 0,11 2,1 0,7
Table 7.6 Geometry data of the aft wing
Partition Description no Yo [M] (t/c) (t/c)o ci [m] Co [M]
1 Section until fin 0,276 4,7 0,15 0,118 2 1,89
2 Outer wing 1 0,35 5,95 0,118 0,11 1,89 1,86
3 Outer wing 2 1 17 0,11 0,11 1,86 1,6
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The wing geometry is implemented irffbameworkas a 2-D framework and the lift distribu-
tion is determined applying the method shown intisac7.6.2. The division of total lift
between the forward and aft wing was determinedraiag to the requirements of static lon-
gitudinal stability and controllability discussed section 5.2. The total aircraft mass was
found with the help of PreSTé&(eSTo 201) and independent and additional weight estima-
tions (see section 10.2). With the help of the igeewing mass estimation only a small num-
ber of iterations was necessary to find a condistiearaft mass which is the origin for the lift
distribution. The distribution along the wingletslinear with the constraint that its extreme
values coincide with the constant valug)fns: Of the adjacent horizontal wings. The wing
geometry and the resulting lift distribution is shoin Fig. 7.18. Exact values can be found in
Appendix C.
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Remember that the depicted hinge supports do lwt alny rotation and thus transfer the in-
ternal bending moment.

The resulting internal loads are presented in Figs9 and 7.20 (no sweep considered and
wrong load factor, all corrected within spreadshegteir values used within the spreadsheet
can be found in Appendix C.2.1.

Figure 7.19 Distribution of shear load due to lift along wings of the box wing configuration (values
in kN)
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(values in KNm)

As for the A320 wing the internal loads are extedcto a spreadsheet and the wing mass is
determined by numerically evaluating Eq. (7.18)e Tésults are presented in table 7.7.

Table 7.7 Wing mass of the box wing configuration according to the more precise estimation
Forward Wing Aft Wing
Partition  Msin [KO] Mspar [KQ] Mo [kg]  |Partition Mskin [KQ] Mspar [KQ] Mot [KQ]
1 524 0 524 1 721 21 742
2 860 128 988 2 701 36 737
3 5080 112 5192 3 3326 204 3530
z 6464 240 6704 4748 261 5009

Total 11713 kg

7.6.6 Discussion of Results

As shown in section 7.6.4 the used method prodgoes results for the wing mass of the
A320. Applying this method for the box wing confrgtion gives a wing mass of 11421 kg,
which is almost twice as much as the weight ofréference wing (factor 1,865). According
to the Torenbeek mass estimation this factor iy about 1,23. In terms of total mass, this
difference means a deviation of about 4 t, whiaimcd be neglected.

The question is if the used method can be adaptdtetbox wing configuration of this thesis.
The wing of the A320 is used for the integratiortted main gear and the engines, which re-
quires heavy system ribs carrying the accordartdpahich increases the wing mass. Since
the mass estimated in section 7.6.4 is very clogbd actual mass of the A320 wing, these
systems ribs can be assumed to be included wiktl@restimation. However, the main gear
and the engines of the present box wing configoimadire not integrated into the wings, so for
this heavy system ribs are not necessary. On tiex band, the absence of the engines means
less stress relief in the real case, but this strdgef exists on the A320.
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The conclusion can be drawn that for the box wiagfiguration the effects of missing sys-
tem ribs and missing stress relief neutralize edbbr and so the estimated mass of 11713 kg
is a realistic value under the given circumstances.

A different aspect is the lift distribution of thmox wing aircraft concerning its composition
(constant plus elliptical part). The higher the stant part of the distribution, the more the lift
centroid is shifted towards the wing tip which ieases the mass of the wing. So it is possible
to reduce the mass by increasing the elliptical. gaor the A320 an elliptical distribution is
assumed, which is not the optimum in terms of stmat weight. Overall, the lift distributions
used for the mass estimation generate some urnggrtai
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7.7 Influence of Joint Types on Wing Structure

For the estimation of the wing mass of the box wairgraft it was assumed that all joints are
totally rigid. The joints connect the horizontaldatme vertical wings as well as the aft wing
and the vertical fins. It was claimed that rigithjs lead to the lowest wing weight. For sup-
porting this claim the effects of the joint type e wing structure are shown in this section,
based on the evaluation of the corresponding iatdoads as well as the corresponding wing
mass according to the more precise estimation rdetheection 7.6.

Two cases are examined:

1) alljoints are flexible
2) all joints are rigid

For both cases the lift loads and the wing geomstiiie same as in the initial wing estima-
tion shown in section 7.6.5. In the following a quanson of the two cases is done with re-
gard to the internal loads (shear force and bendimament), the displacements (only
qualitative) and the wing mass.

7.7.1 Shear Forces

From table 7.7 it becomes apparent that the cartioib of shear forces to the wing mass are
almost negligible. Table 7.8 shows that the joypetdoes not play an important role with re-
gard to shear loads. However, rigid joints tenthtwease the value of shear forces. It is strik-
ing that the winglets are loaded about six timesiash as with flexible joints.

Table 7.8 Wing shear forces depending on the joint type (n = 3)
Lifting Surface Station/Value 1) all flexible (kN) 2)  allrigid (kN)
] Wing root 564 499
Forward wing o
Wing tip -86 -207
) Wing root 347 379
Aft wing o
Wing tip 93 125

Winglet Maximum 46 268
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7.7.2 Bending Moment

The distribution of bending moment is essentialdstimating the wing mass because most of
the wing structure has to carry normal stressesethby the bending moment. The distribu-
tion of bending moment is depicted for flexiblents (Fig. 7.21) and rigid joints (Fig. 7.22) as

it results from thé-rameworkcalculation.
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Table 7.9 Wing bending moment depending on the joint type (n = 3)
Lifting Surface Station/Value 1) all flexible (kNm)  2) all rigid (kNm)
] Wing root 3280 1690
Forward wing o
Wing tip 0 -599
) Wing root 2590 1690
Aft wing o
Wing tip 0 -1300
Winglet Maximum 43 1300

Table 7.9 shows the most important values of tkermal bending moments. It becomes evid-
ent that rigid joints significantly reduce the wingpt bending moment and the bending mo-
ment between the fins. However, the region near Mg tips and the winglets are

remarkably loaded, as well as the joints themselBesause of the rigid connection to the
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fins, they also have to withstand a considerabieling moment. In case of rigid joints, it has
to be assessed thoroughly if the structural dasifgasible.

Flexible connections generate a distribution ofddeg moment common for conventional
wings and unload the fins and winglets. So in daise the horizontal wings are indeed heav-
ier but the mass of the vertical fins and the wetgis lower. It needs to be further investig-
ated if these effects might neutralize each other.

7.7.3 Displacements

The displacements shown in Figs. 7.23 and 7.24ualkequalitative since the cross sections
of the beams were not implemented iFf@meworkaccording to the actual wing geometry.
Nevertheless a simple comparison can be made, $edauboth configurations the modelled
Cross sections are the same.

It can be seen that rigid joints significantly deage the amount of displacement. Although a
quantitative assessment cannot be made, it iskpessi conclude that the joint type is import-
ant regarding aeroelastic phenomena.

Figure 7.23 Qualitative displacements for flexible joints

Figure 7.24 Qualitative displacements for rigid joints
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7.7.4 Wing Mass

Based on the distribution of internal loads thegwnass was estimated for both joint types.
The results are presented in table 7.10. The divisf mass between the forward and aft wing
Is shown in Fig. 7.25

Table 7.10 Wing mass estimation for flexible and rigid joints (n = 3,75)

joint type total mass forward wing  aft wing fwd wing aft wing
percentage  percentage

flexible 14762 5591 9171 37,9 62,1

rigid 11713 6704 5009 57,2 42,8

Wing Mass Depending on Connection Type
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12000

kg 8000 -
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‘ O Forward Wing @ Aft Wing ‘

Figure 7.25 Division of wing mass for rigid and flexible joints

It is remarkable that the mass of the aft wing aims two thirds of the total wing mass for
flexible joints. This is because of the missingeetfof unloading due to the fins, which is
present for a rigid connection.

For rigid joints the mass of the forward wing iglmer than its mass for flexible joints. The
reason is that the forward wing is highly tapematiich means that near the wing tips the
height of the wing box is quite small. This leadsathuge skin thickness and thus a mass in-
crease due to the significant bending moment reawing tips for rigid joints.

Overall rigid joints lead to a reduction of 21 %wiing weight compared to flexible joints.
However, the structural design of the joints arglrthesulting weight is an open issue, since
the joints have to carry a significant load.
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7.8 Fuel Volume

The smaller wing dimensions with respect to ther@¢hengths and airfoil thickness affect the
fuel volume which the wings can accommodate. Thaltiag volume of the wing tanks is de-
termined in this paragraph.

According toTorenbeek 1982the volume of a wing tank is calculated with

where
- (t/c), (7.29)
(t/c), '

which implies a linear decline of the thicknessword ratio from root to tip. As indicated in
section 7.6.5 and tables 7.5 and 7.6 respectivey/d¢ distribution however consists of two
parts. The first goes from the wing root to appnexiely 35 % of the half span. Here tiie
ratio declines linearly from 0,15 to 0,11. From%%of the half span to the wing tip tive ra-

tio is constant, having a value of 0,11. For getfnoper estimations of the wing tank volume
this t/c distribution has to be taken account of. As consaqe Eq. (7.28) is applied separ-
ately for the inner and the outer wings.

Considering that the forward and the aft wing dudlve a trapezoidal planform the following
tank capacities result (tables 7.11 and 7.12),rasgpa fuel density of 785 kg/ms3. Addition-

ally all necessary geometry parameters for evalgdi. (7.28) are given.

Table 7.11 Tank capacity of the forward wing

Part Sw (m?) (t/c): T A A Viank (M3) Miank ()
Inner wing 29,9 0,15 0,733 4,73 0,74 4,11 3,22
Outer wing 31,2 0,11 1 15,61 0,33 2,14 1,68

z 6,25 4,90

Table 7.12 Tank capacity of the aft wing

Part Sw (M?) (t/c): T A A Viank (M3) Miank (t)
Inner wing 23,0 0,15 0,733 6,17 0,93 2,34 1,84
Outer wing 38,2 0,11 1 12,77 0,86 2,95 2,32

z 5,29 4,16

Consequently the total capacity of the wing tark®,il t while that of the reference wing
tanks is 18,6 t.
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7.9 Airfolls

According toKhan 2010 airfoils have to be chosen thouroughly in ordeh&we adequate
transonic characteristics. Although choosing tigitriairfoils requires detailed aerodynamic
studies some key points can already be stated:

1) Lower Reynolds numbers because of the small chemdths have to be con-
sidered.

2) For an adequate wing tank capacity and structitrahgth of the wing box the ef-
fective thickness to chord ratio should not be Iothan 0,11.

3) For static longitudinal stability and controllbty the zero lift pitching moment of
the airfoils should preferrably be around zerowarepositive. However, supercrit-
ical airfoils usually have a huge negative pitchingment.

4) The winglets have to provide a certain lift di=fition (see Fig. 7.18), so their air-
foils also have to be chosen taking account ofabeve three points. Here the
transition from one wing to the winglet has to lesigned with care to avoid high
wave drag Khan 2010).

By far these are not all points to be consideredtfe airfoil choice, but those who are differ-
ent compared to the airfoil choice for a converdgidnansonic wing.
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7.10 High Lift Devices and Maximum Lift Coefficient

For preliminary sizing the maximum lift coefficientvere assumed to be 2,95 for landing and
2,1 for take off. These numbers are composed byiftrmefficients of the individual wings.
According to the requirements coming from statiegidudinal stability and controllability the
ratio C_+/C.» needs to reach a certain value higher than 1.mk&ns that the lift coefficient
of the forward wing has to be higher than the tbtiatoefficient of the aircraft while the lift
coefficient of the aft wing is lower.

Regarding a total lift coefficient of 2,95 this seevery challenging. If the ratiG,,/C, , for
cruise is taken, which is 1,74, this would meart tha forward maximum lift coefficient has
a value of 3,75! However, the actual value@¥/C. . under landing conditions still has to be
investigated. Nevertheless it can be seen thdatlwait of the high lift devices is a very diffi-
cult task. Probably the total wing area needs tmbeeased so that the required lift coefficient
for landing decreases. On the other hand the arfethe individual wings may be chosen to
be different, so that the forward wing has a higirela which decreases its lift coefficient. Ad-
ditionally the zero lift pitching moment of the @iaft could be adjusted with the help of other
measures than setting the rafio,/C,, to a certain value (wing twist, contribution oktfu-
selage).

Another approach could be an adaptation of theiomsgquirements§cholz 201). By set-
ting the take off field length to 2200 m, whichtie same as the landing field length, a max-
imum lift coefficient of 2,25 is required. This nmeaa lift coefficient of 2,86 for the forward
wing. All other design parameters remain unchanged.

lezzi 2006conducted a study concerning the preliminary agradhic layout of the high lift
devices of a box wing aircraft. There further aspere mentioned to be considered for the
design of the high lift devices. The most importanes are:

* The interaction between both lifting surfaces lwalse carefully watched.

» The difference in the ternC( n.— C.) of both wings has to be kept to a minimum. Oth-
erwise one wing would begin to stall while the othas not yet exhausted its full lift-
ing capacities. This means that the high lift desiof this wing are oversized.

* Increasing the lift of the front wing could be coemproductive because of the huge
downwash on the aft wing.

(acc. tolezzi 2006

Consequently the aircraft performance at low speedsrery critical point, as is the design of
the high lift devices. Asezzi 2006concludes very few studies have been made oridpis,
so there is a high demand for further investigation
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7.11 Control Surfaces

Because of the presence of two wings which havectimemon types of control surfaces a
whole new set of possible combinations of contwoface deflection arises. Fig. 7.26 shows
an example of possible control surfaces on the svofga box wing configuration, based on
the study performed ilezzi 2006

F - Forward wing
A - Aft wing

L - Left hand side
R - Right hand side

AL

Figure 7.26 Control surfaces and high lift devices on a box wing aircraft (acc. to lezzi 2006)

In Fig. 7.26 only control surfaces are emphasinedhigh lift devices. For the sake of simpli-
city there is no deviation between inner, center auter surfaces. The control surfaces of one
side of one wing are treated as one surf&ugu 1987 gives a short introduction to the pos-
sibilities of maneuvers for aircraft with two wingsd the accordant control surfaces. The
mentioned maneuvers depending on the combinatisarédce deflections are summarized in
Table 7.13. Note that not every possible combimagaaken account of.
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Table 7.13 Maneuvers depending on the combinations of control surface deflection
Maneuver Control surface deflection

fwd left fwd right aft left aft right

fast pitch down up up down down
fast pitch up down down up up

left turn up down up down
right turn down up down up
sideways left up down down up

sideways right down up up down

The most striking possibility is a controlled flighideways, shown in the last two lines of
table 7.13. Of course it is also possible to redheeaotational moments during the maneuvers
by only using one surface (inner, center or oyper)wing, e.g. for low and high speed flight
with the accordant ailerons. Depending on the deplglosophy an option could also be to
allocate all ailerons to the forward wing and ddvators to the aft wing. As shown iazzi
2006ailerons could also be allocated to the all ostefaces while all inner surfaces serve as
elevators.

From this little excursus concerning control sueldt becomes obvious that there is a vast
amount of options for the design of the controlteys Taking account of the small chord
lengths limiting the room where mechanical compéseh the control surfaces can be integ-
rated, the many possibilities of allocating thetoolrsurfaces may mitigate this problem.
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8 Design and Integration of Other Aircraft
Components

8.1 Cabin and Fuselage

At first it was intended to keep the original fuege of the reference aircraft, so that the air-
craft shown in Fig. 8.1 could have been a possiblkewing configuration. But as the invest-
igations concerning static longitudinal stabilitgMe shown the aircraft is very sensitive with
regard to a huge shift of the CG position. Becaiidhis it was decided to design the cabin as
compact as possible so that the CG travel for miffeloading scenarios is as small as pos-
sible. This can be accomplished by decreasing #fenclength, which on the other hand
means that more seats abreast are needed.

The resulting new design of the cabin and the &geels performed with the help of PreSTo
Cabin PreSTo 201) and is presented in the next paragraph.

S AN
m:

riyuic o.1 FUDDINIT UUA WY LULIIYUIAUULL Wil ludciayc vl uié reference aircraft

8.1.1 Layout with PreSTo Cabin

Other than for the reference aircraft the fusele@ss section is supposed to be circular. The
reference cabin accommodates 150 passengers in-aldss-layout with 12 passengers in

business class (four seats abreast) and 138 passengeconomy class (six seats abreast).
For the box wing aircraft the numbers of seats adirevere chosen to be six and eight, so the
cabin accommodates 148 passengers (12 in busitesssand 136 in economy class). The

overall number of seat rows is reduced by six casghéo the reference cabin.

Figure 8.2 shows the fuselage cross section fanaog class (left) and business class (right).
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Figure 8.2 Fuselage cross section for economy class and business class (modelled with PreSTo
Cabin)

It can be seen that there are two aisles. They lbalye the minimum required width of 20
inches EASA 2010 which means a reduction in cabin comfort compacedurrent cabin
layouts. However, for a short range aircraft having aisles this seems to be sufficient. The
presence of a second aisle should also lead ta lbasading and de-boarding times. Because
of the higher fuselage diameter the cargo compantimen accommodate standard LD3 con-
tainers, so transshipping containers from long eaaigcraft is no problem. The huge cross-
sectional area also arises the possibility of desgythe aircraft as a dedicated freighter.

In Figure 8.3 the cabin floor plan is illustrated.
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HHEHHE888885885888

E%EEEEEEEEEEEEEEEEE ]

| HHE88888H88998598=H

Figure 8.3 Cabin floor plan of the box wing aircraft (modelled with PreSTo Cabin)

Behind the cockpit wall there is a galley on tightihand side and a lavatory on the left hand
side. These two are supposed to be used by busilassspassengers. At the end of the cabin
there are two lavatories in front of the aft exitlaone big galley aft of the aft exit. Both exits
are Type A exits. The conformity of the cabin lalyaith certification requirements was posit-
ively checked by PreSTo Cabin. The nose and theveae shaped so that they correspond to
the values proposed I8chmidt 1998given inScholz 1999

The resulting geometry of the cabin and the fuselagummarized in section 8.1.2.
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8.1.2 Final Geometry

Figure 8.4 shows the exit positions and the tataélage lengths. A summary of the fuselage
and cabin parameters is given in table 8.1.
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Table 8.1 Parameters for fuselage and cabin layout
fuselage length 33,1m
fuselage diameter 57m
fuselage fineness ratio (I/d) 5,8
cargo volume a3 m?
(12 LD3 containers)
cabin length 219 m
cabin floor height (above
fuselage bottom edge) 2.57m
12 pax
B/C 2-2-2
36" seat pitch
138 pax
Y/C 2-4-2

32" seat pitch

Compared to the reference aircraft the cabin aedubelage could be shortened by 5,6 m and
4,5 m respectively, which reduces the differenc€E@ positions for different loading scenari-
0s. In combination with the engine position (sedtisa 8.3) the aircraft is well balanced and
should be insensitive to the CG positions resulfiogn all possible loading scenarios. A de-
tailed study has yet to be performed for confiromati
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8.2 Empennage

The empennage is designed as a V-tail so thatahédizers serve as struts for the aft wing to

increase its stability (see Fig. 8.5). The dihedfahe stabilizers is 45°. As discussed in sec-
tion 7.11 the inner surfaces of the wings may heduss elevators, so there is no need for a
separate horizontal stabilizer. This is why thdaes of the V-tail are supposed to function as
vertical stabilizers for the most part which defingeir sizing. Nevertheless the tail surfaces
may also be used as additional horizontal staledize

Y|

Figure 8.5 Front view of the V-tail

Usually the vertical stabilizer is sized dependimgrequirements regarding stability and con-
trollability. In most cases an engine failure ahd tesulting yawing moment is the sizing case
for the vertical stabilizer and the rudder. Howewerthis paragraph a more simple approach
is chosen for a rough and fast sizing. The appraablased on the vertical tail volume which
can be an indicator if the size of the verticdlitasufficient. The volume is given with

V, =S, 1, (8.1)

whereS, is the area of the vertical tail ahdthe distance between the neutral points of the
wing and the vertical tail. The stabilizers of thex wing aircraft are sized in order to get the
same vertical tail volume as for the referenceraftcThis way it is assumed that the size of
the box wing stabilizers is sufficient. Strictlyegking this approach is conservative, because
the engines of the box wing aircraft are very clas¢he fuselage (which will be shown in
section 8.3) which causes less yawing moment ircdse of a single engine failure in com-
parison with the reference aircratft.

With the given geometry of the reference aircriftviertical tail volume is determined to be
about 300 m3%, ca. 19,5 m3|, ca. 15,5 m). For the box wing aircraft the distabetween
the wing neutral point and the neutral point of Wleetical tail has to be determined. Here it is
necessary to know the final geometry of the aitcrafis anticipated from chapter 9. The
neutral point is determined with the help of th& laong sizing sheet where it results from the
investigations regarding static longitudinal st#gilWith this information the distande is
about 12 m. Solving Eq. (8.1) f& and inserting 300 m3 fdry together with the knowh,

the required tail surface is 25 m2. Note that #nesa is the projected area since the tail consists
of angular surfaces (V-tail).
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The V-tail consists of two surfaces which means tie projected area of one surface is about
12,5 m2. Here possible interferences between hotlaces reducing their efficiency are neg-

lected. In combination with the conservative apphoaeglecting the engines being close to
the fuselage this approach is justifiable.

Now the geometry has to be determined so thatdafeined projected area is the result. One
geometrical constraint is the connection of thé gaifaces to the wing, where both are re-
quired to have the same chord length. At the camoepoint the chord length is about 1,9 m.

The other geometry parameters can be determinddtiet help of the equation for calculat-

ing the projected area which reads

S, =05(c y+c.y)]h, . (8.2)

The parameters to be determined are the stablieghthy and the chord length at the stabil-
izer root. The height is chosen so that the rasyhib ratio of the wing configuration does
not significantly exceed a value of 0,2, sinceHmher values aeroelastic problems were dis-
covered Lockheed 1973. Additionally the projected aspect ratio of onertical stabilizer
shall be in the region proposed Bpskam 1985awhich ranges from 0,7 to 2. The chosen
height is 3,4 m resulting ih/b = 0,22 andA, = 1,5. Solving Eg. (8.2) for,v and inserting

all defined parameters gives a root chord lengtl3,8f m. This gives a taper ratio of 0,5,
which is in the range proposed Bpskam 198540,26 to 0,73).

The last parameter which has to be set is the swk#ye stabilizers. According t8oskam
1985ait should be between 33° and 53° for jet transpwdraft. For the box wing aircraft the
sweep also is influenced by the longitudinal positof the aft wing and the length of the fu-
selage. As shown in Fig. 8.6 the stabilizers areptviorward which allows for a sufficient
lever arm. The chosen sweep angle is -30°. Theermgdate indicated to make out 35 to 40 %
of the chord length.

iyure 0.0 owe view vl uie V-tail
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Table 8.2 gives a summary of the basic geometrgrpeters of the V-tail.

Table 8.2 Geometry parameters of the V-tail sized as vertical stabilizer
Svpro (Single stabilizer) 12,25 m2
hy 43m
Avproj (Single stabilizer) 1,51
Civ 1,9
Crv 3,8
Av 0,5
Pasv -30°
lv 12m
Vv 294 m3
8.3 Engines

The box wing aircraft is supposed to have the sanggnes as the reference aircraft, although
the required take off thrust is a bit lower (3,4 @j the two possible engine options the CFM

56-5 engine is chosen. An integration of enginet Wwigher bypass ratios, as it is done with

the current NEO project of the reference aircidfgll also be possible.

The driving factor for the engine position is tletfthat the aircraft has to be well balanced
because of stability requirements. Consequentlyetiggne has to be positioned close to the
aircraft's center of gravity so that the shift lo¢ tenter of gravity during boarding is minimal.
Having a look at Fig. 8.7 two options are identlfie

1) Engines at the tips of the forward wing or onwheglets
2) Engines at the center fuselage

D gooo0o0o0O0OO0OO0OOCOO

Figure 8.7 Box wing aircraft without engines

Option 1 is very unrealistic because of the thingvstructure at the tips or the winglet. Fur-
thermore an integration into the wings could erdaeroelastic problems.
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For option 2 there are two possibilities. At fifstvas intended to have strengthened landing
gear beams for integrating the engines as well tldstwould mean that the engines are posi-
tioned quite low and directly in the downwash oé florward wing. The other possibility is
the integration directly into the fuselage. For hmiiting the passenger view and because of
noise the engines cannot be positioned on theddittee fuselage. Consequently they have to
be on top (see Fig. 8.8).

Figure 8.8 Front view of the engine integration

It can be seen that the engines are carried bym ltegrated into the fuselage. At this point
it has to be decided whether the beam runs thrthuglcabin (similar to the wing of the Avro
RJ) or not (similar to the wing of the ATR 42/7Fpr the current study the first option was
chosen because of expected aerodynamic advantdgesver an additional trade study op-
posing additional drag to more cabin room for oeaxh bins might be necessary. In general
the aerodynamic design of the beam still needetspecified in detail. The span of the beam
was chosen so that engines with higher bypasssratial consequently with a higher diamet-
er, can be integrated. If necessary the span dighen can be still increased.
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8.4 Landing Gear

For conventional configurations with low wings thmin landing gear is integrated into the
wing. However, as it can be seen from Fig. 8.7, @& position of the box wing aircraft
makes it impossible to integrate the main landiegrgnto the lower wing. For this reason the
main landing gear has to be integrated into thelage as it is done for the Avro RJ. Such a
type of integration means that the fuselage isectosthe ground during taxiing, take off and
landing.

Concerning the number of wheels the same numbfar dke reference aircraft is chosen be-
cause both aircraft have a similar maximum takeaotf landing weight. In this study no spe-
cific statements concerning the mechanical desigme landing gear are made. The follo-
wing investigations are limited to the rough pasitng of the main landing gear for sufficient
clearance and tilting stability.

8.4.1 Ground Clearance and Longitudinal Tip Over Staility

The landing gear has to be designed in order ®aticraft to have enough clearance during
take off and landing. For take off the aircraft hageach the necessary pitch angle without
the tail striking the ground. If there are gustyés it could be possible that the aircraft per-
forms unexpected rolling maneuvers. In this caseetinas to be enough clearance so that the
wing tips or wing mounted engines do not strikegheund.

According to Trahmer 2004 the pitch angle before the tail strikes the groshduld be
around 8° to 13° and the angle between the bottbtheowing or engine and the ground
around 6° to 8° (see Fig. 8.9).

T
D)
ca. 6-8°

riyuic o.v Lallullly yEai Idyuut 1Ul SUIHILIETIL YIUUTIU Licadldl ILe (acc. to Trahmer 2004)

The chosen position of the landing gear for the Wwong aircraft is depicted in Figs. 8.10 and
8.11.
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Figure 8.10 Pitch angle at tail strike

Note the longitudinal position of the main landiggar relative to the center of gravity. In Fig.
8.10 the accordant angle is specified with 18°.0kdimg to Roskam 1985bits minimum
value should be 15° so that a sufficient nose dowment is induced during the landing im-
pact.Roskam 1985balso shows that this angle has to have at leastdlue of the angle to
tail strike which assures that there is no riskipbver (sufficient longitudinal tip over stabil-
ity). As Fig. 8.10 illustrates the main landing gezeets this requirement as well. However, it
has to be mentioned that the drawn CG positionieppbd the conditions according to maxim-
um payload and that its vertical position is onlyegsed.

15°

<

Figure 8.11 Wing clearance to ground

Fig. 8.11 indicates that the clearance of the witngbe ground is more than sufficient.

The detailed manner of main gear integration amdrésulting fairings are not discussed at
this point of the study. The dimensions of theifgrare indicated in the drawings.
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8.4.2 Lateral Tip Over Stability

Lateral tip over stability is necessary in orderetesure safe maneuvering on ground and to
compensate yawing moments due to an engine falureg take off Trahmer 2004). For
assessing the lateral tip over stability of anraitcits tilting angle in relation to the line
between nose gear and the left or right main lajpdear has to be determined (see Fig. 8.12).
The requirement for assuring sufficient stabilgyaitilting angle of less than 55°.

right hand main gear

aircraft centre of
gravity

tilt angle < 55°

left hand main gear

./-
-~ nose gear
~

Figure 8.12 Tilting angle for assessing lateral tip over stability (acc. to Trahmer 2004 )

For determining the tilting angle it is necessarknow the coordinates of the center of grav-
ity. Its longitudinal position was already detergiinfor maximum payload. However, its ver-
tical position is only guessed for this investigatilf the real vertical position is higher than
guessed here, the tilting angle will increase. Addally the positions of the nose and main
landing gear are required.

When all these positions are determined it is fdsgo calculate the tilting angle with the

help of analytical geometry. The developed calootaimethod can be understood in Ap-
pendix E. It was implemented into a spreadsheethvban be found on the CD attached to
this thesis. In table 8.3 the input geometry arerésulting tilting angle are given. It shows
that with the current geometry of the landing gearlateral tip over stability is sufficient.

Table 8.3 Input parameters and result of tilting angle calculation
Coordinates (m)

X y z

Center of Gravity 16,4 0 4,7
Nose Gear 5,2 0 0

Main Gear (right) 17,7 4 0

Tilting Angle 54°
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9  Final Aircraft Layout

The final box wing configuration evolved from afl the investigations presented in this thes-
is. The main drivers for the final design are tequirements for static longitudinal stability
and controllability. The layout of the individuar@aft components can be justified with the
descriptions in the chapters 7 and 8. Within themmgraphs alternative designs of the com-
ponents were discussed as well, together withtdipagion of their refusal.

At this point it can be argued if all combinatiarf§ possible layouts should be collected with-

in a morphological matrix. By doing so alternathv@x wing configurations can be found and

assessed more systematically. However, regardmgettpuired effort it was decided to aban-

don such an approach for this initial design st&igce in this thesis a huge part is dedicated
to building foundations of box wing design and talarstanding and interpreting the new as-
pects a systematic assessment of alternative hax warsions is postponed to later studies.

Of course finding the final layout is an iteratipeocess which produces many intermediate
versions which are continuously improved and adhpenewly developed knowledge. The
evolution of box wing versions can be found in Apgie D.2. Their development can be un-
derstood for the most part with the help of theieacs.2.3 as well as the chapters 7 and 8. In
this section only the final configuration is preweh(Fig. 9.1). Scaled and bigger drawings of
the final configuration can be found in AppendixLD.

However, it can already be foreseen that the shoamfiguration will also just be intermedi-
ate. There is enough evidence that several compomneight be changed in order to have a
feasible design. Chapter 12 gives a conclusivaudgon about this topic.
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10 Weight and Balance

After having found the final configuration its mdsss to be estimated to see if it agrees with
the mass predicted in the preliminary sizing. WhHenmasses of the individual aircraft com-
ponents are known, the aircraft's center of grasdty be determined to check if it lies within
the limits coming from the requirements accordiogtatic longitudinal stability and control-
lability. Of course this process is iterative ahé tata for mass and center of gravity were
matched according to all requirements for everygeshange.

10.1 Loading Chart

The loading chart displays the travel of the afttsacenter of gravity for different loading
scenarios. With its help critical loading condisocan be examined, where the CG might ex-
ceed the allowable range.

As already discussed it was emphasized that thelbeenfiguration should be well balanced
because of the stability requirements. This mehasthe loading chart of the aircraft would
resemble Fig. 10.1. It can be seen that passeagdrgargo do not significantly change the
longitudinal position of the center of gravity. Berse of the existence of a forward and an aft
wing it could even be possible to have verticagdirior the CG travel between the maximum
take of mass and the maximum zero fuel weight. Tiéans that the CG would not change
when the aircraft burns fuel, because fuel is takem both wings in an accordant fashion.
But it has to be noted that the permissible CGelréss small compared to conventional air-
craft. This fact is further discussed in sectior21D

A detailed loading chart of the final box wing cigniration is part of further studies.
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10.2 Component Masses and Center of Gravity

The component masses are mostly estimated withangtboming fromTorenbeek 1982
which are collected iBscholz 1999 The results are presented in table 10.1, togetitarthe
individual CG positions. Detailed information redig the results, input parameters, calcula-
tion methods and assumptions can be found in Appdéna.2.

Table 10.1 Component masses and center of gravity positions
Component Sub-component Mass Xce (M) from

(kg) nose

Fwd wing 6704 11,3
Wings Aft wing 5009 24,8
Winglets 1000 17,9
Tall surfaces 2197 27,7
Mok Fuselage 7800 14,9

) Nose gear 433 5,2

Myize Landing gear ]

Main gear 2450 18
Mo Engines (incl. nacelles) 6500 17,7
Systems + op. items 9240 14,9
Pax 13950 14,6

Payload

Cargo 6050 16
Fwd wing tank 4905 11,3
Aft wing tank 4157 24.8

Fuel

Fuselage tank 2106 12,2
Tail/trim tank 1000 27,7

Table 10.2 gives a comparison of the masses neguitom the preliminary sizing and those
coming from the estimation shown in table 10.1.

Table 10.2 Comparison of masses according to preliminary sizing and mass estimation
Mass Preliminary sizing Mass deviation Reference Deviation of box wing
estimation Aircraft from reference
(kg) (kg) (%) (kg) (%)
Moe 41383 41333 -0,12 40500 2,23
Mzr 61383 61333 -0,08 60500 1,38
Muro 73245 73501 0,35 73500 0

Table 10.2 shows that a sufficient number of iteret was performed for a mass agreement
of both methods. Now the maximum take off mas$efliox wing aircraft is practically equal
to that of the reference aircraft. The operatingpgmmass is 833 kg higher according to the
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weight estimation of this paragraph. However, thasmbers do not consider the constructive
design of the tail and the wing-winglet-connectio@encluding from section 7.6.6 it could be
possible that the operating empty mass increasastbe detail design has been done.

With the help of table 10.1 the overall CG positairthe aircraft can be determined. The gen-
eral equation is

Z M- Xcg i
Xeg = A . (10.1)

S

According to the given data in table 10.1, the lardjnal CG position is at 16,4 m, which is
within the permissible CG range coming from stépilrequirements (compare section
10.2.1).

The CG data are based on the maximum take off weigdh cruise flight. It is indispensable
to investigate the CG position and the permissiid& range for other flight conditions and
loading scenarios. This however has to be donerthdoming studies.
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10.2.1 Permissible CG Travel

The method for the determination of the permissiiXe travel according to requirements of
static longitudinal stability and controllabilityas discussed in section 5.2.2. The result was a
forward and an aft limit of the CG position. Thestdnce between these two limits is com-
monly expressed in percent of the mean aerodynahtd, whose calculation was shown in
section 4.4. Because of the special wing charatiesi of the box wing aircraft, the mean
aerodynamic has only about half the length of dfidlhe reference aircraft.

Usually the permissible CG travel is desired t2Be25% MAC for passenger transport air-
craft (Torenbeek 1982. This percentage is only valid for aircraft wahconventional wing.
Transferring the requirement to the box wing aiftcrinis would mean that the CG travel is
desired to be about 40-50% MAC.

For cruise the following data (table 10.3) wereedmined with the help of the sizing spread-
sheet. The individual lift coefficients are giventhe table because they strongly influence the
permissible CG travel. The data of the spreadsdreegiven in Appendix F.2.

Table 10.3 Permissible CG travel in cruise condition with muro
MAC (m) Cis CL2 Xce,fwd (M) Xcaaft (M) AXxcs (% MAC)
1,92 0,96 0,55 15,9 16,8 48

It needs to be mentioned again that these datardyevalid for cruise flight with maximum
take off weight. The CG envelope for other flightddoading conditions is yet to be investig-
ated. Furthermore the total lift coefficient wasén to be about 0,75, which is about 0,1
lower than the lift coefficient for minimum dragub to the amount of iterations to find the fi-
nal maximum take off weight the total lift whichettstability calculations refer to is about
1,5 % lower than required for carrying the finabamaum take off weight.
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10.3 Mass Decomposition

In this paragraph the composition of the maximuketaff mass and the operating empty
mass of both the box wing and the reference atraraf compared. This is useful to illustrate
the effect of the higher glide ratio of the box giconfiguration as well as the higher wing
mass. The type of visualization is basedSAWE 2011 The resulting chart is presented in
Fig. 10.2.

Box Wing Reference
Payload Payload
2% 27%
Maximum
Take Off Mass Operating Empty opm;;!; Empty
Mass 550
56%
Fuel Mass Fuel Mass
17% 18%
Tail Tail
Gear 5% Gear 55, Wings
7% 8% 16%
Wings
3%
Engines
16% N
. Engines
Operating 21%
Empty Mass Fuselage
26%
Systems and Fuselage
Furnishings 19% Systems and
22% Furnishings
24%
riyuic 1u.c LTULUITPUDILULT UL UIT HHIAATTIUTTL LART Ul Allu UIT UpTiallly THIPLy 1ias>

At first it needs to be mentioned that parts of diperating empty mass of the reference air-
craft originate from manufacturer data, others westmated with the help of the methods
used in section 10.2. So the shown percentaged slightly deviate from the actual ones.

The differences in the decomposition of the maxintake off mass are relatively small. They
occur because of the lower fuel consumption ofltbe wing aircraft. When looking at the
operating empty mass it can clearly be seen tleawihgs of the box wing configuration ac-
count for a huge part of the operating empty méks.wing and the fuselage normally make
out about 50% of the operating empty m&AWE 2011). This ratio applies to the box wing
configuration. For the reference aircraft only 4@%count for wings and fuselage, so they
seem to be constructed in a very good way.
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11 Performance of the Final Configuration

In this paragraph performance investigations arelgoted based on cruise conditions. Con-
siderations for other flight phases have to be plitrthcoming investigations.

11.1 Final Zero Lift Drag

As discussed in section 4.2.1 the zero lift dragfft@ent is estimated by using the method
based on the equivalent skin friction coefficiemeégented inScholz 1999 The accordant
equation is

Cpo=Cp—= . (11.1)

The wing area is known from the aircraft geometrgl the equivalent skin friction coefficient
can be estimated from statistics. The only parametbe determined is the total wetted area
of the aircraft. It is composed of the wetted arefthe individual components. These com-
ponents are the fuselage, wings and winglets, Istats, engine nacelles and the beams sup-
porting the engines. So the equation for calculgtine total wetted area is

S =S

“wet

we1,F+Swew,W+Z'Swew,Stat+2'Swe1,N+2'Swe1,B . (112)
The individual wetted areas are determined in tlewing paragraphs with the help of the
methods collected ischolz 1999 The geometry parameters needed for the calcalaie
taken from the drawings in Appendix D.1.

11.1.1 Wetted Area of the Fuselage

The fuselage is a conventional one with a cyliradreznter part (compare drawings in chapter
9). According tolTorenbeek 1982ts wetted area is calculated with

o |23 1
SNet,F:”'dF'lF'(l_/TF) '(1+7

F

(11.3)

where s is the fuselage fineness ratio which is simply tago I-/d-. According to section
8.1.2 the fuselage diameter is 5,7 m and its leB8thh m. With these values the wetted area
of the fuselage is 460,6 m2.
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11.1.2 Wetted Area of Wings and Winglets

According toTorenbeek 1982the wetted area of a wing is determined with

ty 1+7-4
SNet,W: 2'Sexp'(1+0,25(—) ’ : (114)

¢ 1+

wherer = (t/c)/(t/c). and/ is the taper ratio. The parameters needed fotdlwilation and the
results are given in table 11.1.

Table 11.1 Wing parameters for calculating the wetted area of the wings
Parameter Forward wing Aft wing Winglet
Sexp (M?) 50 61 8,6
(t/c) 0,15 0,15 0,11
T 0,733 0,733 1
A 0,24 0,8 0,44
Svet (M2) 103,6 126,0 17,67

The total wetted area of all wings is then caladawith

Slvet W ( Swet ,W) fwd + ( Swet ,W)aﬂ +2 Swet ,winglet (11 ' 5)

which results irSuew = 265,0 m2,
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11.1.3 Wetted Area of the Stabilizers

The two stabilizers are treated as wings whoseedeitea is determined according to Eq.
(11.4). The real half spans./2 of one stabilizer is calculated with the helpitsfprojected
half spanbsiwnr/2 and its projected heighiswan. Both can be taken from the three view
drawings in Appendix D.1. The accordant equati@use

bStab — \/ bStab,proj
2 2

Both the projected half span and the projectedhteage 4,2 m, so the real half span of one
stabilizer is 5,94 m. The thickness to chord ratighe root is assumed to be 0,15. The root
chord length is about 3,6 m, the tip chord lengtabout 1,8 m, so the taper ratio is 0,5. With
these numbers the exposed area is determined 1%,0em?. The ratia is assumed to be
unity. According to Eq. (11.4) the wetted area 10¢ gtabilizer consequently is 33,3 m2.

2

+h 2 (11.6)

Stab , proj

11.1.4 Wetted Area of the Nacelle

Since the contribution of the nacelles to the tatetted area is quite small, the equation pro-
posed byTorenbeek 1982seems to be too detailed for the purposes of uhemt investiga-
tion. Instead the nacelles are regarded as simpileders whose wetted area is calculated
with

Swern = 21l (11.7)

The length of one nacelle is estimated to be 4#&nhits average radius to be 0,9 m. Accord-
ing to these numbers and Eqg. (11.7) the wettedfamae nacelle is 25,4 m2.

11.1.5 Wetted Area of the Engine Beam

In section 8.3 it can be seen that the engine beasesnble small wings having a huge thick-
ness to chord ratio. Of course this comparisomlg made with regard to the geometry, not
to the function. This is why Eq. (11.4) can be usedetermine the wetted area of the engine
beams. One beam has a half span of about 2,8 apea tatio of 1, a chord length of 1,4 m
and a thickness to chord ratio of about 0,27. Cqusetlyz = 1 andS., = 3,9 m? and finally
the wetted area of one beam is 8,3 m2.
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11.1.6 Total Wetted Area and Zero Lift Drag Coefficent

The calculated wetted areas of the individual comepds and the total wetted area of the box
wing aircraft according to Eq. (11.2) are summatizetable 11.2.

Table 11.2 Wetted areas of aircraft components and total wetted area

Component Wetted Area (m?)
Fuselage 460,6
Wings 265,0
Stabilizers 66,6
Nacelles 50,8
Engine Beam 16,6
Total Wetted Area 859,6

With a wing reference area of 122 m? the r&ig/S becomes 7,0This is quite a high value
compared to values of 6 to 6,2 for conventionalgport aircraft.

For the reference aircraft the skin friction coa#nt is assumed to be 0,003, so this value is
used for the box wing aircraft as well. Hence, vitik help of Eq. (11.1the zero lift drag
coefficient is 0,021 which is a bit higher than the value initiallysamed.
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11.2 Final Glide Ratio

11.2.1 Maximum Glide Ratio

The maximum glide ratio is determined with the hefpgthe preliminary sizing spreadsheet
(Scholz 2008. Based on a span efficiency factor of 1,17, anivedent skin friction coeffi-
cient of 0,003 and a relative wetted area of 7edntaximum glide ratio is 20,39. The one of
the reference aircraft is given with 17,88, whickams anncrease of 14 % According to
Eqg. (5.9) an increase of 17,3 % is expected. Tfierdnce occurs because of the zero lift drag
of the box wing aircraft determined in section 1WHich is higher than that of the reference
aircratt.

11.2.2 Glide Ratio vs. Cruise Lift Coefficient

With the help of Eq. (5.3) the lift coefficient foninimum drag is defined to be 0,86. It will
not be possible to keep this lift coefficient dgyicruise during usual flight operations because
of traffic restrictions. But as it was mentionedidre, because of the high span efficiency
factor the range of lift coefficients for high ghidatios is relatively wide. As figure 11.1 illus-
trates the aircraft will still have glide ratio al20 (2 % loss of efficiency) for lift coeffi-
cients from about 0,7 to 1,05. If we assume theesérss of efficiency for the reference
aircraft (see dotted line in Fig. 11.1), the ramfeccordant lift coefficients would be from
about 0,6 to 0,85. However, it is not certain yehe lift coefficients mentioned for the box
wing aircraft are attainable with regard to stédigitudinal stability.

Note that these considerations neglect pressuredira to separation at high lift coefficients
and wave drag.

Evs.C_

Box Wing

15 =
/ - - — - Reference
E 10

------- Reduced
4 Efficiency for
Reference

0 0,2 0,4 0,6 0,8 1 12 14
Co >

Figure 11.1 Glide ratio depending on the lift coefficient during cruise
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11.3 Final Idealized Drag Polar

The idealized drag polars of the box wing and #ference aircraft (Fig. 11.2) are shown just
to illustrate the better performance of the boxgvaircraft and its higher zero lift drag. The
polar is not needed for further calculations, sitiee determined glide ratio is the reference
value for aircraft performance.

Idealized Drag Polars

1 r
-~
"
7

~
0,75 /L
7
VA
0,5 Vil
/ Box Wing
0,25 /
C 0 / — — Reference

Co —» .
Figure 11. galized drag porars or the box wing and the reterence aircraft
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11.4 Payload-Range Diagram

The payload-range diagram shows the range of ttoeadti depending on different loading
scenarios. The determination of the payload-ranggram of the final box wing configura-
tion is presented in the following sections.

11.4.1 Basics

The general composition of the payload-range dragsashown in Fig. 11.3.

A MZFW limited

max. payload

payload at max. range

payload

D
=L >
el ~
range range at range max. | | ferry
maximum | | atmax. | |range| | range

payload | |passenger
load

MIYyuis 11.v ITHTIal LUITTPUSILULL VI UIS payivau-ialiys uiayladm (SChOlZ 1999)

It is composed of three straight lines. The lin@rpoint A to point B gives the range for
maximum payload, the line from point B to point @ag the range depending on the payload
which is limited by the maximum take off mass. Bolonger range the payload is reduced
and replaced by additional fuel. This is limited e maximum fuel capacity of the aircraft
which is reached at point C. Point D results frdpmf with maximum fuel and no payload,
which gives the ferry range.

The range for each scenario is calculated withhéflp of the Breguet range equation. Its de-
rivation and application is summarizedScholz 1999A short description with assumptions
and the required input parameters are given inasetf.4.2.
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11.4.2 Breguet Range Calculation

In general the range is calculated according tdahewing equation:

ml
R=— BR-In?]O , (11.8)

whereBr is the Breguet range facton, andm, are the masses of the aircraft at the beginning
and at the end of the investigated flight segmgné difference between these two masses is
the burned mass of fuel, so:

my = My—Mg . (11.9)
For cruise the Breguet range factor is given with

_ _L/D-v
" SFCrg

(11.10)

Here it is assumed that the glide ratio, the craseed and the specific fuel consumption re-
main constant which is a reasonable assumptiorinitie scope of this thesis. According to
the preliminary sizing spreadsheet (Appendix F.1hg)chosen cruise speed is the speed for
minimum drag, so cruise takes places at the maxigiide ratio of 20,39. The cruise speed is
224,3 m/s, the specific fuel consumption is 16,3(Mg).

With these numbers the resulting Breguet rang@fdot cruise is 2,85¢-10" m. This factor
is assumed to be constant. Actually this meansttietircraft slowly climbs during cruise
and constantly adjusts the cruise Mach numberadlie cruise speed remains constant.
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11.4.3 Range and Mission Segment Mass Fractions fieglaximum Payload

The data for maximum payload have already beerrdeted during the preliminary sizing.
Actually the accordant range calculation was usétinvthe preliminary sizing spreadsheet
to size the aircraft. The calculations shown iis firagraph are based on this spreadsheet and
the relating documentatiois¢holz 2007 and are presented in order to provide a basithéor
range determination for the other loading scenggestions 11.4.4 and 11.4.5).

According to Eq. (11.8) the mass rati@/my, is required for calculating the total flight dis-
tance, which is the ratio of masses at the endaamide beginning of the flight. Note that the
resulting flight distance is different from the genshown in the payload-range diagram. The
ratio my/my can be determined with the help of the missiommseyg mass fractions of all flight
phases. The relating equation is

T D My Mg e (11.11)
My My ' '
with
Mt a=Mg 1oMg ceMi ceMi pes Mg L (11.12)
and
M ree= My cle'M s res'M i Lo'M 1 pee (11.13)

Ms,sta IS the fuel fraction for a standard flight. Thesim range is taken account of by the
cruise mass fractiollscr. M#,res IS the fuel fraction because of required resenet for reach-
ing an alternate airport and loiter time. It is drapized that acc. to Eq. (11.11) the aircraft
also uses all reserve fuel for the flight. Thistfscimportant for the calculations in sections
11.4.4 and 11.4.5. The mission segment mass fracfar the phases take off, climb, descent
and landing are given in table 11.3. The cruisesnfi@tion is determined with the help of the
defined design range of R = 2870 km. Solving equati1.8) for the mass ratio gives

(11.14)

Inserting the design range and the already detexdniBreguet range factor results in a cruise
mass fraction of 0,904. The same method is apph@adlculate the mass fraction for the extra
flight distance to an alternate airport includirggerves. According t8cholz 2007this dis-
tance is given with 657,5 km. Using Eq. (11.14)rdlating mass fractioNliresis 0,977.
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The loiter requirement is that the aircraft shatfprm a loiter of at least 1800 s. The mass
fraction for this time of flight can be determinetth the Breguet endurance equation. It reads

ml
t=—|3t-|nR , (11.15)

whereB; is the Breguet endurance factor, which can bautatied with

B
B = TR : (11.16)

So for the given cruise conditions the Breguet emdce factor is1,2751C° s. Solving Eq.
(11.15) for the mass ratio yields

m _
L= (11.17)
my

Loiter time is 1800 s, so the mass fraction foreioMy o, is 0,986.

Now all required mission segment mass fractionehasen determined. They are summar-
ized in table 11.3.

Table 11.3 Mission segment mass fractions for flight with maximum payload
Mt engine 0,999
Mt taxi 0,996
Mto 0,995
MtcLs 0,995
Mr.cr 0,904
Mt pes 0,992
M. 0,992
MtLon 0,986
M res 0,977

Acc. to Eqg. (11.11) the resulting mass ratio far thtal flight is 0,838.
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11.4.4 Range for Maximum Take Off Mass and Maximum Eel

This scenario equals point C in Fig. 11.3. At fite¢ fuel capacity of the aircraft needs to be
known. With the help of Eq. (7.5) the fuel capa®fythe forward wing was estimated to be
4905 kg and that of the aft wing to be 4157 kg. iiddally a trim tank accommodating
1000 kg of fuel is assumed. For having enough ifuerder to fulfil the design mission, it is
necessary to integrate additional tanks into tiselge. Their volume is supposed to be equi-
valent to two LD3 containers, resulting in 6700ekgra fuel.

Consequently the total fuel capacity is 16762 Kge Permissible payload is determined with
MpL = Myro™ Moe— Mg (11.18)

According to the weight estimation of table 10.2 tlesulting payload is 15406 kg. The total
mass at the the end of the flight is

my = Mp +Moe (11.19)

which is 56739 kg. As mentioned in section 11.4i38 assumed that the aircraft also uses all
fuel reserves for the flight [compare Eq. (11.1T)is is why the landing mass does not in-
clude any fuel.

The take off weight of the aircraft is the maximuake off weight (73501 kg). The ratio
m./myo then gives 0,772. Compared to the value of 0,888light with maximum payload
the trend of an increased range can already be made

As stated in section 11.4.3 the range of the dirdepends on the cruise mass fraction. Since
all other mission segment mass fractions remaisteom and the total mass fraction/myo is
known, the cruise mass fraction can be calculayesblving Eq. (11.11) foMcr This yields

m,
Mo Mg resM i 10 M i ceM i pesM L

: (11.20)

Mﬁ,CR:

giving a cruise mass fraction of 0,832. Accordiadgety. (11.8) this equals a range of 5247 km.
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11.4.5 Ferry Range

The ferry range is determined by assuming thatahks are completely filled and no payload
Is transported. Here the take off mass is lowen tha maximum take off mass, since now

My = Mo+ M (11.21)

which gives a take off mass of 58038 kg. Accordimd=q. (11.19) the massa_at the end of
the flight is the operating empty mass of 41333 Kgs results in a ration/myo of 0,711.
Corresponding to Eg. (11.20) the cruise mass traatonsequently is 0,767. With Eq. (11.8)
the ferry range is calculated, resulting in 7580 km

11.4.6 Results

The resulting data are summarized in table 11.4 fhating payload-range diagrams are
presented in Fig. 11.4. For comparison the paytaage diagram has been determined for the
reference aircraft as well using the same methsd®rathe box wing aircraft. The calcula-
tions were performed with the help of a little ssmeheet (Appendix F.3). It also contains the
data of the reference aircraft used for determiitmgayload-range diagram.

Table 11.4 Results of the payload-range calculations
Scenario Box Wing Reference

Payload (t) Range (km) Payload (t) Range (km)
Max Payload 20 2870 20 2870
Max Fuel 15,4 5247 14,4 5313
Ferry Range 0 7580 0 7480
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Payload-Range Diagram
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Figure 11.4 Payload-range diagram

As intended both aircraft have the same range Wiiigrg with maximum payload. For flight
with maximum fuel and maximum take off mass thegeanf the box wing aircraft is insigni-
ficantly lower than that of the reference aircr&fthat is more important in this segment of
the chart is that the box wing aircraft is ablec#éory a higher payload (1 t more). This is be-
cause of its higher glide ratio and the circumstathat its tanks have less capacity than those
of the reference aircraft. This means that the wimg aircraft carries more payload when its
tanks are completely full, taking account of thet fdnat the maximum take off mass of both
aircraft is the same. A further reduction of pagoasults in the box wing aircraft having a
slightly higher range. It can be concluded thatltveer fuel capacity of the box wing aircraft
is more than just compensated by its higher gdie.r
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12 Conclusion and Outlook

The conceptual design of a medium range box wingadt was performed and its perform-

ance was compared with a reference aircraft wighhilp of simple methods. For this the box
wing and the reference aircraft were chosen to lihgesame design mission. As expected
savings in fuel consumption could be confirmed,chithiave a magnitude of 9 %.

The approach of the study was to apply the metlddsrcraft design to the unconventional

configuration, starting at mission requirements anding with an assessment of aircraft per-
formance. In order to do so it was necessary talchieese methods with regard to their ap-
plicability. This is why the special characteristiof the configuration regarding aerody-

namics, flight mechanics, structural layout andgiesynthesis were investigated in detail.

Considering aerodynamics it was shown why the bmgwonfiguration allows for signific-
antly reducing the induced drag. Since one wingieaonly about half of the total lift, each
of the two wings produces only quarter the indudesty of a comparable and conventional
reference wing. Here it is important not to conftlee aerodynamic characteristics of the indi-
vidual wings with those of the whole aircraft. Tlife distribution of the winglets further de-
creases the amount of induced drag. A method wesepted how to determine the induced
drag as well as the span efficiency of the wingfigomation. Additionally it was examined
how much the induced drag increases when both wdngsot generate the same amount of
lift. Next to these investigations it was showntttiee lift curve slope of the whole aircraft is
slightly higher than that of the reference aircrhftthis context the downwash of the forward
wing plays an important role. Additionally a contensial discussion about the stall character-
istics was performed, leading to the conclusion the effects due to downwash and vorticity
complicate an assessment. A definition of the maamdynamic chord was given as well
which showed that it has only about half the valieonventional wing configurations with
comparable geometry.

As observed in literature the requirements forimaittg static longitudinal stability and con-
trollability are hard to achieve. It was found thet the positive zero lift pitching moment ne-
cessary for having a stable aircraft is difficaltdbtain because initially it was assumed that
balancing the pitch attitude is done only by bdtithe wings. This is why a horizontal stabil-
izer was not considered in the analysis which mlesithe positive zero lift pitching moment
for conventional configurations. The solution igiierence in lift coefficients of both of the
wings, meaning that the forward wing has a higloeffacient than the aft wing. This way it is
not necessary to manipulate the zero lift pitchimgment of the wings or the fuselage. Anoth-
er conclusion from the performed analysis of statgitudinal stability and controllability is
that the permissible CG travel is smaller compaoecbnventional aircraft which demands for
a well-balanced layout.
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From a general examination of the cruise lift coedht for minimum drag it was reasoned
that due to the higher span efficiency the box vairgraft has to fly at very high altitudes for
maximum glide ratio (ca. 13 km).

The preliminary sizing of the aircraft was basedpanameters coming from the reference air-
craft and those who were determined according écctinclusions from aerodynamic invest-
igations. The required zero lift drag was determingth the help of the relative wetted area,
which was evaluated based on the final aircraftrggoy. At this point the iterative nature of
the design process becomes apparent. The relagitedrvarea is about 7,0. Normally a value
from 6,0 to 6,2 is assumed. The increase is mosthause of the V-tail, the engine beams and
the winglets. The span efficiency during cruise watermined to be 1,17, that for landing
0,96. The resulting maximum glide ratio is 20,38jaka means an increase of 14 % compared
to the reference aircraft. The mass ratios needegreliminary sizing were adjusted so that
the resulting masses comply with the masses cofnimg a more detailed mass estimation.
This way it was found that the aircraft has the sanaximum take off mass as the reference
aircraft while the needed fuel mass is decreasetDis. The lower fuel mass is compensated
by a higher operating empty mass, for the most Ipacause of a significantly heavier wing
configuration.

A whole chapter was dedicated to the design ofatimg configuration. It was stated that the
requirements for transonic design are in conflithwhose for structural design, since tran-
sonic wings demand for low thickness to chord satidile higher ratios allow for a lower

wing mass and for a higher wing tank capacity ak. ke small chord lengths of the wings
intensify these issues. Consequently the wings bale a tank capacity of 9,1 t which is
more than 50 % less than that of the reference .wihg is why additional fuselage tanks
having the volume of two LD3 containers are intégglainto the fuselage. The software
Frameworkwas used to assess the wing internal loads. Tlowedd a more precise estima-

tion of the wing mass which resulted in a massiBagmtly higher than that according to the
Torenbeek estimation. A discussion of control stearevealed the many possibilities of
maneuvering the aircraft. However, the small wingahsions make the integration of the ac-
cordant mechanical components very challengings Hpplies for the high lift devices as
well. The final wing configuration comprises symnelly swept wings (28°/-28°) and taper

ratios roughly adjusted for optimal lift distribati (1; = 0,24,1, = 0,8). The lower wing has a

dihedral of 6° for providing sufficient lateral bihty.

The fuselage was designed in order to comply wighgensitivity of the aircraft towards CG
travel. The cabin is 4,5 m shorter than the refegecabin. For accommodating the same
amount of passengers as the reference aircrafiathie was widened in order to have 8 seats
abreast. This demands for a second main aisle.egqaestly the fuselage is 5,7 wide, which
allows for the cargo compartment to accommodatadstal LD3 containers. Overall the
cargo capacity is assumed to be 43 m3 while thHtefeference aircraft is 37 ms.
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The empennage is a V-tail which is supposed toydhe aft wing. For the most part it func-
tions as a vertical stabilizer, but it could algoused as additional horizontal stabilizer. How-
ever, because of the angular surfaces a huge iatabdrea is needed. The engines are
integrated in the middle of the fuselage, closth&center of gravity, on order to attain a well
balanced aircraft. The landing gear is integrated the fuselage because the positions of the
wings do not allow an integration into the wingsride the fuselage is close to the ground
which might facilitate the process of loading cargo

All in all the box wing configuration can be furtheptimized. For example an equal division
of lift between both wings would make the maximuinderatio about 17 % higher than that
of the reference aircraft (currently 14 %).

It has to be emphasized that the results of thidysare based on methods and assumptions
which have to be checked and confirmed with the loélmore dedicated investigations. The
field of future research is very wide. In the feliog the topics to be examined more detailed
are listed.

 Effect of the ratio of the constant to the elliptipart of the lift distribution on aerody-
namic performance

» Examination of the effects of upwash, downwashaimdy tip vortices

» Confirmation of the determined span efficienciadiglratios and their dependency on
dihedral and unequal lift distributions betweenhbetngs

» Drag for cruise speed, esp. wave drag

* Inclusion of thrust effects and the horizontal 8iaér in the analysis of static longitud-
inal stability

* General investigations concerning static longitatlistability for other flight phases
than cruise

« Static lateral stability in detail

* Flight Dynamics

» Exact positions of the center of gravity, incl. tieal position

« Aircraft performance and CG margins for other ftighases than cruise

* Load and trim chart

* Further validation/improvement of the method fongvimass estimation

 Structural analysis of the wings including jointglaconnection to vertical fins

* Aeroelastic phenomena

» Systems layout and integration

 Direct operating costs

* Ground handling

* Investigation of stretched/shrunk versions

» Systematic assessment of alternative box wing messi
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Appendix A

Definition of the Mean Aerodynamic Chord

The following definition will be used for furthepnsiderations:
Adams 1959(Aeronautical Dictionary)

“The chord of animaginary rectangular airfoil that would havepitching moments throughout
the flight range the same as those of an actudb#ior combination of airfoils under considera-
tion, calculated to make equations of aerodynawicefs applicable.”

This definition is interpreted this way:

The mean aerodynamic chord is the chord of a rgatanwing generating the same pitching
moment as the original wing configuration.

A.1 Length of the Mean Aerodynamic Chord

The length of the mean aerodynamic chordepends on the definition used for the calcula-
tion. In the following two methods are presented.

Method 1

Calculation with the standard formula

At first the equation for calculating the mean agreamic chord of a conventional double
trapeze wing is derived. The approach of this @iiw is then applied to a box wing config-

uration.

The general equation for determining the lengtthefmean aerodynamic chord reads

J clyy?dy . (A1)

(Scholz 1999
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Conventional configuration

A conventional double trapeze wing is shown in RdL. The inner wing having the ar&
and the outer wing having the ai®aare separated by the kink.

The total wing area is

Stot = Si—’_s‘o . (AZ)
L Ywmac
Br | 77\ Poso
! O
s S
; it A
3 A a.c. Ck leading edge
i 1 C
o “MAC
i AT
b Yk A
7 y Cy
center \ine} trailing edge
‘ b/2
root fuselage Kink tip
Figure A.1 Conventional double trapeze wing (Scholz 1999 )

Additionally each partial wing has its individualriction of chord lengtle(y). So we have
ci(y) andc,(y), wherey is the span position. In order to calculate thaltMAC of the whole
wing it is at first necessary to determine thewrdlial MAC of each partial wing.

Using Eqg. (A.1) we get

2
c=<Jcly’dy (A3)
10
and
2 b/2
c= J coly’dy . (A.4)
0 Yk

Sincec;(y) andc,(y) are knownC;, andC, can be determined easily. Note that per defini-
tion the mean aerodynamic chord refers to the clesrgth of an imaginary rectangular wing
having the same qualities as the original wingtl&ofollowing considerations base on these
rectangular wings having the constant chord lengtled C, (see Fig. A.2).
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gl
3

Figure A.2 Imaginary rectangular wings substituting the original inner and outer wing

Now the equation for the total MAC can be formutbéec. to Eq. (A.1):

2 Y b/2
C= ) Ci( )Zd + Co( )Zd
515 { y)*dy { y)*dy
with
c,(y) =c, = const
and
c,(y)=c, = const
So Eq. (A.5) simplifies to
—_— 2 . 2- 2. ——
C S|+SO CI yk+ C_o (2 yk)
Introducing the areas
~i quk
and
b
So = 2-00(§—yk)
leads to the equation
_ S ¢+S,¢,

S+S,

(A.5)

(A.6)

(A.7)

(A.8)

(A.9)

(A.10)

(A.11)
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Box Wing Configuration

For the conventional configuration a double traperegy was considered. These are in fact
two wings arranged next to each other. For a baxgwdonfiguration still two wings are
present, but now arranged one after another (gpAR).

ya Wing 1 Wing 2

T -

©
o

~ Zf\ ~ Z/\ NN N \:\ \\ fuselage
7777777777777777777777777777777777777777777777 >
X

Figure A.3 Box wing consisting of two trapezoidal wings

As it was shown for the conventional wing, the MAfCeach individual wing needs to be cal-

culated first:
b/2

2

o=+ Jalydy | (A.12)
1 0
2 b/2

c,= §f c,(y)dy . (A.13)
20

Now the original box wing configuration can be dithsed by two rectangular wings having
the individual constant chord lengtAsandC, (see Fig. A.4). The equation for the total
MAC reads

o= = J [Gly/+caly)ldy (A14)

with
S=S8,+S, . (A.15)

Eq. (A.14) can be written as follows:
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2 b 2 b

2
C= —-C +=C
Sl+82 ( 2 1 2 2 )
By introducing the individual wing areas
S =bc
and
S, =bc,
we get
_ S+ 5,6,
O StS,

which is exactly the same correlation as for thevemtional configuration.

y4 Wing 1 Wing 2

AR RGN SR N NN fuselage

Figure A.4 Imaginary rectangular wings substituting the original forward and aft wing

(A.16)

(A.17)

(A.18)

(A.19)



156

Method 2
Calculation based on the consideration of pitchingnoments(compareAdams 1959

The general equation of the pitching moment of mgws
M=gq,C, ST . (A.20)

For a box wing aircraft the total wing pitching memnt is the sum of the respective pitching
moments induced by each wing. It is assumed thabdth wings the coefficient of pitching
moment is the same, so the total pitching momedse

M = 0.Cy (S:6+8,6;,) . (A.21)

According to the definition iMddams 1959the total pitching moment shall also be generated
by an imaginary rectangular wing having the cherththc , thus:

M= a.Cy S =a.Cy(S+S,)T . (A.22)
Equating the two latter equations and substitufiimge results in Eqg. (A.19) shown above.
Conclusion

Both methods lead to the same result. Thus inthi@sis the length of the mean aerodynamic
chord of a box wing aircraft is calculated accEtp (A.19):

S, c,+S,¢C,

Srs (A.19)
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A.2 Longitudinal Position of the Mean Aerodynamic Clord

For purposes of weight and balance as well astéilgy considerations it is necessary to de-
termine the longitudinal positior of the mean aerodynamic chord, which derives from t
position of the total aerodynamic center of thegmionfiguration. The method presented be-
low is based on an analysis of the pitching monoérihe aircraft about its center of gravity.
For the examination oX it is sufficient to take account of the pitchingpment induced by
the wings. Moments generated by the engines ofudelage for example can be neglected.
This simplification can be justified with the faittat the mean aerodynamic chord of a box
wing aircraft is the chord length of an imaginaegtangular wing which substitutes both ac-
tual wings in terms of forces and moments. Duehts $ubstitution the influence of the en-
gines and the fuselage remains unchanged.

Fig. A.5 illustrates the considered forces and musyeas well as their substitution. The dis-
played relations are described in the following.

L Keoac
- Actual
Lift Vectors and
d{ M, ; Pitching Moments
Ny
CG

bﬂ
>
8
&
l
I_
=

A ® Aerodynamic centre(s)
tot
(XCG AC)tot
Substitution
< " %
Figure A.5 Actual forces and moments acting on the box wing aircraft and their substitution

In reality there are two lift vectors and two pitap moments induced by both wings. They
act on the aerodynamic center (AC) of each winggclvis assumed to be at 25% MAC of
each wing. The longitudinal position of each AGeapresented by the variabbe-§.ac)i. For-
mulating the equilibrium of moments about the ceofegravity yields

Mcs =M+ L (Xee-acht Mo+ Lo(Xeeonc), - (A.23)
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Now all induced forces and moments are combinesh®substitute force and one substitute
pitching moment which both act at the total aer@ohgit center of the whole wing configura-
tion. The longitudinal position of the total aerodynic center is assumed to equal 25% of the
total mean aerodynamic chord. The equilibrium ofmeats based on the substitution reads

Mce =M+ Ltot(XCG—AC)tot . (A.24)

Evidently the total pitching mome,, induced by the substitute wing is a superpositibn
the two pitching momentdl; andM, induced by the two actual wings, thus:

Mg=M+M, . (A.25)

Considering this condition, combining Eqgs. (A.23hda(A.24) and substituting for
(Xceacho finally yields:

L,(x +L,(x
(XcefAc)tot: l( CG—ACL)2;+ Lz( CG—AC)Z . (A26)

Now the longitudinal position of the total meana®mamic chord can be calculated depend-
ing on the lengths and the longitudinal positiohthe individual mean aerodynamic chords.
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Appendix B

Flight Mechanics

B.1 Altitude for Maximum Glide Ratio as Function of the
Height to Span Ratio

For understanding the consequences of high spameeffy factors regarding the maximum
glide ratio a graph was shown in section 5.1.2 ey the cruise altitude fd£.x depending
on theh/b ratio (Fig. 5.2.

The reference aircraft has a mass of 73500 kg amdise Mach number of 0,76. Its lift coef-
ficient for minimum induced drag is assumed to PELOSince this flight condition can only
be reached at altitudes in the stratosphere, #edspf sound is constant.

The speed of sound is calculated with

a=+vk-RT (B.1)

wherexr = 401,8812 J/(kgK) for air. Acc. tAnderson 2005the temperature in the strato-
sphere under ISA conditions is 216,66 K, so the@atant speed of sound is 295,07 m/s.

With these data the required air density for crdlighit at maximum glide ratio can be calcu-
lated. The lift equation for this condition reads

L=mg= cL,md-g-(aM s (B.2)

Solving for the density gives
p= 2me B.3
ComlaM[s - (®3)

6 As shown in Fig. 4.8 the span efficiency factoretggis on thé/b ratio.



160

With the help of Eq. (5.6, n can be calculated for any span efficiency facod thus for
any h/b ratio. The required air density is given by Eq.3)BFor attaining the accordant alti-
tude the equations given in the definition of ttendard atmosphere have to be usednn
derson 2005the air density depending on the altitude in isathal layer§of the atmosphere
is given with

~relh-h]
L _RT (B.4)
P1

where the values with the index 1 are base valuenat a certain geopotential altitude. In
the current case these are the values preserd aibffopauseh(= h; = 11000 m). Solving Eq.
(B.4) for the altitudén gives

RT p
h(p)=—-—-InL+h B.5
(p) g, o+, (B.5)

According toNACA 1954 the values of the constants are given with

p1=0,36392 kg/mh

Qo = 9,80665 m/s,

R = 287,04 J/(kgK) and
T=T(h= 11000 m) = 216,66 K.

Now the altitude can be calculated depending orathdensity.

! The stratosphere is an isothermal layer of the spinere.
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B.2 Equations for Assessing Static Longitudinal Stabty
and Control

B.2.1 Equilibrium of Moments

The applied method is based on considerations émnaentional tail aft configuration which
can be found itvoung 2001 These considerations are now adapted to a bog ednfigura-
tion.

L . |_2
I( - {
== l =
I""1 Mz
C__@ &
hy'T) o 2,
Y mg
h-t,
= ==
Figure B.1 Forces and moments acting on a box wing aircraft

With the assumptions made in section 5.2.2 andrdoapto Fig. B.1, the equilibrium of mo-
ments about the aircraft's center of gravity reads

Mcs = Ly(h—hgc,— Ll +M;+M,=0 . (B.6)
From the equilibrium of vertical forces and simag=L, it can be concluded that
L,=L-L, . (B.7)
Substituting Eq. (B.7) into Eq. (B.6) and rearramgyields
L(h—hy|c,—Ly[(h=ho)c,+ [+ M+ M, =0 . (B.8)
In Fig. B.1 it can be seen that

(h—hyJc,+1 = I" (B.9)
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with I' being the modified lever arm. By using this sirfipéition and deviding byqSt , we
get

I"S, T, S, C,S,

C,(h- ho)%—CL,ZEJFCM ,l¥+CM 2 5g (B.10)
Finally the following simplifications are introduge
léiz =V' , (B.11)
% =C' (B.12)
and
% _s . (B.13)

For conventional tail aft configuration¥ ' is referred to as the modified tail volume coeffi-
cent. For a box wing configuration this term canbetapplied any more. In the current case
V' shall be called the modified volume coefficientlod aft lifting surface. With the above

simplifications the final equation reads

CL(h_ ho)cll _CL,2\7 +Cy ,1C1l $+Cy ,2C2l S; . (B.14)
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B.2.2 Lift Curve Slope of the Whole Aircraft

The original equation for an aircraft having twafaaes of equal span, taken fraATCOM
1978 Section 4.5.1.1, par. A, Method 2, reads:

dCc, [dC, Ky Koo + K ]Se,l

da - da o1 N W(B) B(W) 1 Sl (B 15)

. dC, K. 1K ]%%S&Z_,_ dC, . .

da o2 W(B) B(W) qu Sl SZ da W)
where
dc, .Sevl. dc, -&-K N . E_ﬁ

(ﬁ) T S T i T PR ) R

da Jw b, d '

Wz() 2%&2(?1—71)

At first it is assumed that the lift curve slopetli® same for the exposed and the reference
wing area, so it can be written that:

dCL) _(dcL B.17
da e,i_ da i . ( ' )

It is also assumed that for a wing the exposedcaspto is the same as the aspect ratio based
on the reference area:

ei= A (B.18)

Next it will be shown that Eq. (B.15) in its appatréorm cannot be used for a box wing air-
craft. All aerodynamic coefficients of the totalXowing aircraft are based on the total wing
area. However, in Eg. (B.15) these coefficientskased on the front wing area. This state-
ment can be proved by the following simple constlens:

The lift coefficient in the linear region of thdticurve slope is calculated by

dC
C = daL'“ (B.19)

with o being measured in relation to the zero lift line.
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When there are two lifting surfaces, the totaldiefficient is calculated by

— CL,lsl_f—CL,ZSZ
Sref

C, (B.20)

as it was shown in section 4.1.2.

Applying Eq. (B.19) for two lifting surfaces andgiecting any downwash yields

dC, St dC, s
da lal Y'\da 20C2 2 (B.21)
o S

Assuming thaw; = a.= a and differentiating Eq. (5.31) with regardatgields

dC, St dC, s
dC, \da, Y\da/, ? . (B.22)
da - Sref

If the area of the forward wing is taken as reference area, the area weightingréaareone
for the forward wing an&/S, for the aft wing. This weighting is used in the DBOM equa-
tion [Eq. (B.15)]. If the reference area is the sainboth the individual wing areas, as it is the
case for a box wing configuration, the weightingtéeis areS,/S andS/S, which can also be
expressed witls; ands,.

So finally Eq. (B.15) is adapted as follows.

dC, dC, Se,l
do =S W 1'(KN+ KW(B)+ KB(W))l' S,

Jz Se>
(Ko g+ K g 222
2( w(B) B(W))z q.. 82

4. (B.23)

da

W(v)
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Next it is shown how Eq. (5.32) is determined falcalating the factoKwg considering ad-
ditional lift effects due to wing body interferersce

The individual values of the factoksyg andKgw) can be taken from the chart givenDAT-
COM 1978, page 4.3.1.2-10. This chart is shown in Fig. B.1& illustrated that th&-factors
only depend on the rati/b (fuselage diameter to wing span). Their valueshmEapproxim-
ated by linear functions fat/b ratios of up to 0,2. The ratio of the for the lwixg aircraft is
about 0,12 , so this approximation is feasible. &a@luating Eq. (5.29)/(B.16) only the factor
Kwe) is needed. It can be approximated by

d d _ d
KW(B)(E) = O,8E+1, O<E< 0,2 . (824)
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Figure B.2 K-factors for considering lift effects due to wing body interferences (DATCOM 1978)



166

Finally the determination of the vortex interfererfactor | will be discussed.

VW‘l(W‘Z)
The used method is taken frddbATCOM 1978, Section 4.4.1, par. A, Method 3. There, on
page 4.4.1-8 it can be read:

“For configurations in which the span of the forwlasurface is approximately equal to or less
than that of the aft surface, the following metkiod is recommended.

Step 1.

The spatial position of the trailing vortices isstidetermined relative to the aft surface. Thenat
al spacing is determined from Figure 4.4.1-71 dsaraction of the exposed forward-surface plan-
form geometry. This spacing is invariant with Idngdinal distance and angle of attack. The
vertical position is determined by assuming tha tortex springs from the trailing edge at the
previously determined lateral position and traitsthe free-stream direction. The pertinent vertic-
al dimension is the distance between the quarterecpoint of the MA®f the aft surface and the
vortex as determined above.

Step 2.
The vortex interference factdr..) is obtained(...) as a function of the lateral and vertical vortex
positions, determined in Step | above, and the gégnof the aft panel...)

Step 3.
The vortex interference factor so determined isluneSections 4.5.1.1 and 4.5.1.2 to obtain the
lift generated on the aft surface for complete wlrogly-tail combinations.”

Step 1

At first the lateral position of the trailing vorés needs to be determined. Fig. B.3 shows the
related chart, taken from DATCOM Figure 4.4.1-7ksAming that the taper ratio will be
about 0,5 or a bit lower it can be concluded thatfactor £,//2 —d/2)/(b/2 —d'/2) is about
0,75, independently from the effective aspecbratid the wing sweep.

The vertical distance between the forward winditrgivortices and the aft wing is assumed
to be the same as the vertical distance betwese tin wings. This can be justified with the

vortices trailing in the free stream direction amsg that the angle between the center line of
the aircraft and the free stream is zero.
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geometry (DATCOM 1978)
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Step 2

Once the position of the trailing vortices is kngwime vortex interference factor can be de-
termined with the help of the charts from pages14337 to 4.3.1.3-12 iDATCOM 1978.
There the vortex interference factor is shown ddpgnon the vortex position, the taper ratio
of the wing and the ratio of fuselage diameteralf bf the wing span. As already described in
chapter 5.2.2 there are no charts for the exaangae parameters of the box wing aircratft.
So a chart is used where these parameters conesttoghe parameters of the box wing air-
craft @ = 0,5;r/0,5%w = 0,2; see Fig. B.4).

20
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Figure B.4 Vortex interference factor depending on vortex position, wing and fuselage geometry

(DATCOM 1978)

The lateral vortex position is expressedyd, %oy in Fig. B.4. However, in Fig. B.3 this po-
sition has been referenced bs/@ —d/2)/(b'/2 —d'/2). So at first it has to be converted.

Acc. to Fig. B.3 it was concluded that

by, ds
2 2
b, ~ 075 (B.25)
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The ratiodi/b, is 0,2 acc. to Fig. B.4, sh = 0,20,. Introducing this condition to Eq. (B.25)
and rearranging yields

bVl

=08 (B.26)

which is the same ag/0,5% in Fig. B.4, since/, = 0,53y andb; = bw.

The vertical vortex position is expressedzg,%w in Fig. B.4, which is the same abk/R2,
meaning double thie/b ratio of the box wing.

Now it is possible to get the vortex interferenaetér depending on theb ratio from Fig.
B.4 with the value 0,8 for the abscissa. The redolt probabldé/b ratios were summarized in
table 5.1 in chapter 5.2.2.
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Appendix C

Wing Design Data

C.1 Span Wise Lift Distribution

In this section the values of lift distribution perit span are given for the span stations the lift
distribution is approximated with for the deternioa of the internal loads of the wing struc-
ture. The lift distribution was modelled so thaisitthe optimum distribution with regard to
aerodynamics. The values were determined accotditige method presented in section 7.6.2
and with the help of the box wing sizing sheet &ppendix F.2).

C.1.1 Box Wing Configuration

Table C.1 Span wise lift distribution of forward wing
Span Station qren 0 L.const L tot
No. ym  kNim)  (kN/m)  (kN/m)
1 0 0,000 0,000 0,000
2 0,5 0,000 0,000 0,000
3 1 8,280 8,299 16,579
4 15 8,294 8,299 16,593
5 2 8,299 8,299 16,597
6 3,67 8,247 8,299 16,546
7 5,34 8,090 8,299 16,389
8 7,01 7,822 8,299 16,121
9 8,68 7,430 8,299 15,729
10 10,35 6,894 8,299 15,193
11 13 5,642 8,299 13,941
12 16 2,979 8,299 11,278
13 16,75 1,509 8,299 9,807
14 17 0,000 8,299 8,299
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Table C.2 Span wise lift distribution of aft wing
Span Station (m) el L const L tot
No. (KN/m) (KN/m) (KN/m)
1 0 4,200 4,200 8,400
2 1,175 4,190 4,200 8,389
3 2,35 4,159 4,200 8,359
4 3,525 4,108 4,200 8,308
5 4,7 4,036 4,200 8,236
6 7 3,827 4,200 8,027
7 10 3,396 4,200 7,596
8 13 2,706 4,200 6,906
9 15 1,976 4,200 6,176
10 15,5 1,725 4,200 5,925
11 16,25 1,234 4,200 5,433
12 16,75 0,718 4,200 4,917
13 17 0,000 4,200 4,200

The lift distribution of the winglets is linear. €walues on the edges are the values of the
connected wing tips, which are 8,299 kN/m for tbeMard wing and 4,2 kN/m for the aft
wing.
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C.1.2 Reference Configuration

Table C.3 Span wise lift distribution of reference wing

Span Station y (m) q. (kN/m)

No.
1 0 0,000
2 0,5 0,000
3 1 28,234
4 1,5 28,282
5 28,297
6 5 27,726
7 26,679
8 25,027
9 11 22,638
10 13 19,238
11 15 14,117
12 16 10,159
13 16,75 5,145
14 17 0,000
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C.2 Internal Loads for Wing Mass Estimation

In the following tables the absolute values of ititernal wing loads are given for the wing
mass estimation. Whether bending moments are yp@siti negative is not of importance be-
cause no distinction is made between tensile antpboession stresses. The algebraic sign of
the shear forces is unimportant for a the wing negsisnation anyway. Normal forces are not
given because they were neglected in the anaB#iwads apply for a load factor of 3,75.

C.2.1 Box Wing Configuration with Rigid Joints

Table C.4 shows the absolute values of the intdozals of the forward wing except for the
center wing box. So the origin of the y-coordinatesot the wing root but the point where
the wing intersects the fuselage. In the centegwiox shear forces are assumed to be zero
and the bending moment has the value of the pdierevthe wing intersects the fuselage.

Tables C.5 and C.6 give the absolute values ointieenal loads of the aft wing. It is divided
into two parts. The inner part goes from the wiagtrto the connection with the vertical sta-
bilizer (y = 4,7 m), the outer part from the connection witl vertical stabilizer to the wing

tip.
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Table C.4 Absolute values of the internal loads of the forward wing (rigid joints)
Span Station (m) Shear Force (kN) Bending Moment (kNm)
0,00E+00 6,23E+02 2,40E+03
3,03E-01 6,05E+02 2,19E+03
6,05E-01 5,87E+02 1,99E+03
9,08E-01 5,69E+02 1,79E+03
1,21E+00 5,50E+02 1,59E+03
1,51E+00 5,32E+02 1,41E+03
1,82E+00 5,14E+02 1,23E+03
2,12E+00 4,96E+02 1,05E+03
2,42E+00 4,78E+02 8,86E+02
2,72E+00 4,59E+02 7,25E+02
3,03E+00 4,41E+02 5,70E+02
3,33E+00 4,23E+02 4,21E+02
3,63E+00 4,05E+02 2,78E+02
3,94E+00 3,87E+02 1,42E+02
4,24E+00 3,69E+02 1,14E+01
4,54E+00 3,51E+02 1,13E+02
4,84E+00 3,34E+02 2,31E+02
5,15E+00 3,16E+02 3,43E+02
5,45E+00 2,98E+02 4,48E+02
5,75E+00 2,81E+02 5,48E+02
6,05E+00 2,63E+02 6,41E+02
6,36E+00 2,46E+02 7,29E+02
6,66E+00 2,28E+02 8,10E+02
6,96E+00 2,11E+02 8,86E+02
7,26E+00 1,94E+02 9,56E+02
7,57E+00 1,77E+02 1,02E+03
7,87E+00 1,60E+02 1,08E+03
8,17E+00 1,43E+02 1,13E+03
8,47E+00 1,26E+02 1,18E+03
8,78E+00 1,09E+02 1,22E+03
9,08E+00 9,28E+01 1,25E+03
9,38E+00 7,65E+01 1,28E+03
9,69E+00 6,03E+01 1,30E+03
9,99E+00 4,43E+01 1,32E+03
1,03E+01 2,84E+01 1,33E+03
1,06E+01 1,28E+01 1,34E+03
1,09E+01 2,79E+00 1,34E+03
1,12E+01 1,82E+01 1,34E+03
1,15E+01 3,33E+01 1,33E+03
1,18E+01 4,81E+01 1,32E+03
1,21E+01 6,26E+01 1,30E+03
1,24E+01 7,69E+01 1,27E+03
1,27E+01 9,08E+01 1,24E+03
1,30E+01 1,04E+02 1,21E+03
1,33E+01 1,18E+02 1,17E+03
1,36E+01 1,31E+02 1,13E+03
1,39E+01 1,44E+02 1,08E+03
1,42E+01 1,56E+02 1,03E+03
1,45E+01 1,68E+02 9,75E+02
1,48E+01 1,79E+02 9,15E+02

1,51E+01 1,89E+02 8,52E+02
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Table C.5 Absolute values of the internal loads of the aft wing, inner part (rigid joints)
Span Station (m) Shear Force (kN) Bending Moment (kNm)
0,00E+00 1,70E-03 5,26E+02
1,88E-01 5,70E+00 5,26E+02
3,76E-01 1,14E+01 5,28E+02
5,64E-01 1,71E+01 5,31E+02
7,52E-01 2,28E+01 5,35E+02
9,40E-01 2,85E+01 5,41E+02
1,13E+00 3,42E+01 5,47E+02
1,32E+00 3,99E+01 5,55E+02
1,50E+00 4,56E+01 5,64E+02
1,69E+00 5,13E+01 5,74E+02
1,88E+00 5,70E+01 5,85E+02
2,07E+00 6,27E+01 5,97E+02
2,26E+00 6,84E+01 6,11E+02
2,44E+00 7,40E+01 6,26E+02
2,63E+00 7,97E+01 6,42E+02
2,82E+00 8,54E+01 6,59E+02
3,01E+00 9,10E+01 6,77E+02
3,20E+00 9,67E+01 6,97E+02
3,38E+00 1,02E+02 7,17E+02
3,57E+00 1,08E+02 7,39E+02
3,76E+00 1,14E+02 7,62E+02
3,95E+00 1,19E+02 7,86E+02
4,14E+00 1,25E+02 8,11E+02
4,32E+00 1,31E+02 8,38E+02
4,51E+00 1,36E+02 8,65E+02

4,70E+00 1,42E+02 8,94E+02
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Table C.6 Absolute values of the internal loads of the aft wing, outer part (rigid joints)
Span Station (m) Shear Force (kN) Bending Moment (kNm)
0,00E+00 4,74E+02 2,34E+03
2,46E-01 4,67E+02 2,21E+03
4,92E-01 4,60E+02 2,08E+03
7,38E-01 4,53E+02 1,96E+03
9,84E-01 4,45E+02 1,84E+03
1,23E+00 4,38E+02 1,72E+03
1,48E+00 4,31E+02 1,60E+03
1,72E+00 4,24E+02 1,48E+03
1,97E+00 4,16E+02 1,37E+03
2,21E+00 4,09E+02 1,26E+03
2,46E+00 4,02E+02 1,15E+03
2,71E+00 3,95E+02 1,04E+03
2,95E+00 3,88E+02 9,31E+02
3,20E+00 3,81E+02 8,27E+02
3,44E+00 3,74E+02 7,25E+02
3,69E+00 3,67E+02 6,24E+02
3,94E+00 3,60E+02 5,25E+02
4,18E+00 3,53E+02 4,29E+02
4,43E+00 3,46E+02 3,34E+02
4,67E+00 3,39E+02 2,41E+02
4,92E+00 3,33E+02 1,50E+02
5,17E+00 3,26E+02 6,01E+01
5,41E+00 3,19E+02 2,74E+01
5,66E+00 3,12E+02 1,13E+02
5,90E+00 3,06E+02 1,97E+02
6,15E+00 2,99E+02 2,79E+02
6,40E+00 2,93E+02 3,59E+02
6,64E+00 2,86E+02 4,38E+02
6,89E+00 2,80E+02 5,14E+02
7,13E+00 2,73E+02 5,89E+02
7,38E+00 2,67E+02 6,63E+02
7,63E+00 2,61E+02 7,34E+02
7,87E+00 2,54E+02 8,04E+02
8,12E+00 2,48E+02 8,72E+02
8,36E+00 2,42E+02 9,39E+02
8,61E+00 2,36E+02 1,00E+03
8,86E+00 2,30E+02 1,07E+03
9,10E+00 2,24E+02 1,13E+03
9,35E+00 2,18E+02 1,19E+03
9,59E+00 2,12E+02 1,25E+03
9,84E+00 2,07E+02 1,30E+03
1,01E+01 2,01E+02 1,36E+03
1,03E+01 1,96E+02 1,41E+03
1,06E+01 1,90E+02 1,46E+03
1,08E+01 1,85E+02 1,52E+03
1,11E+01 1,80E+02 1,57E+03
1,13E+01 1,75E+02 1,61E+03
1,16E+01 1,70E+02 1,66E+03
1,18E+01 1,65E+02 1,70E+03
1,21E+01 1,60E+02 1,75E+03

1,23E+01 1,56E+02 1,79E+03
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C.2.2 Box Wing Configuration with Flexible Joints

The tables in this section are distributed the samaneas in Appendix C.2.1.

Table C.7 Absolute values of the internal loads of the forward wing (flexible joints)
Span Station Shear Force (kN) Bending Moment (kNm)
0,00E+00 7,05E+02 4,66E+03
3,03E-01 6,87E+02 4,42E+03
6,05E-01 6,69E+02 4,19E+03
9,08E-01 6,51E+02 3,96E+03
1,21E+00 6,32E+02 3,74E+03
1,51E+00 6,14E+02 3,53E+03
1,82E+00 5,96E+02 3,32E+03
2,12E+00 5,78E+02 3,12E+03
2,42E+00 5,59E+02 2,92E+03
2,72E+00 5,41E+02 2,73E+03
3,03E+00 5,23E+02 2,55E+03
3,33E+00 5,05E+02 2,37E+03
3,63E+00 4,87E+02 2,20E+03
3,94E+00 4,69E+02 2,04E+03
4,24E+00 4 51E+02 1,88E+03
4,54E+00 4,33E+02 1,73E+03
4,84E+00 4,16E+02 1,58E+03
5,15E+00 3,98E+02 1,44E+03
5,45E+00 3,80E+02 1,31E+03
5,75E+00 3,62E+02 1,18E+03
6,05E+00 3,45E+02 1,06E+03
6,36E+00 3,27E+02 9,41E+02
6,66E+00 3,10E+02 8,31E+02
6,96E+00 2,93E+02 7,27TE+02
7,26E+00 2,76E+02 6,29E+02
7,.57E+00 2 58E+02 5,38E+02
7,87E+00 2 42E+02 4,51E+02
8,17E+00 2,25E+02 3,71E+02
8,47E+00 2,08E+02 2,97E+02
8,78E+00 1,91E+02 2,28E+02
9,08E+00 1,75E+02 1,65E+02
9,38E+00 1,58E+02 1,08E+02
9,69E+00 1,42E+02 5,59E+01
9,99E+00 1,26E+02 9,70E+00
1,03E+01 1,10E+02 3,10E+01
1,06E+01 9,47E+01 6,63E+01
1,09E+01 7,91E+01 9,63E+01
1,12E+01 6,38E+01 1,21E+02
1,15E+01 4,86E+01 1,40E+02
1,18E+01 3,38E+01 1,54E+02
1,21E+01 1,93E+01 1,64E+02
1,24E+01 5,06E+00 1,68E+02
1,27E+01 8,88E+00 1,67E+02
1,30E+01 2,25E+01 1,62E+02
1,33E+01 3,59E+01 1,51E+02
1,36E+01 4,89E+01 1,37E+02
1,39E+01 6,17E+01 1,18E+02
1,42E+01 7,42E+01 9,45E+01
1,45E+01 8,60E+01 6,69E+01
1,48E+01 9,73E+01 3,53E+01

1,51E+01 1,07E+02 7,35E-13
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Table C.8 Absolute values of the internal loads of the aft wing, inner part (flexible joints)
Span Station Shear Force (kN) Bending Moment (kNm)
0,00E+00 8,17E-13 3,21E+03
1,88E-01 5,71E+00 3,21E+03
3,76E-01 1,14E+01 3,21E+03
5,64E-01 1,71E+01 3,21E+03
7,52E-01 2,28E+01 3,22E+03
9,40E-01 2,85E+01 3,22E+03
1,13E+00 3,42E+01 3,23E+03
1,32E+00 3,99E+01 3,24E+03
1,50E+00 4,56E+01 3,25E+03
1,69E+00 5,13E+01 3,26E+03
1,88E+00 5,70E+01 3,27E+03
2,07E+00 6,27E+01 3,28E+03
2,26E+00 6,84E+01 3,29E+03
2,44E+00 7,40E+01 3,31E+03
2,63E+00 7,97E+01 3,33E+03
2,82E+00 8,54E+01 3,34E+03
3,01E+00 9,10E+01 3,36E+03
3,20E+00 9,67E+01 3,38E+03
3,38E+00 1,02E+02 3,40E+03
3,57E+00 1,08E+02 3,42E+03
3,76E+00 1,14E+02 3,45E+03
3,95E+00 1,19E+02 3,47E+03
4,14E+00 1,25E+02 3,49E+03
4,32E+00 1,31E+02 3,52E+03
4,51E+00 1,36E+02 3,55E+03

4,70E+00 1,42E+02 3,58E+03
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Table C.9 Absolute values of the internal loads of the aft wing, outer part (flexible joints)
Span Station Shear Force (kN) Bending Moment (kNm)
0,00E+00 4,34E+02 3,58E+03
2,46E-01 4,27E+02 3,46E+03
4,92E-01 4,19E+02 3,35E+03
7,38E-01 4,12E+02 3,23E+03
9,84E-01 4,05E+02 3,12E+03
1,23E+00 3,98E+02 3,01E+03
1,48E+00 3,90E+02 2,91E+03
1,72E+00 3,83E+02 2,80E+03
1,97E+00 3,76E+02 2,70E+03
2,21E+00 3,69E+02 2,60E+03
2,46E+00 3,62E+02 2,50E+03
2,71E+00 3,55E+02 2,40E+03
2,95E+00 3,48E+02 2,31E+03
3,20E+00 3,41E+02 2,21E+03
3,44E+00 3,34E+02 2,12E+03
3,69E+00 3,27E+02 2,03E+03
3,94E+00 3,20E+02 1,94E+03
4,18E+00 3,13E+02 1,86E+03
4,43E+00 3,06E+02 1,78E+03
4,67E+00 2,99E+02 1,69E+03
4,92E+00 2,92E+02 1,61E+03
5,17E+00 2,85E+02 1,53E+03
5,41E+00 2,79E+02 1,46E+03
5,66E+00 2,72E+02 1,38E+03
5,90E+00 2,65E+02 1,31E+03
6,15E+00 2,59E+02 1,24E+03
6,40E+00 2,52E+02 1,17E+03
6,64E+00 2,46E+02 1,10E+03
6,89E+00 2,39E+02 1,04E+03
7,13E+00 2,33E+02 9,72E+02
7,38E+00 2,26E+02 9,10E+02
7,63E+00 2,20E+02 8,50E+02
7,87E+00 2,14E+02 7,91E+02
8,12E+00 2,08E+02 7,34E+02
8,36E+00 2,01E+02 6,78E+02
8,61E+00 1,95E+02 6,24E+02
8,86E+00 1,89E+02 5,72E+02
9,10E+00 1,83E+02 5,21E+02
9,35E+00 1,78E+02 4,73E+02
9,59E+00 1,72E+02 4,25E+02
9,84E+00 1,66E+02 3,79E+02
1,01E+01 1,61E+02 3,35E+02
1,03E+01 1,55E+02 2,92E+02
1,06E+01 1,50E+02 2,51E+02
1,08E+01 1,44E+02 2,11E+02
1,11E+01 1,39E+02 1,72E+02
1,13E+01 1,34E+02 1,35E+02
1,16E+01 1,29E+02 9,96E+01
1,18E+01 1,24E+02 6,52E+01
1,21E+01 1,20E+02 3,20E+01

1,23E+01 1,16E+02 1,13E-12
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C.2.3 Reference Configuration

As for the forward wing of the box wing configuiati the values for the center wing box are
not given, so the origin for the y-coordinateshis intersection of wing and fuselage. For the
center wing box shear loads are assumed to beaperthe bending moment has the value of
the wing-fuselage-intersection.

Table C.10 Absolute values of the internal loads of the reference wing
Span Station (m) Shear Force (kN) Bending Moment (kNm )
0,00E+00 1,23E+03 8,63E+03
3,03E-01 1,20E+03 8,23E+03
6,05E-01 1,17E+03 7,83E+03
9,08E-01 1,14E+03 7,45E+03
1,21E+00 1,11E+03 7,07E+03
1,51E+00 1,07E+03 6,71E+03
1,82E+00 1,04E+03 6,35E+03
2,12E+00 1,01E+03 6,01E+03
2,42E+00 9,80E+02 5,68E+03
2,72E+00 9,49E+02 5,36E+03
3,03E+00 9,17E+02 5,04E+03
3,33E+00 8,86E+02 4,74E+03
3,63E+00 8,55E+02 4,45E+03
3,94E+00 8,25E+02 4,17E+03
4,24E+00 7,94E+02 3,90E+03
4,54E+00 7,64E+02 3,64E+03
4,84E+00 7,34E+02 3,39E+03
5,15E+00 7,04E+02 3,15E+03
5,45E+00 6,74E+02 2,92E+03
5,75E+00 6,44E+02 2,70E+03
6,05E+00 6,15E+02 2,49E+03
6,36E+00 5,86E+02 2,29E+03
6,66E+00 5,58E+02 2,10E+03
6,96E+00 5,20E+02 1,92E+03
7,26E+00 5,01E+02 1,75E+03
7,57E+00 4,74E+02 1,58E+03
7,87E+00 4,47E+02 1,43E+03
8,17E+00 4,20E+02 1,28E+03
8,47E+00 3,93E+02 1,15E+03
8,78E+00 3,67E+02 1,02E+03
9,08E+00 3,42E+02 9,04E+02
9,38E+00 3,17E+02 7,94E+02
9,69E+00 2,92E+02 6,92E+02
9,99E+00 2,69E+02 5,99E+02
1,03E+01 2,45E+02 5,13E+02
1,06E+01 2,23E+02 4,35E+02
1,09E+01 2,00E+02 3,64E+02
1,12E+01 1,79E+02 3,01E+02
1,15E+01 1,58E+02 2,45E+02
1,18E+01 1,39E+02 1,95E+02
1,21E+01 1,20E+02 1,52E+02
1,24E+01 1,02E+02 1,15E+02
1,27E+01 8,44E+01 8,41E+01
1,30E+01 6,81E+01 5,87E+01
1,33E+01 5,30E+01 3,85E+01
1,36E+01 3,92E+01 2,32E+01
1,39E+01 2,67E+01 1,22E+01
1,42E+01 1,59E+01 5,18E+00
1,45E+01 7,26E+00 1,38E+00
1,48E+01 1,10E+00 6,90E-02

1,51E+01 4,05E-12 3,32E-12
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Appendix D

Configuration Drawings

ings

Scaled Draw

D.1 Final Box Wing Configuration,
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Figure D.2 Scaled front view of the final box wing configuration
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Figure D.3 Scaled side view of the final box wing configuration
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D.2 Selected Intermediate Versions

e

43

-

N

Y

riyuic v.v VCIDIUII ATLL

Config. A-1c
A320 fuselage

engines
CFM356-5

wings
simple trapezes
symmetric to 4
total ref_area 122
root chord: 2.8 m
taper ratio: 0,24
hib=012(h=414m:h=341m)

front wing sweep (25% of chord): 2.1
aft wing sweep (25% of chord) 1

landing gear

integration similar to Avro RJ

limits maximum pitch angle for takeoff (3°)
tilt angle of 55° (max. allowahle value}

centre of gravity
quessed per visual judgement
at 25% MAC (wing position was adjusted accordingly)

Daniel Schiktanz
2011-01-12

8 5] O
[T |

Version A-2a

Figure D.6

Config. A-Za
A320 fuselage

engines
CFM56-5

wings
simple trapezes
symmetric to y-axis
total ref_area: 122 m*
root chord: 2,9 m
taper ratio: 0,24

hh=0115(h=385m ; bh=341m)
frent: wing sweep (25% of chord): 2 flin
aft wing sweep (25% of chord). 23T

landing gear

integration similar o Avrao RJ

limits maximum pitch angle for takeoff (37)

tilt angle a hit less than 55° (main gear could be closer together)

centre of gravity
guessed per visual judgement
at 25% MAC (wing position was adjusted accardingly)

Danie! Schiktanz
2014-01-13
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Config. A-2a
A320 fuselage

engines
CFM56-5

wings

simple trapezes

symmetric to y-axis

total ref. area: 122 m*

root chord: 2.9 m

taper ratie: 0,24
hb=0275(h=940m ;b=341m)

front: wing sweep {25% of chord): 25°
aft wing sweep (25% of chord) 227

landing gear
integration similar to Avro RJ
tilt angle thd

centre of gravity

qguessed per visual jJudgement
at 25% MAC (wing position was adjusted accordingly)

more elevator/rear wing area for takeoff rotation??

Dariel Schikfanz
2011-01-16

riyuic v.s VECIDIVII D=4 (UUILL L HTHTIU WIS WIVILIY Tallie i uic urawily)

Config. B-3
A320 fuselage

engines
CFM56-5

wings

simple trapezes

symmedtric to y-axis

total ref_ area: 122 m*

aspect ratio: 9,37

root chord: 2.8 m

taper ratio- 0,24
hb=020(h=677m;b=341m)

front: wing sweep (25% of chord): 25°
aft wing sweep (25% of chord): -22°
landing gear

integration similar to Avro RJ

tilt angle thd

centre of gravity
quessed per visual judgement
at 25% MAC (wing position was adjusted accordingly)

more elevator/rear flap area for takeoff rotation??

Daniel Schiktanz
2011-01-16

Figure D.8 Version B-3
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riyuic v.o VECIDIUII D=+

Config. B-4
A320 fuselage

engines
CFM56-5

wings
simple trapezes

symmeiric to y-axis

total ref. area: 122 m*

aspect ratio: 9,37

root chord: 2,9 m

taper ratio: 0,24
hth=020(h=677Tm, ;bh=341m)

front: wing sweep (25% of chord): 25°
aft wing sweep (25% of chord): -22°

landing gear
integratien similar to Avro RJ
tilt angle thd

centre of gravity
guessed per visual judgement
at 25% MAC (wing position was adjusted accordingly)

Daniel Schiktanz
2011-01-16

(")

Figure D.10 Version W-8

Config. W-8

fuselage
wide body, & seats abreast
I,=21m

1=35m
d=57m
Iid = 6,14

engines
CFM56-5

wings

simple trapezes

symmetric to y-axis

total ref area: 122 m*

aspect ratio: 9,37

root chord: 2.8 m

taper ratio: 0,24

h/b =022 (h, =750m;b=341m)

fwd wing sweep (25% of chord): 25"
aft wing sweep (25% of chord): -22°

dihedral fwd wing: 6°
aft wing: 0°

assumed loading ratio: LI =0,7L

landing gear
integration similar to Avro RJ
filt angle thd

centre of gravity

guessed per visual judgement
Daniel Schiktanz
2011-04-04
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U ogoQOODOOOOOO0

Config. W-8-30

fuselage
wide body, 8 seats abreast
,=2m

cargo: 4 x LDG (*1 for fuel”)
S =
v, =261m

€6 Envelope
frSaC

engines
CFM56-5

M wings
simple trapezes
symmefric to y-axis

total ref. area: 122 m*
aspect ratio 37
root chord: 29m
taper ratio 0,24
MAC: 202m
hib 0,22
[hw =750m:b=341m)
sweep (25% of chord).  fwd: 30,47
aft:-28,0°
dihedral: fwd: 6°
aft: 0°
loading ratio L /L 12
it coefficients C_=1:C_=058:C =079
landing gear
integration similar to Avro R.J
tilt angle thd
CG and static long. stability Daniel Schiktanz
CG guessed per visual judgement 2011-04-03
static margin: 52 % MAC

riyuic v.11 VECIDIVIIl VV-O-OUV

Config. W-8 short

fuselage
wide body, 8 seats abreast
I =21m

very short nose and tail
1=30m
7m

engines
CFM356-5

wings
1 simple trapezes
symmetric to y-axis
total ref. area: 122 m*
ar

9 aspect rafio; 9,
root chord: 2,9 m
taper ratio 0,24

hb=022¢h =750m;b=341m)

fwd wing sweep (25% of chord): 25°
aft wing swesp (25% of chord) -22°

dihedral: fwd wing: 6
aft wing: 0°

assumed loading ratio: L, = 0.7L

landing gear

infegration similar to Avro RJ

filt angle thd

centre of gravity

quessed per visual judgement Daniel Schiklanz
2011-04-04

Figure D.12 Version W-8-short
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©G Envelope
for5&C

riyuic v.19o

VECIDIUII VV-O-A

Config. W-8-x

fuselage
wide hody, 8 seats abreast
I_=21m

1=32m
d=57m
Iid=56

cargo: 4 x LDB {*1 for fuel”)
o s
W .= 261 m

engines
CFM56-5

wings
simple trapezes
symmetfric to y-axis

total ref_ area: 122 m*
aspect ratio: 9,37
root chord: 29m
taper ratio: 0,24
: 2,02m
hfb: |22
[hhp =750m b=341m)
sweep (25% of chord):  fwd: 28,57
aft: -25,0°
dihedral fwd: 6°
afi: 0°
loading ratio L /L 1,94
Iift coefficients: Cﬁ_ =087, CL,Z =05 Cl =0,735
landing gear
integration similar to Avro RJ
tilt angle thd

CG and static long. stability
CG at 15,8 m (acc. to prel. weight & balance)
static margin: 50 % MAC

Daniel Schiktanz
2011-04-11

CG Envelope
forS&C

Version W-8-x-mod

Figure D.14

Config. W-8-x-mod

fuselage
wide body, 8 seats abreast
I, =21m

cargo: 4 x LD (*1 for fuel”)
V.. =2601m*
caro

engines

CFME6-5

wings

simple trapezes

total ref. area: 124 m*

total aspect ratio: a3

il 0,22
(h,=7.50m:b=234,1m)

Ioading ratio L /L : 1,81

total lift coefficient 4,|:ru;s:>.):cL =0,715

D/o,_; 1,035

landing gear

integration similar to Avro RJ

tilt angle thd

CG and static long. stability
CG at 15,7 m (acc. to prel. weight & balance)
static margin: 48 % MAC

fwd wing | aft wing

reference area {m?) &2 62

MAC 2,08 183

aspect ratio 188 18,6

root chord 295 2,03
taper ratio 0,24 08

sweep (25%) 28,5° | -19.5°
dihedral 8 [3

lift coefficient (cruise) 082 0,51

Daniel Schiktanz
2011-04-20
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Appendix E

Calculation of the Tilting Angle

In this section it is shown how to calculate tHenty angle referred to in section 8.4.2. The
calculation is based on analytical geometry andhjgemented into a spreadsheet. For illus-
trating the method Fig. E.1 shows the geometrgations.

M

- center of gravity

- point on ground vertically
below center of gravity
main landing gear (right)
- nose landing gear

- intersection of plane CGP
and vector NM

T2 00

Figure E.1 Geometry for calculating the tilting angle

All points except the poinP are given. In order to calculate the tilting angl¢he pointP
needs to be determined. This point is the intei@edf the plane which is orthogonal to the
vector @ and which goes through the pof@t Once the coordinates Bfare known the vec-
tors b and € can be determined which are needed to calculate

In the following each step of the calculation metli® presented. For an easier understanding
the coordinates of all points are given in tableé & that the numeric results of each step can
be given. The coordinated are taken from the drgsvin Appendix D.1.

Table E.1 Input parameters for the tilting angle calculation
) Coordinates (m)
Point
X y z
C 16,4 0 4,7
G 16,4 0
M 17,7 4
N 52 0
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1) Determination of P

At first the plane orthogonal t& and going througiC has to be determined. For this the
vector a@ is needed:

a= Ym—Yn . (E-l)

Now the equation for the plane orthogonal @ and going througl can be set up:

X Xy — X
(XM_XN)X+(yM_yN)y+(ZM_ZN)Z: yz : yx—yz . (E.2)
Zc Zy—2Zy

Inserting the values given in table E.1 gives tla@@r equation
12,5 x+4y = 205 . (E.3)

Now the equation for the lineNM has to be determined, which simply is

. X . 5,24+12,5r
NM =y |[+ra= ar (E.4)
Zy 0

The intersection point P can be calculated by timggthe components of the linear equation
[Eq. (E.4)] into the planar equation [Eq. (E.3)hiF results in

12,5(5,2+12,5r |+ 4-4r = 205 . (E.5)

The coordinates of the intersection pdihare determined by solving Eq. (E.5) fogiving
r = 0,813, and inserting the result into the lineguation. This finally gives

15,36
P=(325]| . (E.6)
0
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2) Determination ofa

The tilting anglen is the angle between the vectops and & , which can easily be determ-
ined now that the coordinates of pokhare known:

- Xc—Xp 1,04
b=y.—ye|=[-3.25 (E.7)
.- 7, 4,7
and
. Xe—Xp 1,04
C=1Ye—Ye|=| 329 . (E.8)
Z5—Zp 0
The tilting anglex then is
x = arccos( PC; ) (E.9)
Ibl-[¢]
with
. [104)[1,04
b-¢=(-3,25|"|-3,25|= 11,64 (E.10)
4,7 0
and
0}[8] = V1,08 +(—3,257+4,72\ 1,04+ (—3,257% = 19,82 (E.11)

which gives a tilting angle of 54,0°.
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Data from Spreadsheets
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F.1 Preliminary Sizing Spreadsheet

F.1.1 Final Box Wing Configuration

1.} Peliminary Sizing |

Calculations for flight pt approach, landing, tak-off, Znd segment and missed approach

Bold blue valuesrepresent input data.

“alues based on experience are light blue. Usually you should not change these values!
Results are marked red. Don't change these cells!
Interim values, constants, ... are in blackl

"z22s " marks special input or user action.

Author:

Prof. Dr.-Ing. Dieter Scholz, MSME
HAW Hamburyg

hittp: ffwnwewy. Prof Scholz. de

Exarnple data: See Klausur 3505

Approach
Factar

Conversion factar

Given: landing field length
Landing field length

Approach speed
Approach speed

Given: approach speed
Approach speed
Approach speed
Landing field length

Landing
Landing field length

Temperature above | 5A (288 15K)

Relative density
Factor

hazx. lift coefficient, landing

Mass ratio, landing - take-off

Wing loading at max landing mass
Wing loading at max take-off mass

Kapp
s - = kt

SLFL
kAT

Vapr

kAT
Yape

SirL

SirL
AT,

ke

Lmae,L
Mo Mg
Mo S
Moo ¢ S

170 (misft®
1944 Kt/ mis

yes
1700 m
702 mis
136 4 kt

no
1340 kt
683 mis
1641 m

1700 m
0K
1,000
0,107 kg/m?
2,920
0,889000
531 kg/m?
597 kg/m?

<<<< Choose according to task (ja = yes; nein= no)

|VAPP =k@p'@|

f
§
L

ke, = 0,03694 £ ,,

mm”sw=kL'G'CL,mx,L'Sm|

m, 18
mmJ’SW:F Mjmw
ML "MTO
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Take-off

Take-off field length STOFL
Temperatur above 154 (283 ,15K) AT
Relative density o

Factar ko
Exprience value for C gm0 08* Clmare
tax. lit coefficient, take-off Cimama
Slope a

T Myra™d at My /Sy caloulated

Thrust-to-weight ratio fram landing

Znd Segment

Calculation of glide ratio
Aspect ratio A

Lift coefficient, take-off Cira

Lift-independent drag coefficient, clean Cp.n (bei Berechnung: 2. Segment)
Lift-independent drag coefficient, flaps ACH pp

Lift-independent drag coefficient, slats ACh e

Profile drag coefficient Cop

Oswald efficiency factor; landing configuration e
Glide ratio in take-off configuration Ero

Calculation of thrust-to-weight ratio

MNumber of engines e

Climb gradient sinfy)
Thrust-to-weight ratio Tog { My™0

Missed approach
Calculation of the glide ratio

Lift coefficient, landing Cuy
Lift-independent drag coefficient, clean Cp g (bei Berechnung: Durchstarten)

Lift-independent drag coefficient, flaps AC g

Lift-independent drag coefficient, slats ACh

Choose: Certification basis JAR-25 bzw. C325
FAR Part25

Lift-independent drag coefficient, landing gear ﬁCDgea,

Profile drag coefficient Cop

Glide ratio in landing configuration E

Calculation of thrust-to-weight ratio

Climb gradient sinfy)

Thrust-to-weight ratio Tro / My ™

2.) Max. Glide Ratio in Cruise

Estimation of kg by means of 1),2.) or3)

1.1 Frorm theaory

Oszwald efficiency factor for ke 2
Equivalent surface friction coefficient Creqe
Factar ke
2 Ace. to RAYMER
Factar ke
3.1 From own statistics
Factor kg
Estimation of max. glide ratio in cruise, E
Factor KE chosen
Relative wetted area St Dy
Azpect ratio A
Max. glide ratio Errax

or
Max. glide ratio Emaxchosan

2200
0

1,000

234

2336

2.1
0,0005065

0,303

94
146
0,021
o018
0,000
0039
0,964
1292

0024
0,203

173
0,021
0,031
0,000

no
yes
0015
0,057
10,10

0,021
0,213

1,17
0,003
175

1598

149

175
7

95
20,39

20,39

m
K
mkg
kgim® | = Trg /W0 - 2D _ krg
Mygo /Sy Srorz* O Craanro
Ne singy)
2 0p24
3 opz7
4 0p30
T I 1 .
_tre (_sj [_ + sm?,j
Hlyrs' A —L) A B
| JAR-28 bzw. C3-25| FAR Part 25
4Co s 0,000 0015
<<<< Choose according to task
Mg sin(y)
2 on21
3 op24
4 0027
T 1 .
—m | e | sing | Dhe
By & \p—1) LB pamo
<<<< Choose according to task
S5, =60..B2
{fram sheet 1)

<<<< Choose according to task
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3.) Preliminary Sizing Il
C for cruise, chart, fuel mass, operating empty mass
and aircraft parameters mym, M, Mgg S Trg .

P arameter Walue P aram eter Walue
By-pass ratio BPR 4.8 E stim ated Wi 1,00 Jet, Theory, Optimum: 1,31 6074013
M & glide ratio, cruiss Era 20,39 (aus Teil 2) CUCim 1,000 Ccoic, =1 f(V 2 )1 |
Aszpect ratio A 9.5 (aus Teil 1) Cy 0,856 -
Dawald eff. factor, clean & 117 E 20,390 2
Terodift drag coefiicient Cop 0o g, = T - Ae Density 0260855502 |F = Fam . P
Lift coefficient at Epg, Cin 0,6 4. EL wm 225 1153557 - . [ - : ]
Mach number, cruise Mg 0,76 o - m Wor 224 2886593 ! -
L =8 Real vorivm 0,996314 402 Con
Constants
Ratio of specific heats, air T 1.4
i'mh amder?;linst diardl g 10193:215 ;nfsz Tro . . Muro _ Co MYy PUD
i¥ pressure, 1S4, standar o a o T /T (LiD & 1
E uler ium ber e 2718282 l”m g [T {T) (/D). Vs L
Altitude Cruise ¥ [ 2nd Seg Missed appr. |Take-off Cruise
hkm] hf]| Teg i T Tm fmym*d pth) [Pal mym £ Sy [koin ?) Toimym'd| To mym*d| T mymatd| T Syt
] ] 0,593 0,083 101325 3576 0,203 0,213 181 0,08
1 32 0,560 0,035 89573 372 0,203 0213 161 0,09
2 6562 0,527 0,093 79493 2605 0,203 0,213 142 0,09
3 9543 0,493 0,099 70105 2474 0,203 0,213 125 040
4 13124 0 460 0,107 G1636 2175 0,203 0,213 140 0.1
5 16405 0,426 0,115 54015 1906 0,203 0,213 047 0412
g 19686 0,393 0,125 47176 1665 0,203 0,213 0,84 0412
7 22067 0,359 0,137 41056 1449 0,203 0,213 0,73 014
8 26243 0326 0,151 35595 1256 0,203 0,213 0,54 015
g 29529 0,292 0,168 30737 1085 0,203 0,213 0,55 047
10 2810 0,259 0183 2E431 933 0,203 0213 0,47 019
11 36091 0,225 0,216 22627 7949 0,203 0,213 0,40 0,22
12 30372 0,192 0,256 10316 B&2 0,203 0213 0,35 026
13 42653 0,158 0,309 16496 582 0,203 0,213 0,29 0,3
14 45934 0,125 0,392 14091 497 0,203 0,213 0,25 0,39
15 49215 0,092 0,536 12035 425 0,203 0,213 0,22 0,54
547
5895
Remarks: 1m=3281 | TepTp= GL5.27) GlL[532/1533) Gl (5.34) |from sheet 1) [from sheet 1.) |[from sheet 1 JRepeat
f{BPR h) for plat
Wing loading My S 597 kgim? =<<<< Read design point from matching chart!
Thrust-to-weight ratio T f M o) 0,303 << Given data iz correct when take-off and landing is sizing the aircratt atthe sametime.
Thrust ratio (TeaTmlcr 0162
Conversion factar m-= 0,305 mit
Cruise altituce heg 12893 m
Cruize altitude heg 42299 ft
Temperature, troposphere T rrpospiare 20435 K T straepi e 216,65 K
Temperature, heg T(hgg) 216,65
Speed of sound, heg a 295 mis
Cruize speed Wep 224 mis
Conversion factor M = m 1832 mimm
Design range R 1550 HM
Design range R 2870600 m
Distance to alternate [— 200 MM
Distance to alternste Zp aknge 370400 m Reserve flight distance:
Chose: FAR Part121-Reserves? domestic no FAR Part 121 Sras
intemational yes domestic 370400 m
Estra-fuel for long range 10% W B57460 m
Exra fight distance Frg B57460 m
Spec fuel consumption, cruise SFCep 1,63E-05 kgHis typical value 1,B0E-05 kaiN/fs
Extra time:
Breguet-Factor, cruise B, 25387497 m FAR Part 121 L™
Fuel-Fraction, cruiss M rr 0,504 domestic 2700 =
Fuel-Fraction, extra flikt distance M e 0977 interna_ti_o_ngj___-—--"-—- 1800 &
Loiter time torer 1800 g__’__‘-‘-—-_
Spec.fuel consumption, loiter SFC er 1,63E-05 kgHis
Breguet-Factor, flight time By 127459 =
Fuel-Fraction, loiter Mttt 0,986
Phase My per flight phases [Roskam]
transport jet businessjet
Fuel-Fraction, engine start 1 eaghe 0,999 <<<< Copy engine start 0,950 0,930
Fuel-Fraction, tax M sty 0,996 <<<< values Lkl 04990 0,995
Fuel-Fraction, take-off Mym 0,995 <<<<from tak e-off 049585 0,993
Fuel-Fraction, climb M“’,CLE 0,995 <<<<table dimb 0,955 0,995
Fuel-Fraction, descant M e pes 0,992 <<<< onthe descent 0,990 0,990
Fuel-Fraction, landing LY 0,992 <<<<right! lancing 0992 0,992
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Fuel-Fraction, standard fight b oo 0 581
Fuel-Fraction, all reserves M e 0931
Fuel-Fraction, tatal g 0833
Mizsion fuel fraction m ey 0,162
Realtive opersting empty mass Moo 0 543 acc. to Lottin
Realtive operating empty mass M oM pym 0,573 from statistics (1 given)
Realtive opersting empty mass Mo My 0,565 <<«<< Choose according to task
Choose: type of alc shatt fimedium range yes <<= Choose according to task
long range no
Mass Passengers, including bacgade  mpg., 930 kg in kg Short- and Medium Range| Long Range
Mumber of passengers M pga 150 M e a30 97 .5
Cargo mass Lp— 6050 kg
P ayload Mg 20000 kg
M ax. Take-off mass My T3245 ko
Mz, landing mass T 65115 kg
Crperating em pty mass Mae 41383 kg
Mizsion fuel fraction, standard fight Mg 11861 kg
Wing area Sy 122,6 v
Take-offthrust Tm 217437 M all engines together
T-0 thrust of OME engine Tm fng 108714 H
T-0r thrust of SME engine Ty ing 24440 |b one engine
Fuel mazs, needed Mg er 12168 kg
Fuel density PE TES katn®
Fuel volume , needed WEar 15,5 mr (check with tank geametry later on)
Mz, Payload T g 20000 kg
M 2, zero-fuel maszs M yer 51333 ko
Fuelmassz, all reserves Mg, gs 384 ka
Check of assumptions check: Mo = Myge+ Mep, 7
ES115 kg = B4967 ky
Ves
Ajrcraft sizing finished
Matching Chart
0,700
0,650
0,600
0,550
0,500
0,450
§ 0,400 == 7nd Segment
g == \lissed appr.
%’ 0,350 Take-off
i 0,300 Cruise
:U') == | anding
2 0,250
= r X
0.200 ‘_—‘=.=..v ——— e — . q |
0,150
0,100
0,050
0,000 S
0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400

Wing loading in kg/m2
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F.1.2 Reference Configuration

The following data are taken froRester 2010b

1.) Peliminary Sizing |

Calculati for flight pt approach, landing, tak-off, 2nd segment and missed approach
Bold blue values represent input data. Author:
“alues based on experience are light blue. Usually you should not change these values! Prof. Dr.-Iny. Dieter Scholz, MSME
Results are marked red. Don't change these cells! HAW Hamburyg

hittp: e, ProfScholz. de
Enarnple data: See Klausur 5505

Interim values, constants, .. are in blackl
"exea " marks special input or user action.

Approach
Factar bl 170 (mif b
Conversion factor s - kt 1,944 ktfmis
Given: landing field length yes <<<< Choose according to task (ja = yes nein= na)
Landing field length SLEL 1700 m
Approach speed “ann 702 mis
Approach speed W, 136 4 kt _

a & AL |Vapp—kapp'\n'31ﬂ |
Given: approach speed no
Approach speed Vi 1340 kt 5 !
Approach speed Vanp 689 mis i L
Landing field length SirL 1641 m k.-iPP
Landing
Landing field length = 1700 m
Temperature above |SA (288 ,15K) AT, 0K
Relative density o 1,000
Factor. 3 . ky 0107 kgfm?® ;CL =10,03694 K,gppl
Mazx. lift coefficient, landing Crmat 2,900
Mass ratio, landing - take-off i g/ Mg 0,878000 Mg { S =k O Cp gy p - Sml
Wing loading at max landing mass My { S 528 kyg/m® TS

; i "
Wing loading at rmax take-off mass 11 e £ S 601 kyg/m? mma’{gw N i 4

Py Py
Take-off L ——
Take-off field length STOFL 2200 m
Temperatur above |54 (285,15K) AT 0K
Relative density o 1,000
Factor kra 234 m¥ky
Exprience value for C\ g 087 Clpart 232
Max. lift coefficient, take-off Comamo 207 T 7 - 3
Slope a 0,0005138 kyim® | = 70/ WPhagro ) _ 1o
T My ™9 &t My /Sy caloulated Mo | Sy frovr O Crparro

Thrust-to-weight ratio fram landing 0,309
Znd Segment
Calculation of glide ratio
Aspect ratio A 95
Lift coefficient, take-off Ciro 144
Lift-independent drag coefficient, clean Co g (bei Berechrung: 2. Segrment) 0,020 Ne siny)
Lift-independent drag coefficient, flaps ACH 0,017 0024
Lift-independent drag coefficient, slats ACH m 0,000 2 o027
Profile drag coefficient Cop 0,037 4 0030
Osgwald efficiency factor; landing configuration e 07
Glide ratio in take-off configuration Ero 10,59
Calculation of thrust-to-weight ratio
Mumber of engines Ng 2 s 1

: : ! e ", .
Climb gradient sinfy) 0,024 ———=| —— || = +siny
Thrust-to-weight ratio Tro / My ™ 0,237 Harp' & \Hy—1) | Epp
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Missed approach
Calculation of the glide ratio

Lift coefficient, landing G 172 | JAR-28 bzw. ©5-25| FAR Part25
Lift-independent drag coefficient, clean Cp g (bei Berechnung: Durchstarten) 0,020 ﬁ\CDIﬂ 0,000 o015
Lift-independent drag coefficient, flaps AC e 0,031
Lift-independent drag coefficient, slats ACH, m 0,000
Choose: Certification basis JAR-25 bzw. C525 no <<<< Chooseaccording to task
FAR Part 25 yes i
Lift-independent drag coefficient, landing gear  ACq goar 0015 Ne sin(y)
Profile drag coefficient Cop 0,066 2 op21
Glide ratioin landing configuration E: 830 3 0p24
4 0027
Calculation of thrustto ight ratio
Clirmb gradient siny) 0,021
Thrust-to-weight ratio Tro # Migra™ 0,248
T 1y 1 ; Mg
R v [ |
Pyrg & =1} \ B, o
2.) Max. Glide Ratio in Cruise
Estimation of kg by means of 1.), 2.) or 3
1.} From theory
Ozwald efficiency factor for kg 2 0,85
Equivalent surface friction coefficient CfﬂnI 0,003
Factar ke 149
2.0 Acc. to RAYMER
Factor ke 158
3.0 From own statistics
Factor ke 149
Estimation of max. glide ratio in cruise, E,.,
Factar KE:criosan 149 <<<< Choose according to task
Relative wetted area Suat Sy 6,1 Sua {8, =80 .. B2
Aspect ratio A 35 (from sheet 1)
Mazx. glide ratio By 18,59
or

hax. glide ratio Ermaxshosen 17,88 <<<< Choose according to task
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3.) Preliminary Sizing Il
C il for cruise, ing chart, fuel mass, operating emptymass
and aircraft parameters my, m, Mgg Sy T ..

P arameter Walue P aram eter Walug
Biy-paszs ratio BFR 48 E stitn ated Wi, 0,99 Jet, Theory, Optimum: 1,31 6074013
Mazx. glide ratio, cruize B 17,88 (au=z Teil 2) ClCin 1,020 o e o ,.f(V I )1 |
Aspect ratio 2, 9,5 (aus Teil 11 Eis o7 L2 Lo -
Ozwald eff. factor, clean =] 0,85 E 17,876 2
Terodlift drag cosficient Eipn 00 o, , = i AQ' 2 Density nzosooage [F = Fu % T a0
Lift coefficient at E; o, Ci 0,7 ’ A iBina vm 2372125915 = + [ % = ]
Wach number, cruize M 0,76 - \}m bi=3 224 2836593 = ‘ [
Ay 20 Real vorivm 0945517514 .
Constants
Ratio of specific heats, air " 14
E arth acceleration 981 mis? @
Air pressure, 1S4, standard gu 101325 Pa Tm_ =TT ILJD n}‘—m= sl ;i-p(h)
Euler num ber =] 2718282 il [ — ) - )'m / ) :
Altitude: Cruise ¥ * 2nd Missed appr. |Take-off Cruise
h[km] hitl| Teg T T fmoymta phi[Pal m g § Sy [kain ] To ! mymed| T iy a| T Myrg*d| T £ Mot
] ] 0,549 0102 101325 3023 0,237 0,245 1,55 040
1 3281 0,518 0,108 89573 2681 0,237 0,245 1,36 0,1
2 6562 0,487 0115 79493 2371 0,237 0,245 1,22 o1
3 9843 0,456 0123 70105 209 0,237 0,248 107 012
4 13124 0,425 0132 B1636 1639 0,237 0,245 0,94 013
5 16405 0,394 0,142 54015 1611 0,237 0,245 0,83 014
B 19636 0,363 0154 47176 1407 0,237 0,243 072 015
7 22067 0,332 0,168 41056 1225 0,237 0,245 063 047
g 26245 0,301 0,186 35595 1062 0,237 0,243 0,55 018
g 29529 0,270 0207 30737 17 0,237 0,245 047 0,2
10 32810 0,239 0234 26431 786 0,237 0,245 0.4 0,23
11 36091 0,208 0268 2I62T 675 0,237 0,248 035 027
12 39572 0,178 0315 19316 576 0,237 0,245 0,30 0,32
13 42653 0,147 0382 16495 492 0,237 0,245 0,25 0,38
14 45934 0,116 0484 14091 420 0,237 0,245 0,22 0,48
15 49215 0,085 0660 12035 359 0,237 0,245 018 066
01
G01
Remarks: 1m=3281 | TepT= G2 GL(5.325.33) Gl (5.34) |from sheet1.) [fom sheet 1. (from sheet 1 JRepeat
TBPFR hi for plat
Wing loading Moy F S 601 kg/m?® =<<<< Read design point from matching chart!
Thrust-ta-weight ratio T H(M gt 0,309 “<e< Given data is correct whentake-off and landing iz sizing the aircratt at the sametime.
Thrust ratio (TerTmler 048
Conversion factar m ==t 0,305 mit
Cruize altitude heg 12326 m
Cruize altitude heg 40439 ft
Temperature, troposphere T rrpoepuare 208,03 K Tstrarep e ME,BS5 K
Temperature, h o Tiheg) 21665
Speed of sound, heg a 295 miz
Cruise speed Yea 224 mig
Conversion factar MM -=m 1832 mithd
Design range R 1550 HM
Design range R 2570600 m
Distance to alternste L — 200 rh
Distance to alternate f— 370400 m Reserve flight distance:
Chose: FAR Part121-Reserves? do;neaic no FAR Part 121 s
intemational ves domestic 370400'm
Extra-fuel for long range 10% WBSNBD m
DI
Exdra fight ditance = B37460 m
Spec.fuel consumption, cruise SFCeg 1,63E-05 kgH/s typical walue 1,60E 05 ko/Miz
Extra time:
Breguet-Fadtor, cruise B, 25063326 m FAR Part 121 topr
Fuel-Fraction, cruise M yen 0,592 domestic 2700 5
Fugl-Fraction, extra flint distance M 4 pes 04974 interna_ti_o_ngj_,_.———-"'-__ 1800 =
—_—
Laiter time thier 1800 =
Spec fuel consumption, loiter SFC e, 1,63E-05 kgH./s
Breguet-Factor, fight tim e By 111746 =
Fuel-Fraction, loiter M o 0,954
Phass My per flight phazes [Roskam]
fransport jet businessjet
Fuel-Fraction, engine start L] Ttenghe 0,999 <<<< Copy engine start 0990 0,990
Fuel-Fraction, tax M 4 0,996 <<<< values taxd 0,950 0,995
Fuel-Fraction, take-off Mym 0,995 <<<<from take-off 0,993 0,993
Fuel-Fraction, climb ] TELE 0,995 <<<<table dimb 0998 0,993
Fuel-Fraction, descent M 4 pes 0,992 <<<<onthe descent 0880 0,990
Fuel-Fraction, landing Mgy 0,992 <<<<right! lancling 0992 0,992
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Fuel-Fraction, standard fight L 0,869
Fuel-Fraction, all reserves M e 0,946
Fuel-Fraction, total b 0,822
Mizzion fuel fracion m e M yra 0178
Realtive operating empty mass Mol ym 0,551 acc. to Laoftin
Realtive operating empty mass Mg pym 0,573 fram statistics (1 given)
Reattive operating empty mass M oMy 0,550 <<<x Choose according to task
Choose: type ofalc short fmedium range Ves <<<< Choose according to task
long range no
Mazs Passengers, including bagoage  m pa 930 ky in kg Short- and Medium Range| Long Range
Mumber of passengers Mpge 150 T 93,0 ar.5
Carn mass M cana 6050 kg
P ayload ML 20000 kg
Max Take-off mass My 73528 kg
s, landing mass My 64557 kg
Operating em pty mass MaE 40440 kg
Mizsion fuel fraction, standard fight Mg 13088 kg
Wing area = 122,3 ¥
Take-offthrust Tn 222884 M all engines together
T-0 thrust of OME engine Ty ing 111442 N
T-C thrust of OME engine T fng 25052 Ib one engne
Fuelmazs, needed L 13380 ky
Fuel density e 785 kgim=
Fuel volume, needed W 171 e (check with tank geometry later on)
Il &, Payload M ppL 20000 kg
hd s, zero-fuel mass M e 60440 kg
Fuelmassz, all ressrves M E g 3962 ko
Check of azsum ptions check: My = Mg+ Mege 7
64557 ko = 64402 ko
yes
Ajrcraft sizing finished
Matching Chart
0,700
0,600
0,500
';—0 400 == nd Segment
e == \lissed appr.
= Take-off
% Cruise
:? 0,300 ] == _anding
%]
=
E = A — o —— —— ]
0,200
0,100
0,000 X
0 200 400 600 800 1000 1200

Wing loading in kg/m?
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Box Wing Sizing Spreadsheet
F.2.1 Sizing According to Static Longitudinal Stabiity and Controllability

F.2
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dcm N a._g[ _ 3_8] i altemative (simple dowmnash) M 0
ac, . Do 9 0396247
DATCOM 4.1.32 (Wing Lift Curve Slope) b 2 34
phi_50,2 %) 28
dCLQ 21 A,
@y = phi_50.2 irac) -0,485692191
do, 24 [42 (i tanp,, — M2+ 4 A2 18,85886889
a2 5,053265748
DATCOM 4.4.1 Wing-Wing Combinations at Angle of Attack Method 2)
oe 19 L.x
444 [k, k, ke A JCOB Oy |-
B E Cra jM_ phi_251 () 285
b_2 34
o=t L 10 - 3% -k 45| lambla_2 08
A 14 AY 1= 7 i 31.‘2; I zH 8,5
f phi_25 1 iraed) 0497415357
phi_50,1 irac) 0,492069651
WING ROOT SHORD PLAME 1 e (C_L, alphaihd 504355452
! —-"'} — (C_L alphajht=0 5104355452
f Cr | it a1 18,90082339
| J _ | _ kA 0,04517 631
— 7 k_lamba 1085714286
—— a1 K_H 0,50990295
.|‘r;., i_._ J;’,‘ depsilon/dalpha 0.09081:3586
Lrr
— cue —
acc. to DATCOM 4.5.1.1 {(Wing-B ody-Tail Lift Curve Slope) with adjustments and assumptions (more details: see thesis paper)
ac, __ (0 S dc; R GARS
= -l ol Gl K K E ; | E K Myt &5 04
= 5 [d(}.j 51 ( +  + g.;sv)) +5, dex ), ( iz T a;w)) 7 5, + = . Te.l’S) 2 D.QE
ndt d2 05
Ky = —5—— d _nzl o_2in_int 04
P (oo 3 Koo+ Eogm =[g+1] Eigym OR sl | VA0 2) 133748125
dec ), 7 M1 0,090571418
(K B K _BIom)_1 1,249134343
[dq] [3—] '[dCL] SIS [b_,_ d—g] (K B KB _2 1 D2OE2E025
wE e )
[dCLJ _Ndoh ASh NdB ), de : 2 (K ACE)_1 1.094117647
do. b d ADe=a2 18,55555589
il -y, [?1 = 71] _CLid_siphal W 26) | 0284233045
a 5,050465168
a_atemstive 5126212179

(zimple downwash)
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F.2.2 Estimation of Mass and Center of Gravity

Aircraft Mass and Center of Gravity

Prelirnirary Sizing

[PresTol ozl culated bere deviztion (in %] G poition [
M 61333 61333 I [ 16,
Mirss TRd5 T3a01 0,35 gircrat noss cx=0m
My 20000 Hzdage length: =1
My 41383 4133 0,12
Group Mz== kg) Certer of Gravity
calculated inz=rt inal walue remarks x(m) eetirmation method
aerodyramic sufaces
fund wirg 4290 7 H0HFE EY0 [cdculated walue fom Tomnbesk 113 (007 Mal
b_% 38 8344070 inzerted walue fommore precise
L 062504100 cstimation
r 05
at wing 3354 147436 3009 |cdculaed walue fom Torenbesk 248107 Wl
b5 38 507IITL inzzrted value fommors preciss
LI 0. 364405201 estimation
tr 04
adjustrment acc. to chord proportional
winglats A 000 |weighit fanction 17 8 |acs. to dawing
1600 [Pre5To
13il surfaces 2197 36 2197 |3 % ofdd TOWW (Torerbeek fret guess) 27,7 |3ce. to dawing
fuzelage TT29 ra5ang Tonenbssk
W0 (mes EASY b} Pre5To
wzud judjement, wry conservative,
I_H 126 hor. il not comparable o conw one !t
w F(m) 57 Pre5To Cabin
h F{m i Pre5To Cabin
lambda_F 581 Pre5To Cabin
5_Fwet (m©) 460 fidI5563 Torenbeek (FE B. 138)
factor ace. to Raymer| 24 1105542135 Faymer
FE00 [sedage supported baytwo wings! 1,805 |0 46 fuselage kngth
larding gear
nose gear
k 1 433 DE 433 | Torenbe s 4.2 |acs. to drawing
A 9.1
] D=2
[ 1]
u] 2 A7 EDG
mahn gear
k 108 b bt i 2430 | Torenbeeh 18 |ac: . to drawing
A 18,1 rmight be more compad, this lighter.
B 0,131 But Awro main gear wery by
{5 o.0a becauss of 3 ot of hinges =>
u] 2 IEDS 3ssume saTe weight as A3
Pt To. D900 k., + 204, SUpportng
angines inst. [ind . nacelles) 5500) |beam 17 7 [3cs. 0 dawing
systerns and stand. + op.itemns 924007 114 9240 [Torenbeek (medum Ange aircat) 14,835 |0 45 fuselage kngth
k_aquip o1
k FiC 028
paoad
pax
m_pas a3 13950 13330 |R 05 Kb 145 |centre ofcabin
nopas 150
o E0:] |rest of payoad 16 [egtimated acs. to dAung
Tuel T21ES [gruen acs. to Prel. Sizing
And wing tark 4305 (3ot to wlume estimate (Torenbezk]) 112{CGE awing CG
at wing @&k 4157 [@cs. to wolume estimate (Tomenbesh)) 245(C5 2 wing CG
Hiselage tank 2106 |rest 12 2 [estimated acs. to drawing
@iltankAnim ark 1000 [quessed i
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Payload-Range Calculation

Fuel Fractions

Box Ref Buox Ref
payload i) range (nmy T 73501 73500 engine 0,993 0,999 B
i} MPL 20000 20000 tai 0,998 0,996 B_
20 2870 QEW 41333 40440 take off 0,995 0,895
15,406 5247 M Fuel 16762 18700 climb 0,985 0,995
1} 7520 PL{mae fuel) 15406 14360 descert 0,992 0,892
ML{max Tusl) 56739 54800 landing 0,992 0,832
payload range MAMO (e fuel)  0,771949 0745578 res 0,852 0,946
i M CR (max fuell  0,852304  0,80897
20 2870 TOW Terty) 58055 59140
14,36 5313 MM O (Tern) 0,711472 0,683801
i 7481 Mt CR (farmy) 07671 0,741941
Payload-Range Diagram
25
20
15
10
mp (1)
5
N
A\
0 T T T T T T
0 1000 2000 3000 4000 5000 g000 Jooo 8000

Rtkm) ——

Box

2 BEE+07
1,27E+05
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Appendix G

CD-ROM

The attached CD-ROM contains the text of this thasi PDF-file and as ODT-file, the poster
presentation as well as the following spreadsheets:

* Preliminary sizing of the reference aircraft
A-C_Preliminary_SizingA320.xls

* Preliminary sizing of the box wing aircraft
A-C_Preliminary_Sizing_BoxWing.xls

» Calculations regarding the span efficiency factut the glide ratio
Glide_Ratio_and_Oswald_Factor_Calculations.xIsds11

* Wing mass estimation for flexible connections
Internal_Loads_Wing_Mass_hinged_edges.xls

* Wing mass estimation for rigid connections
Internal_Loads_Wing_Mass_rigid_edges.xls

* Calculation of MAC, wing tank volume and max. alleavt/c ratio
MAC _Fuel t c.xIs

* Payload-range calculation
payload_range.xls

* Sizing sheet of the box wing aircraft
Sizing_Sheet_A320.xls

* Sizing sheet of the reference aircraft
Sizing_Sheet_Box_Wing.xls

* Tilting angle calculation
tip_over_stability.xIs

* Wing mass overview
Wing_Mass_Overview.xls
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