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Abstract

This thesis covers the conceptual design of a box wing configuration, an unconventional non 
planar configuration comparable to a joint wing whose wings are connected on the tips by 
vertical winglets. In this way the wing configuration forms a rectangular box in the front view. 
The box wing configuration allows for savings in induced drag which results in reduced fuel 
consumption. Compared to conventional aircraft there are significant differences concerning 
aerodynamics, flight mechanics and the structural layout. These differences are elaborated and 
their consequences are applied to the design process. It is shown that the requirements accord-
ing to longitudinal stability and controllability are a main design driver. The aircraft is very 
sensitive to shifts of its center of gravity. This issue is solved by a well balanced aircraft lay-
out, comprising of a short fuselage not extending much more forward than the front wing and 
an engine position close to the center of gravity. For assessing the saving potentials of the box 
wing configuration a reference aircraft is chosen (the Airbus A320). The design mission and 
geometry constraints of the reference aircraft are applied to the box wing aircraft so that per-
formance and operational characteristics of both aircraft can be compared. A shorter fuselage 
and cabin means more seats abreast, so this box wing aircraft becomes a wide body aircraft 
having two main aisles. This allows for a faster boarding /deboarding. The resulting increase 
of the cross sectional area of the fuselage permits the accommodation of standard LD3 con-
tainers. It is concluded that the designed box wing aircraft consumes 9 % less fuel and re-
quires 2 % less take off thrust for the design mission. With reduced fuel burn the box wing 
configuration has also a potential of reduced emissions. The maximum take off weight of both 
aircraft is equal. Unlike other unconventional configurations (e.g. the blended wing body) the 
box wing is compatible to current airport facilities It is important to keep in mind that the 
presented conceptual design is based on simplifying assumptions as well as preliminary calcu-
lations and methods. The design has to be checked and confirmed in more detailed investiga-
tions. The designed box wing aircraft is not fully optimized yet. Hence it still leaves room for 
further performance improvements. 



Conceptual Design of a Medium Range Box Wing
Aircraft

Task for a Master Thesis according to university regulations

Background
Already in 1924 Ludwig Prandtl indicated that a wing system generating minimum induced 
drag consists of two wings whose tips are connected by vertical plates (Prandtl 1924). Today 
this configuration is mostly referred to as “box wing configuration”. Since a reduction of in-
duced drag has positive effects on aircraft performance and weight, the box wing configurati-
on has been subject of several studies (e.g. Lockheed 1974). However, only few of them con-
tain a complete analysis of the overall design because of its unconventional nature and the 
lack of compatible methods. But with the growing availability of computational resources a 
complete design study becomes more feasible.

Because of its complexity, aircraft design often relies on statistical methods. These methods 
are applicable to new configurations only to a limited extent because most of them are based 
on conventional aircraft configurations. For this reason a reliable computational analysis of 
unknown configurations is mandatory, as well as experimental tests.

At the University of Applied Sciences Hamburg (HAW Hamburg) several tools are available 
for aircraft design. The tool PreSTo (Preliminary Sizing Tool) was developed within the Aero 
Research Group at HAW Hamburg, based on sizing calculations presented in the lecture “Air-
craft Design” by Prof. D. Scholz (Scholz 1999). With its help a conventional aircraft can be 
sized in order to fulfill certain mission requirements. The generated data may be exported to 
other  available  tools  for  refining  the  design.  One  of  these  tools  is  the  software  suite 
CEASIOM (Computerized Environment for Aircraft Synthesis and Integrated Optimization 
Methods, URL: http://www.ceasiom.com). It was developed within the SimSAC project (Sim-
ulating Aircraft  Stability and Control Characteristics for Use in Conceptual Design, URL: 
http://www.simsacdesign.eu) and enables the designer to analyze and optimize the design with 
the help of multidisciplinary methods.
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Task
In this Master Thesis the conceptual design of a box wing aircraft shall be conducted with the 
help of the above mentioned methods and tools. Reference aircraft is the Airbus A320. In de-
tail, the following tasks shall be performed:

1) Literature research
2) Discussion of essential parameters of the box wing configuration with regard to 

their special qualities compared to conventional aircraft
3) Preliminary sizing and conceptual design of the box wing aircraft equivalent with 

help of PreSTo
4) Multidisciplinary analysis of the box wing aircraft with help of CEASIOM
5) Comparison of the found box wing design with the reference aircraft in terms of 

weight and performance
6) Discussion of the results and the applicability of the used methods and software

For points 3) and 4) it has to be determined in which scope the software tools might be useful. 
Whenever needed, alternative methods have to be used and described.

The report has to be written in English based on German or international standards on report 
writing.

References

Lockheed 1974 LANGE, R.H. ; CAHILL , J.F. ; BRADLEY, E.S. ; et al.: Feasibility Study of 

the Transonic Biplane Concept for Transport Aircraft  Application.  
Marietta : The Lockheed-Georgia Company, 1974. - Research report 
prepared under contract NAS1-12413 on behalf of the National Aero
nautics and Space Administration 

Prandtl 1924 PRANDTL, Ludwig: Induced Drag of Multiplanes. Langley : National
Advisory Committee for Aeronautics, 1924. - NACA TN 182

Scholz 1999 SCHOLZ, Dieter: Skript zur Vorlesung Flugzeugentwurf, Hamburg,
Fachhochschule Hamburg, FB Fahrzeugtechnik,  Abt. Flugzeugbau,  
Vorlesungsskript, 1999



6

Declaration

Herewith I affirm that this master thesis is entirely my own work. Where use has been made 
of the work of others, it has been fully acknowledged and referenced.

Date Signature



7

Contents
Page

Abstract...................................................................................................................3
Task..........................................................................................................................4
Declaration..............................................................................................................6
List of Figures.......................................................................................................12
List of Tables.........................................................................................................15
Nomenclature........................................................................................................17
List of Abbreviations............................................................................................20
Terms and Definitions..........................................................................................21

1 Introduction ..........................................................................................................23
1.1 Motivation..............................................................................................................23
1.2 Objectives...............................................................................................................23
1.3 Review of Literature..............................................................................................24
1.3.1 Aircraft Design Literature......................................................................................24
1.3.2 Box Wing Literature...............................................................................................24
1.4 Structure of this Thesis...........................................................................................25

2 The Box Wing Concept........................................................................................27
2.1 Short Introduction to Non Planar Configurations..................................................27
2.2 Box Wing Geometry..............................................................................................28
2.2.1 Horizontal Stagger.................................................................................................29
2.2.2 Vertical Stagger and Height to Span Ratio.............................................................30
2.2.3 Wing Area and Aspect Ratio..................................................................................31

3 Design Requirements According to the Reference Aircraft .............................32
3.1 Mission Requirements............................................................................................32
3.2 Additional Conditions............................................................................................33
3.2.1 Geometry................................................................................................................33
3.2.2 Engines...................................................................................................................33
3.3 Family Concept......................................................................................................34

4 Box Wing Aerodynamics......................................................................................35
4.1 Lift..........................................................................................................................35
4.1.1 General Lift Distribution........................................................................................35
4.1.2 Lift Coefficients.....................................................................................................37
4.1.3 Lift Curve Slope.....................................................................................................39
4.2 Drag........................................................................................................................41
4.2.1 Zero Lift Drag........................................................................................................41
4.2.2 Induced Drag..........................................................................................................42



8

4.2.3 Wing Tip Vortices...................................................................................................44
4.3 Span Efficiency Factor...........................................................................................45
4.4 Mean Aerodynamic Chord.....................................................................................48
4.5 Effect of Low Reynolds Numbers..........................................................................49
4.6 Effect of Unequal Lift Distributions between Both Wings....................................50
4.6.1 Increase of Induced Drag.......................................................................................50
4.6.2 Reduction of the Span Efficiency Factor...............................................................53
4.7 Stall Characteristics................................................................................................54
4.8 Distinction of the Characteristics of the Individual Wings and the Whole

Wing Configuration................................................................................................55

5 Box Wing Flight Mechanics.................................................................................56
5.1 Performance...........................................................................................................56
5.1.1 Drag Polar..............................................................................................................56
5.1.2 Lift Coefficient for Minimum Drag Based on the Idealized Drag Polar...............58
5.1.3 Maximum Glide Ratio............................................................................................60
5.1.4 Glide Ratio for Different Lift Coefficients.............................................................61
5.2 Static Longitudinal Stability and Controllability...................................................62
5.2.1 General Requirements ...........................................................................................63
5.2.2 Derivation and Evaluation......................................................................................65
5.2.3 Results and Conclusion..........................................................................................71
5.3 Static Lateral Stability and Controllability............................................................74

6 Preliminary Sizing................................................................................................76
6.1 Determination of the Final Span Efficiency Factor...............................................78

7 Wing Design..........................................................................................................79
7.1 Design for Transonic Speeds..................................................................................79
7.1.1 Wing Sweep...........................................................................................................79
7.1.2 Thickness to Chord Ratio.......................................................................................80
7.2 Taper Ratio.............................................................................................................82
7.3 Decalage.................................................................................................................83
7.4 Torenbeek Mass Estimation...................................................................................84
7.5 Design Integration and Resulting Wing Geometry................................................86
7.5.1 Longitudinal Positions...........................................................................................86
7.5.2 Vertical Positions....................................................................................................87
7.5.3 Resulting Geometry...............................................................................................87
7.6 More Precise Mass Estimation ..............................................................................89
7.6.1 Method...................................................................................................................89
7.6.2 Lift Loads...............................................................................................................93
7.6.3 Effect of Wing Sweep............................................................................................94
7.6.4 Validation of the Method with A320 Wing Mass...................................................95



9

7.6.5 Wing Mass Estimation of the Box Wing Configuration........................................98
7.6.6 Discussion of Results...........................................................................................100
7.7 Influence of Joint Types on Wing Structure.........................................................102
7.7.1 Shear Forces.........................................................................................................102
7.7.2 Bending Moment..................................................................................................103
7.7.3 Displacements......................................................................................................104
7.7.4 Wing Mass............................................................................................................105
7.8 Fuel Volume.........................................................................................................106
7.9 Airfoils.................................................................................................................107
7.10 High Lift Devices and Maximum Lift Coefficient...............................................108
7.11 Control Surfaces...................................................................................................109

8 Design and Integration of Other Aircraft Components..................................111
8.1 Cabin and Fuselage...............................................................................................111
8.1.1 Layout with PreSTo Cabin...................................................................................111
8.1.2 Final Geometry.....................................................................................................113
8.2 Empennage...........................................................................................................114
8.3 Engines.................................................................................................................116
8.4 Landing Gear........................................................................................................118
8.4.1 Ground Clearance and Longitudinal Tip Over Stability......................................118
8.4.2 Lateral Tip Over Stability.....................................................................................120

9 Final Aircraft Layout .........................................................................................121

10 Weight and Balance............................................................................................123
10.1 Loading Chart.......................................................................................................123
10.2 Component Masses and Center of Gravity..........................................................124
10.2.1 Permissible CG Travel.........................................................................................126
10.3 Mass Decomposition............................................................................................127

11 Performance of the Final Configuration..........................................................128
11.1 Final Zero Lift Drag.............................................................................................128
11.1.1 Wetted Area of the Fuselage.................................................................................128
11.1.2 Wetted Area of Wings and Winglets.....................................................................129
11.1.3 Wetted Area of the Stabilizers..............................................................................130
11.1.4 Wetted Area of the Nacelle...................................................................................130
11.1.5 Wetted Area of the Engine Beam.........................................................................130
11.1.6 Total Wetted Area and Zero Lift Drag Coefficient...............................................131
11.2 Final Glide Ratio..................................................................................................132
11.2.1 Maximum Glide Ratio..........................................................................................132
11.2.2 Glide Ratio vs. Cruise Lift Coefficient................................................................132
11.3 Final Idealized Drag Polar...................................................................................133



10

11.4 Payload-Range Diagram......................................................................................134
11.4.1 Basics...................................................................................................................134
11.4.2 Breguet Range Calculation..................................................................................135
11.4.3 Range and Mission Segment Mass Fractions for Maximum Payload.................136
11.4.4 Range for Maximum Take Off Mass and Maximum Fuel...................................138
11.4.5 Ferry Range..........................................................................................................139
11.4.6 Results..................................................................................................................139

12 Conclusion and Outlook....................................................................................141

References..............................................................................................................................144

Acknowledgements................................................................................................................150

Appendix A Definition of the Mean Aerodynamic Chord...............................................151
A.1 Length of the Mean Aerodynamic Chord........................................................151
A.2 Longitudinal Position of the Mean Aerodynamic Chord.................................157

Appendix B Flight Mechanics............................................................................................159
B.1 Altitude for Maximum Glide Ratio as Function of the Height to Span Ratio.159
B.2 Equations for Assessing Static Longitudinal Stability and Control................161
B.2.1 Equilibrium of Moments.................................................................................161
B.2.2 Lift Curve Slope of the Whole Aircraft...........................................................163

Appendix C Wing Design Data..........................................................................................170
C.1 Span Wise Lift Distribution.............................................................................170
C.1.1 Box Wing Configuration.................................................................................170
C.1.2 Reference Configuration..................................................................................172
C.2 Internal Loads for Wing Mass Estimation.......................................................173
C.2.1 Box Wing Configuration with Rigid Joints.....................................................173
C.2.2 Box Wing Configuration with Flexible Joints.................................................177
C.2.3 Reference Configuration..................................................................................180

Appendix D Configuration Drawings................................................................................181
D.1 Final Box Wing Configuration, Scaled Drawings...........................................181
D.2 Selected Intermediate Versions........................................................................185

Appendix E Calculation of the Tilting Angle....................................................................190

Appendix F Data from Spreadsheets................................................................................193
F.1 Preliminary Sizing Spreadsheet.......................................................................193
F.1.1 Final Box Wing Configuration........................................................................193



11

F.1.2 Reference Configuration..................................................................................197
F.2 Box Wing Sizing Spreadsheet.........................................................................201
F.2.1 Sizing According to Static Longitudinal Stability and Controllability............201
F.2.2 Estimation of Mass and Center of Gravity......................................................203
F.3 Payload-Range Calculation.............................................................................204

Appendix G CD-ROM........................................................................................................205



12

List of Figures
Page

Figure 2.1 Span efficiency factors for optimally loaded non planar wings with
h/b = 0,2 (Kroo 2005)........................................................................................27

Figure 2.2 Example of a box wing configuration (Lockheed 1974)...................................28
Figure 2.3 Wing geometry parameters of a box wing configuration (Khan 2010).............28
Figure 2.4 Positive stagger of a biplane..............................................................................29
Figure 2.5 Wing interference factor of biplanes (Prandtl 1924, G means vertical gap,

r = b2/b1)............................................................................................................30
Figure 3.1 Three view drawing of the Airbus A320 (Aerospaceweb 2011).......................32
Figure 3.2 Comparison of the basic box wing configuration and a possible stretched

version...............................................................................................................34
Figure 4.1 Lift distribution of a box wing aircraft (Durand 1935).....................................35
Figure 4.2 Lift distribution consisting of a constant and an elliptical part.........................36
Figure 4.3 Lift distribution with different constant parts of both horizontal wings

(modelled within Framework from Wolsink 2011)...........................................36
Figure 4.4 Generic lift polar of the individual wings of a box wing aircraft......................38
Figure 4.5 Effect of downwash on the local flow over a local airfoil section of a

finite wing (Anderson 2007).............................................................................42
Figure 4.6 Counterrotating tip vortices of a box wing aircraft...........................................44

Figure 4.7 κ vs. h/b acc. to Prandtl and Frediani (Frediani 2009)......................................46
Figure 4.8  Theoretic span efficiency factor of a box wing configuration...........................47
Figure 4.9 Parameters for the determination of the longitudinal position of the MAC......48
Figure 4.10 Induced drag penalty for unequal lift of both wings ........................................52
Figure 4.11 Reduction of the span efficiency factor for unequal lift of both wings.............53
Figure 4.12 Stall characteristics of a box wing aircraft........................................................54
Figure 5.1 Idealised (left) and actual drag polars (Raymer 1992)......................................57
Figure 5.2 Altitude for maximum glide ratio depending on the h/b ratio under ISA

conditions .........................................................................................................59
Figure 5.3 Increase of maximum glide ratio depending on the h/b ratio............................60
Figure 5.4 Glide ratio depending on the lift coefficient for different span efficiency

factors................................................................................................................61
Figure 5.5 CM over CL for a stable aircraft..........................................................................63
Figure 5.6 Forces and moments acting on a box wing aircraft...........................................65
Figure 5.7 Eppler 340 airfoil as an example for a reflexed wing section...........................71
Figure 5.8 Box wing aircraft with a reflexed fuselage (Frediani 2007)..............................72
Figure 6.1 Matching chart for the box wing aircraft resulting from preliminary sizing.....77
Figure 7.1 Decomposition of the free stream vector into a normal and a tangential

component (Dubs 1987 in Scholz 1999)...........................................................80
Figure 7.2 Lift coefficients of the individual wings vs. total lift coefficient for

the final box wing configuration.......................................................................83



13

Figure 7.3 Limiting factors for the longitudinal distance between both wings..................86
Figure 7.4 Wing dimensions, side view..............................................................................88
Figure 7.5 Wing dimensions, front view.............................................................................88
Figure 7.6 Wing dimensions, top view...............................................................................88
Figure 7.7 Box-beam modelling for wing mass estimation acc. to Oyama 2000

(Oyama 2000)....................................................................................................89
Figure 7.8 Adjusted box-beam modelling for wing mass estimation.................................90
Figure 7.9 Span wise distribution of thickness to chord ratio for a jet transport

aircraft (acc. to Böttger 2010)...........................................................................92
Figure 7.10 Lift distribution consisting of a constant and an elliptical part.........................93
Figure 7.11 A320 wing geometry and lift distribution modelled in Framework..................95
Figure 7.12 Trapezoidal rule for evaluating an integral .......................................................96
Figure 7.13 A320 wing model for wing mass estimation.....................................................96
Figure 7.14 Distribution of shear load along A320 wing due to lift (values in kN).............97
Figure 7.15 Distribution of bending moment along A320 wing due to lift

(values in kNm).................................................................................................97
Figure 7.16 Model of the forward wing for wing mass estimation......................................98
Figure 7.17 Model of the aft wing for wing mass estimation...............................................98
Figure 7.18 Wing geometry and lift distribution of the box wing configuration

modelled in Framework.....................................................................................99
Figure 7.19 Distribution of shear load due to lift along wings of the box wing

configuration (values in kN)..............................................................................99
Figure 7.20 Distribution of bending moment due to lift along wings of the box wing

configuration (values in kNm).........................................................................100
Figure 7.21 Distribution of wing bending moment for flexible joints (n = 3)....................103
Figure 7.22 Distribution of wing bending moment for rigid joints (n = 3)........................103
Figure 7.23 Qualitative displacements for flexible joints...................................................104
Figure 7.24 Qualitative displacements for rigid joints........................................................104
Figure 7.25 Division of wing mass for rigid and flexible joints.........................................105
Figure 7.26 Control surfaces and high lift devices on a box wing aircraft

(acc. to Iezzi 2006)..........................................................................................109
Figure 8.1 Possible box wing configuration with fuselage of the reference aircraft........111
Figure 8.2 Fuselage cross section for economy class and business class

(modelled with PreSTo Cabin)........................................................................112
Figure 8.3 Cabin floor plan of the box wing aircraft (modelled with PreSTo Cabin)......112
Figure 8.4 Exit positions of the box wing aircraft............................................................113
Figure 8.5 Front view of the V-tail....................................................................................114
Figure 8.6 Side view of the V-tail.....................................................................................115
Figure 8.7 Box wing aircraft without engines ..................................................................116
Figure 8.8 Front view of the engine integration................................................................117
Figure 8.9 Landing gear layout for sufficient ground clearance (acc. to Trahmer 2004). 118
Figure 8.10 Pitch angle at tail strike...................................................................................119



14

Figure 8.11 Wing clearance to ground................................................................................119
Figure 8.12 Tilting angle for assessing lateral tip over stability (acc. to Trahmer 2004).. .120
Figure 9.1 Three view drawing and data of the final box wing configuration.................122
Figure 10.1 Loading chart for a balanced aircraft (Torenbeek 1982) ................................123
Figure 10.2 Decomposition of the maximum take off and the operating empty mass.......127
Figure 11.1 Glide ratio depending on the lift coefficient during cruise..............................132
Figure 11.2 Idealized drag polars of the box wing and the reference aircraft....................133
Figure 11.3 General composition of the payload-range diagram (Scholz 1999)................134
Figure 11.4 Payload-range diagram....................................................................................140
Figure A.1  Conventional double trapeze wing (Scholz 1999)...........................................152
Figure A.2  Imaginary rectangular wings substituting the original inner and outer wing..153
Figure A.3  Box wing consisting of two trapezoidal wings................................................154
Figure A.4 Imaginary rectangular wings substituting the original forward and aft wing. 155
Figure A.5  Actual forces and moments acting on the box wing aircraft and their

substitution......................................................................................................157
Figure B.1 Forces and moments acting on a box wing aircraft.........................................161
Figure B.2 K-factors for considering lift effects due to wing body interferences

(DATCOM 1978).............................................................................................165
Figure B.3 Lateral vortex position depending on effective aspect ratio and wing and

body geometry (DATCOM 1978) ..................................................................167
Figure B.4 Vortex interference factor depending on vortex position, wing and

fuselage geometry (DATCOM 1978) .............................................................168
Figure D.1 Three view drawing and data of the final box wing configuration.................181
Figure D.2 Scaled front view of the final box wing configuration....................................182
Figure D.3 Scaled side view of the final box wing configuration.....................................183
Figure D.4 Scaled top view of the final box wing configuration .....................................184
Figure D.5 Version A-1c....................................................................................................185
Figure D.6 Version A-2a....................................................................................................185
Figure D.7 Version B-2 (don't mind the wrong name in the drawing)..............................186
Figure D.8 Version B-3......................................................................................................186
Figure D.9 Version B-4......................................................................................................187
Figure D.10 Version W-8.....................................................................................................187
Figure D.11 Version W-8-30................................................................................................188
Figure D.12 Version W-8-short............................................................................................188
Figure D.13 Version W-8-x..................................................................................................189
Figure D.14 Version W-8-x-mod.........................................................................................189
Figure E.1 Geometry for calculating the tilting angle.......................................................190



15

List of Tables
Page

Table 3.1 Mission requirements of the reference aircraft..................................................32
Table 3.2 Wing parameters to remain unchanged.............................................................33
Table 3.3 Reference engine data........................................................................................33
Table 4.1 Span efficiency factor of an ideally loaded rectangular box wing depending

on h/b ratio (DeYoung 1980).............................................................................45
Table 5.1 Vortex interference factor depending on the h/b ratio.......................................70
Table 5.2 Degree of lateral stability of the reference aircraft in terms of dihedral angle..75
Table 5.3 Degree of lateral stability of the box wing aircraft in terms of dihedral angle. 75
Table 6.1 Parameters used for preliminary sizing.............................................................76
Table 6.2 Further results from the preliminary sizing.......................................................77
Table 7.1 Optimum taper for both wings..........................................................................82
Table 7.2 Geometry parameters of the final wing configuration......................................87
Table 7.3 Wing geometry data for A320 wing mass estimation........................................96
Table 7.4 A320 wing mass according to more precise estimation method.......................97
Table 7.5 Geometry data of the forward wing...................................................................98
Table 7.6 Geometry data of the aft wing...........................................................................98
Table 7.7 Wing mass of the box wing configuration according to the more precise

estimation........................................................................................................100
Table 7.8 Wing shear forces depending on the joint type (n = 3)...................................102
Table 7.9 Wing bending moment depending on the joint type (n = 3)............................103
Table 7.10 Wing mass estimation for flexible and rigid joints (n = 3,75).........................105
Table 7.11 Tank capacity of the forward wing..................................................................106
Table 7.12 Tank capacity of the aft wing..........................................................................106
Table 7.13 Maneuvers depending on the combinations of control surface deflection......110
Table 8.1 Parameters for fuselage and cabin layout........................................................113
Table 8.2 Geometry parameters of the V-tail sized as vertical stabilizer........................116
Table 8.3 Input parameters and result of tilting angle calculation..................................120
Table 10.1 Component masses and center of gravity positions........................................124
Table 10.2 Comparison of masses according to preliminary sizing and weight

estimation........................................................................................................124
Table 10.3 Permissible CG travel in cruise condition with mMTO......................................126
Table 11.1 Wing parameters for calculating the wetted area of the wings........................129
Table 11.2 Wetted areas of aircraft components and total wetted area.............................131
Table 11.3 Mission segment mass fractions for flight with maximum payload................137
Table 11.4 Results of the payload-range calculations.......................................................139
Table C.1 Span wise lift distribution of forward wing.....................................................170
Table C.2 Span wise lift distribution of aft wing.............................................................171
Table C.3 Span wise lift distribution of reference wing..................................................172
Table C.4 Absolute values of the internal loads of the forward wing (rigid joints).........174



16

Table C.5 Absolute values of the internal loads of the aft wing, inner part
(rigid joints).....................................................................................................175

Table C.6 Absolute values of the internal loads of the aft wing, outer part
(rigid joints).....................................................................................................176

Table C.7 Absolute values of the internal loads of the forward wing
(flexible joints)................................................................................................177

Table C.8 Absolute values of the internal loads of the aft wing, inner part
(flexible joints)................................................................................................178

Table C.9 Absolute values of the internal loads of the aft wing, outer part
(flexible joints)................................................................................................179

Table C.10 Absolute values of the internal loads of the reference wing...........................180
Table E.1 Input parameters for the tilting angle calculation............................................190



17

Nomenclature

a lift curve slope
A aspect ratio
b wing span
c chord length
c̄ mean aerodynamic chord
c̄ ' relative mean aerodynamic chord
d diameter
D drag
C coefficient
e span efficiency factor/Oswald efficiency factor
E glide ratio, Young's modulus
FF form factor
G shear modulus
h height, dimensionless distance between CG and LEMAC
h0 dimensionless distance between AC and LEMAC
I interference factor
K factor influencing the lift curve slope of the whole aircraft
l lever arm, length
l ' modified lever arm
L lift
n load factor
m mass
M moment, mission segment mass fraction
q dynamic pressure, load per unit span
Q interference factor
R ratio
s relative wing reference area
S wing reference area, shear force
t airfoil thickness, thickness
V volume, tail volume
V̄ ' modified tail volume coefficient/modified aft wing volume coefficient
x longitudinal position/distance
x̄ longitudinal position of the mean aerodynamic chord
y lateral position/distance
z vertical position/distance



18

Greek Symbols

α angle of attack, general angle
γ shear strain
ε downwash angle, normal strain
η relative half span
λ taper ratio, fuselage fineness ratio
ρ density
σ wing interference factor, normal stress
τ airfoil thickness ratio (tip to root), shear stress
φ 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
i induced, running number
L lift, landing
LOI loiter
M moment
N nose, nacelle
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Terms and Definitions

Clean Configuration

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

CG Envelope

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

CG Travel

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

Decalage

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

Downwash

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

h/b ratio

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

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

Non Planar Configuration

This is a wing configuration where the wings are not situated in a single plane. Any single 
wing without dihedral is thus a planar wing configuration. Non planar configurations are, for 
example, wings with winglets or biplanes. Since a box wing configuration is a combination of 
a biplane and a tandem wing, it is a non planar configuration as well.

Reference Aircraft

For evaluating the performance of a box wing aircraft it is necessary to define a reference air-
craft the box wing aircraft is based on. Both aircraft have the same design mission which al-
lows for comparing their performance. For not confusing effects due to the better qualities of 
the box wing aircraft and indirectly optimizing the reference aircraft, certain geometry para-
meters of both aircraft are supposed to be equal. These are the total wing reference area and 
the wing span.

Zero Lift Line

The zero lift line is defined as the line built by 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 by  EU 2011, civil aviation transport is facing challenges like 
globalisation, climate change and a cumulative scarcity of resources. To cope with these chal-
lenges, aircraft have to become more efficient, especially concerning energy and fuel con-
sumption. With the latest aircraft emerging on the market, the inherent saving potentials of 
conventional  configurations  is  almost  exhausted.  With  these  configurations  progress  in 
achieving the goals of Flightpath 2050 could only be made through better technologies and al-
ternative fuels. This constitutes the need for new configurations having more inherent poten-
tial of reducing energy and fuel consumption compared to today's aircraft. One of these is the 
box wing configuration, a biplane with vertically and horizontally staggered wings whose tips 
are connected by extended winglets. The most recognized benefits of this configuration are its 
low induced drag and alleged structural superiority. This thesis serves to investigate the ad-
vantages of the box wing aircraft in detail and to deduce a possible medium range box wing 
aircraft.

The results of this thesis are supposed to be integrated into the research project Efficient Air-

port 2030 (Aiport 2030) giving answers on how to reduce emissions in the airport environ-
ment and how to reduce costs  for  airlines with the help of  an unconventional  and more 
efficient aircraft.

1.2 Objectives

The aim of this thesis is to give an integral approach to the box wing configuration from the 
perspective of aircraft design. Therefore almost the whole process of the conceptual design of 
a medium range box wing aircraft is covered. Basis of this design is the reference aircraft 
(Airbus A320) whose design mission and geometric constraints are transferred to the box 
wing configuration.

In order to design the box wing aircraft theoretical foundations have to be built first, carving 
out  essential  differences  compared  to  a  conventional  aircraft.  The  relating  investigations 
mostly comprise the field of aerodynamics and flight mechanics and are based on published 
literature as well as own examinations. The findings from these fundamental investigations 
are introduced into the design process. Once a coherent box wing configuration is developed 
its performance will be compared with that of the reference aircraft.
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Initially it  was also planned to perform an additional multidisciplinary analysis of the de-
veloped box wing configuration with the help of the CEASIOM software suite. However, in 
the process of this thesis it became clear that a huge part is dedicated to fundamental investig-
ations and their effects on the design which continuously had to be adapted to evolving know-
ledge. This is why a software-based multidisciplinary analysis 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 lecture notes of Prof. Dieter Scholz (Scholz 
1999) who teaches aircraft design at the Hamburg University of Applied Sciences. They give 
a comprehensive summary of all design steps and collect methods from basic aircraft design 
literature  as  DATCOM 1978,  Loftin  1980,  Raymer 1992,  Roskam 1985 or  Torenbeek 
1982. When needed, methods more dedicated to the current design tasks are taken from these 
books. Next to the lecture notes of Prof. Scholz supportive material provided by him via the 
internet is used (see references). 

If not explicitly referenced different, all investigations in this thesis are based on the men-
tioned lecture notes. Occasionally the methods presented 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 have been conducted in the past. Their know-
ledge is an important basis for the design of a medium range box wing aircraft. Of course 
there is a lot more literature to be found about box wing configurations than mentioned in the 
following.

Initial examinations were already performed in the 20s of the 20th century by Ludwig Prandtl 
(Prandtl 1924) presenting a theory for assessing the induced drag of multiplanes. Further the-
oretical aspects of box wing aerodynamics were presented in Durand 1935 which base on in-
vestigations conducted by Ludwig Prandtl, Theodore von Kármán and Max Munk. DeYoung 
1980 uses their findings to conduct a summary about the span efficiency factor of non planar 
wing configurations.  Cahill  1954 gives the results of wind tunnel tests with a simple box 
wing like configuration.
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Next to these theoretical investigations some design studies have been performed as well. The 
first important to mention is Lockheed 1974 which gives a good summary of the practical as-
pects of box wing aerodynamics as well as to stability and controllability, together with a de-
scription of the design synthesis of a long range aircraft. In this study it was found that box 
wing aircraft are very sensitive to flutter. This sensitivity seems to get stronger with an in-
creasing h/b ratio.

For a huge part, more recent studies have been conducted at the University of Pisa under the 
supervision of Prof. Aldo Frediani (Frediani 2005,  Frediani 2007,  Frediani 2009).  They 
give a survey of some of the design challenges and approaches of how to cope with them and 
contain examinations of medium and long range aircraft as well as ULM aircraft.

One of the starting points of the current thesis is Khan 2010 which presents results of prelim-
inary aerodynamic investigations of the box wing configuration conducted with the help of 
low fidelity CFD methods, as well as  Kroo 2005 elaborating the advantages of non planar 
configurations.

1.4 Structure of this Thesis

The chapters two to five describe the conducted investigations in order to gain a fundamental 
understanding of the box wing configuration. The chapters six to eleven focus on the concep-
tual design process and the assessment of the box wing configuration. The appendices contain 
additional material which was excluded from the main part for not interrupting the train of 
thoughts. In detail the distribution of chapters is as follows:

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

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

Chapter 4 deals with box wing aerodynamics. It describes essential relations concern-
ing lift and drag and shows how to determine the induced drag of a box  
wing configuration and the resulting span efficiency.

Chapter 5 discusses aspects of aircraft performance and examines static longitudinal  
and static lateral stability and controllability of the box wing aircraft.
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Chapter 6 focuses on the preliminary sizing of the box wing aircraft with the help of 
the preliminary sizing spreadsheet (Scholz 2008).

Chapter 7 goes into the details of the wing design. This comprises the design for tran-
sonic speeds, giving the final wing geometry, estimating the wing mass and 
the wing tank volume as well as a discussion of high lift and control sur-
faces.

Chapter 8 covers the design and integration of the other aircraft components, which are 
cabin and fuselage, empennage, engines and landing gear.

Chapter 9 presents the final aircraft layout with the help of a three view drawing.

Chapter 10 assesses  the aircraft  weight  and balance together  with  the  CG envelope
based on cruise conditions.

Chapter 11 examines the performance of the final box wing configuration. This includes 
the determination of the zero lift drag coefficient and the payload-range dia-
gram.

Chapter 12 gives a conclusion of  this  thesis,  mentions possible shortcomings of the
design study and outlines the future work to be done.

Appendix A defines the mean aerodynamic chord of a box wing configuration.

Appendix B presents detailed derivations whose results are used to describe box wing  
flight mechanics in chapter 5.

Appendix C gives the data used for the more precise estimation of the mass of the wing
configuration.

Appendix D provides scaled drawings of the final box wing aircraft and also shows the
evolution of intermediate versions.

Appendix E gives insight into the calculation of the tilting angle for lateral tilting stabil-
ity of the landing gear.

Appendix F shows screenshots of the spreadsheets used for sizing and designing the box 
wing aircraft.

Appendix G presents the contents of the CD-ROM attached to this thesis.
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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 aircraft is not situated within one single plane (the x-y-
plane). Strictly speaking a wing with dihedral is not planar any more. A widespread applica-
tion of non planar configurations are wings with winglets, which reduce the induced drag and 
thus increase the span efficiency factor.

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

Fig.  2.1 shows several non planar wing configurations and their theoretical span efficiency 
factors for a h/b ratio of 0,2. The h/b ratio is the relation of the vertical wing dimension to the 
wing span. The figure shows that the box wing configuration has the highest potential of drag 
decrease (e = 1,46). But it can be also seen that the C-Wing (e = 1,45) and large winglets
(e = 1,41) also have huge potential.

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 conventional configuration is the wing while 
all other aircraft components are comparable to those of conventional aircraft (Fig. 2.2).

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

In Khan 2010 an overview of the wing geometry parameters of a box wing configuration is 
given (Fig. 2.3). Also note the conventions regarding the coordinate axes.

Figure 2.3 Wing geometry parameters of a box wing configuration (Khan 2010 )

Most of these parameters are the same as for conventional configurations. But because of the 
presence of two wings some additional parameters need to be introduced. Stagger describes 
the horizontal position of the wings relative to each other. The accordant vertical position is 
the height of the wing configuration, which can be also referred to as vertical stagger. Hence 
the horizontal position would then be referred to as horizontal stagger. Another parameter is 
decalage,  which describes the difference of incidence angles between both of  the wings. 
These new parameters all originate from general biplane theory.

In the following paragraphs stagger (horizontal and vertical), 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 negative horizontal stagger. It is positive when the 
upper wing is situated in front of the lower wing (Fig. 2.4).

Figure 2.4 Positive stagger of a biplane

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

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

This effect was described my Max Munk in detail and became generally known as Munk's 
stagger theorem. Thus the minimum induced drag of the box wing configuration does not de-
pend on horizontal stagger. This means that the wing design can be optimised for transonic 
cruise by adding wing sweep and for higher stability (Khan 2010).

In almost every design study for box wing transport aircraft negative stagger is used. Here the 
integration of the wings is much easier and higher h/b ratios are possible, since the height of 
the aft wing is limited by the height of the vertical stabilizer 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 mostly affects their mutual interference. The more 
they are apart, the less interference exists which results in higher savings of induced drag. The 
effect of interference can be described with the help of the interference factor σ introduced in 
Prandtl 1924 within the context of simple biplanes. The crucial parameter which σ depends 
on is the height to span ratio h/b of the wing configuration, which is the vertical stagger of 
both wings divided by the their average wing span (Fig. 2.5). In the present thesis only config-
urations with wings having the same span are discussed. 

Figure 2.5 Wing interference factor of biplanes (Prandtl 1924 , G means vertical gap, r = b2/b1)
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2.2.3 Wing Area and Aspect Ratio

For biplanes, hence for box wings as well, it has to be differentiated between the geometry 
parameters of the individual wings and those of the whole wing configuration. The wing area 
S of the total configuration is the sum of both individual wing areas S1 and S2, so

S= S1+S2  . (2.1)

The individual aspect ratios are defined by

Ai =
bi

2

Si

; i =1; 2  (2.2)

However, determining the aspect ratio of the whole configuration is not that clear. For the 
case where both wings have the same span Khan 2010 proposes that

A =
b2

S1+S2

=
b2

S
 . (2.3)

If the wings have unequal spans, different approaches can be found in literature. As seen in 
Fig. 2.5 Prandtl 1924 works with an average span of (b1 + b2)/2 for determining the wing in-
terference factor.

Since in this thesis only configurations with equal spans are discussed, Eq. (2.3) is used for 
the determination of the aspect ratio. The total aspect ratio for configurations with unequal 
wing spans will not be investigated any further.



32

3 Design  Requirements  According  to  the  Refer-
ence Aircraft

The reference aircraft for the present study is the Airbus A320. It is a short to medium range 
aircraft accommodating 150 passengers in a two-class layout. The data of the reference air-
craft comes from published information and is also based on the data given in Pester 2010a. 
A three view drawing of the aircraft is shown in Fig. 3.1.

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

3.1 Mission Requirements

The requirements according to the design mission are given 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 wing aircraft being studied in this thesis.
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3.2 Additional Conditions

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

3.2.1 Geometry

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

Table 3.2 Wing parameters to remain unchanged
Wing span 34,1 m

Total wing area 122,4 m²

Total aspect ratio 9,5

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

3.2.2 Engines

The box wing aircraft is supposed to have the same engines as the reference aircraft. The en-
gine parameters given according to Pester 2010b are 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 (mMTO)
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3.3 Family Concept

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

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

For stretching a normal configuration two fuselage segments are inserted, one in front and one 
aft of the wing in order to keep the balance of the aircraft. Since the aft wing of the box wing 
aircraft is connected to the vertical stabiliser (see Fig. 3.2), this approach is not possible.

Consequently only one fuselage section is inserted, namely between the forward and the aft 
wing. This way the balance of the aircraft is kept and only small adjustments concerning the 
wing design have to be done. Since an additional  fuselage section increases the distance 
between the forward and the aft wing, the sweep of the winglets has to be increased because 
the geometry of the horizontal wings is supposed to be unchanged. So for a new member of 
the box wing family a redesign of the vertical winglets is necessary.

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

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 the lift distribution of a box wing aircraft has 
some special characteristics. Already in 1935 the distribution leading to minimum induced 
drag was shown to consist of an elliptical and a constant part for the horizontal wings and of a 
linear and butterfly shaped part for the vertical winglets (Durand 1935, Fig.  4.1). This fact 
was later confirmed by calculations of G. Montanari and A. Frediani (Frediani 2009).

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

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

The total lift distribution may deviate from the optimum:

1) Both wings do not generate the same amount of lift
2) The distribution of one wing deviates from the optimum

These reasons could occur in combination but also separately. The first is mostly due to stabil-
ity requirements which will be discussed in section 5.2. Its effect on the aerodynamic per-
formance is part of section 4.6. The second reason does not necessarily mean that both wings 
generate a different amount of lift. It comprises two aspects:

2a) The ratio of the elliptical to the constant part is not optimal

2b) The span wise distribution is not optimal, e.g. because of wing twist or taper
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Considering 2a) the ratio RL is introduced by the author of this thesis, being:

RL =
(qL)const

(qL )ell ,0

 , (4.1)

which shall represent the ratio of the constant part to the elliptical part of the lift distribution. 
In Eq. (4.1) qL means lift per unit span. The meaning of RL can be better understood with the 
help of Fig. 4.2.

Figure 4.2 Lift distribution consisting of a constant and an elliptical part

In Frediani 2009 it is stated that the circulation at the tip of one horizontal wing is transferred 
to the connected winglet. Since circulation is proportional to lift, this means that the value 
(qL)const of the horizontal wing is, at the same time, the value of lift at the tip of the connected 
winglet. If (qL)const is the same for the forward and the aft wing, the zero-crossing of the lift 
distribution of the winglet is at its symmetry axis (Fig.  4.1). Otherwise it will be shifted to-
wards the wing with the smaller value for (qL)const (Fig.4.3).

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 the constant part of the lift distribution of the 
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horizontal wings determines the lift loading of the winglets. It is also obvious that a low value 
for the constant part decreases the loading on the wing tips of the horizontal wings, which 
leads to a lower wing root bending moment and lower values of the lift coefficient at the outer 
wing region.  It  is  part  of  further  aerodynamic investigations to determine the parameters 
which influence the ratio RL. According to simple studies performed by F. Khan (Khan 2011) 
it seems that an increase of the h/b ratio leads to an increase of RL, meaning the constant part 
becomes greater. This causes a higher wing bending moment and the risk of tip stall. Yet it has 
to be assessed which h/b ratios might become critical regarding tip stall and increase of root 
bending moment. Finally it is also not clear which value of RL gives minimum induced drag.

4.1.2 Lift Coefficients

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

The total lift coefficient of the aircraft comprises the individual lift coefficients of the lifting 
surfaces as well as effects generated by the fuselage. In the present investigation the fuselage 
effects are neglected for the sake of simplicity, so only the two lifting surfaces are of interest.

According to general aerodynamic theory the total lift coefficient of two lifting surfaces is 
calculated using their individual lift coefficients and areas, resulting in

CL =
CL ,1⋅S1+CL ,2⋅S2

S1+S2

= CL ,1s1+CL,2 s2  . (4.2)

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

CL =
dCL

d α
⋅α  (4.3)

with α being measured with regard to the zero lift line of the aircraft. Eq. (4.3) can be used for 
the total aircraft. It can be used for the forward wing without any problems, too, so

CL,1 =
dCL,1

d α
⋅α  . (4.4)
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However, for the aft wing the downwash of the forward wing has to be taken account of. Here 
the angle of attack is reduced by the downwash angle, which results in

CL,2 =
dCL,2

d α
⋅(α�ε )  (4.5)

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

CL,2 =
dCL,2

d α
⋅[α�( d ε

d α
⋅α)]= dCL ,2

dα
⋅α(1� d ε

d α)  . (4.6)

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

CL = [ dCL ,1

d α
⋅α]s1+[ dCL ,2

dα
⋅α(1� d ε

d α)]s2  (4.7)

As simplification the downwash gradient is assumed to be constant. Fig. 4.4 shows a possible 
lift polar for a configuration without decalage. It illustrates an anomaly of the box wing. It is 
supposed that, when isolated, both wings have the same lift curve slope (dCL,1/dα = dCL,2/dα). 
However, the resulting slopes are different because of the downwash of the forward wing. 

Figure 4.4 Generic lift polar of the individual wings of a box wing aircraft

Note that in this discussion the effect of upwash from 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 lift for a variation of the angle of attack. It is im-
portant for the determination of the incidence angles of the wings and for identifying the angle 
of attack where stall is to be expected as well as the required angle of attack for all flight 
phases (critical: approach/landing and take off rotation). The lift curve slope also influences 
the static margin and the reaction of the aircraft to gusts.

According to Scholz 1999 the lift curve slope can be approximated for a first approach by

dCL

d α
≈

2⋅π⋅A

2+√A2⋅(1+ tan2
φ50�M 2)+4

 . (4.8)

With the help of this approximation the ratio of lift curve slopes of the box wing aircraft and 
the reference aircraft can easily be formulated. For this a single wing of the box wing aircraft 
is considered, which is assumed to have double the aspect ratio of the reference aircraft. Addi-
tionally both aircraft are supposed to have a wing sweep of 20° at half chord. Neglecting the 
effects of compressibility the following ratio is built:

(dCL/d α )box

(dCL /d α )ref

=
2(2+√Aref

2⋅(1+tan220°)+4)
2+√4Aref

2⋅(1+tan220°)+4
= 1,103 . (4.9)

However, Eq. (4.9) does not take account of downwash effects of the forward wing on the aft 
wing. In DATCOM 1978 these effects are considered within the scope of the lift curve slope 
of wing-body-tail combinations at angle of attack (DATCOM Section 4.5.1.1). If interferences 
with the body of the aircraft are neglected and the dynamic pressure is assumed to be the same 
at both wings, the general equation is1

dCL

d α
=

dCL ,1

dα
⋅s1+

dCL ,2

dα
⋅s2⋅(1� d ε

d α ) . (4.10)

As a first approach s1 = s2 = 0,5. The lift curve slopes of the individual wings were determined 
in Eq. (4.8). Assessing Eq. (4.10) one recognizes that the downwash reduces the contribution 
of the aft wing to the overall lift curve slope. Supposing that the downwash gradient dε/dα has 
a magnitude of about 0,1 the overall lift curve slope is reduced by 5 % compared to the lift 
curve slope of the individual wings. Keeping in mind the result of Eq. (4.9) this means that 
the lift curve slope of the box wing is about 1,048 times the lift curve slope of the reference 
aircraft, taking account of all simplifications.

1 Eq. (4.10) can also be determined by differentiating Eq. (4.7) with respect to α.
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Referring to the statements made at the beginning of this section, the box wing aircraft is con-
sequently more sensitive to gusts than the reference aircraft. Additionally it is about to stall at 
lower angles of attack. But a higher lift curve slope also means lower pitch angles during 
landing and take off.

Strictly speaking Eq. (4.10) is only valid if the span of the aft surface is significantly smaller 
than that of the forward surface. However, this equation is suitable to show the general down-
wash effects. A detailed analysis taking account of equal spans is presented in section 5.2.2. 
From the results of section 5.2.2 it can be concluded that 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 aircraft in clean configuration minus the drag due to lift. 
The relating coefficient is CD,0. According to Loftin 1980 a good initial value for preliminary 
sizing is 0,02.

In the course of the conceptual design it becomes necessary to determine the zero lift drag 
more exactly with the help of more dedicated methods. In Scholz 1999 two possibilities are 
presented.

The first is based on the equivalent skin friction coefficient Cfe, which in combination with the 
known aircraft geometry (more precise: its wetted area) results in the zero lift drag coefficient. 
The corresponding equation is

CD ,0 = C fe⋅
Swet

SW
 (4.11)

 
with  SW being the wing reference area. This method contains some uncertainty because the 
equivalent skin friction coefficient is only know from statistics and experience.

The second method is summing up the drag of all aircraft components. This includes the de-
termination of the individual skin friction drag, the pressure drag and the interference drag. 
The corresponding equation is

CD ,0 =∑
i=1

n

C f ,i⋅FF i⋅Qi⋅
Swet ,i

Sref

 (4.12)

where Cf,i are the individual skin friction drag coefficients, FFi the form factors which take ac-
count of the pressure drag, Qi the interference factors, Swet,i the wetted areas of the individual 
components and Sref the reference area for the total zero lift drag coefficient.

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

The determination of the zero lift drag coefficient of the 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 drag which results from the generation of lift. One 
of its causes is the formation of vortices on the wing tips, forming from the difference of pres-
sure between the upper and the lower surface. These vortices induce a downward velocity 

(downwash) leading to a reduction of the effective angle of attack αeff. The magnitude of re-

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

tor, typically perpendicular to the free stream, is rotated through αi, resulting in the formation 

of a drag component.

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 expressed by the following equation:

CD, i=
CL

2

π⋅e⋅A
 . (4.13)

The crucial factor in Eq. (4.13) is the span efficiency factor e, whereas the lift coefficient CL 

depends on the flight state and the aspect ratio A is defined by the geometry of the wing plan 
form.

A common interpretation of e is that it indicates the efficiency of the lift distribution along the 
wing. For planar wings a value of unity means the distribution is elliptical, thus generating 
minimum induced drag. However, this value can only be achieved in theory. In practice ef-
fects like viscous drag, pressure drag as well as interference drag reduce the efficiency result-
ing in values of e lower than unity, even if the distribution of lift is elliptical (Kroo 2001). 
According to Kroo 2001 the conception of the span efficiency factor may sometimes be mis-
leading. Considering wing twist, induced drag even occurs when CL = 0. In this case one por-
tion of the wing may produce positive lift, but another portion cancels this lift by producing a 
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downward force, resulting in no lift altogether. Nevertheless this arrangement causes wing tip 
vortices leading to induced drag.

With the following equation the absolute induced drag resulting from the accordant coeffi-
cient can be calculated:

Di = CD, i⋅q∞⋅S  (4.14)

As first approach it is assumed that a single wing of the box wing aircraft has half the area of 
the reference wing. The aspect ratio of a single wing of the box wing aircraft is supposed to be 
double the aspect ratio of the reference wing. The span efficiency factor of an isolated wing of 
the box wing aircraft is assumed to be the same as the span efficiency factor of the reference 
wing. With the help of these assumptions it is possible to calculate the induced drag of the box 
wing aircraft in relation to the induced drag of the reference aircraft.

Combining Eq. (4.13) and (4.14) gives

Di =
CL

2

π⋅A⋅e
⋅q∞⋅S  . (4.15)

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

Di , single

Di ,ref

=

CL
2

π⋅2 Aref⋅e
⋅q∞⋅0,5Sref

CL
2

π⋅Aref⋅e
⋅q∞⋅Sref

= 0,25  , (4.16)

so the induced drag of a single wing of the box wing configuration is quarter the induced drag 
of the reference wing. Since the box wing consists of two wings, the total induced drag of the 
box wing configuration is half the induced drag of the reference aircraft. This consideration 
does not take account of the vertical winglets. In section  4.2.3 the effects of the additional 
winglets is shortly discussed.

In Eq. (4.16) no mutual wing interference is considered. It would increase the ratio of induced 
drag. The lower the h/b ratio, the higher the interference effects between both wings. The in-
duced drag depending on the h/b ratio will be further discussed in sections 4.3 and 4.6, 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 horizontal and the vertical wings separately as well 
as the resulting tip vortices. The vortices form because of the differential pressure between the 
upper and lower surfaces of the horizontal wings and between the inner and outer surfaces of 
the vertical wings. Since the air streams from high to low pressure the vortices are drawn so 
that they originate at the high pressure side. This way it can easily be seen that the vortices 
caused by the horizontal wings counteract the vortices caused by the vertical wings.

Figure 4.6 Counterrotating tip vortices of a box wing aircraft

In Durand 1935 Theodore von Kármán writes:

„The forces on the vertical wings are necessary to reduce the vortices which would appear at the 
wingtips, if they were not united.“

So apart from the savings because of the wing split, which reduces the induced drag to one 
half of  that of  the reference wing (theoretically!),  the mutual  damping of the tip vortices 
means further savings. This is why the ideal ratio of induced drag of the box wing aircraft to 
the reference aircraft is below 0,5. This is confirmed 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 for the determination of the span efficiency factor 
of a box wing. In this paragraph two of them are shown and in the end the most suitable meth-
od is chosen. 

Method 1
In DeYoung 1980 a method is given originally coming from Durand 1935. The calculation 
incorporates certain elliptic integrals and there exists no direct solution. However, results for 
the span efficiency factor depending on the h/b ratio are given in DeYoung 1980. The values 
for probable h/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 1980 shows that the rectangular box wing is generally the configura-
tion with the highest span efficiency factor. Referring to section 4.2.3, where it was claimed 
that  Di,box/Di,ref is below 0,5 in the ideal case, the span efficiency factor goes to infinity for
h/b=> ∞ acc. to DeYoung 1980. For h/b = 4 it is about 7, which, acc. to Eq. (4.18) below, 
would be equivalent to a ratio Di,BW/Di,ref of 0,143. This seems very unrealistic and indicates 
that the values proposed by DeYoung 1980 can only be used for small h/b ratios.

Method 2
The second method for determining the span efficiency factor is based on the relation of the 
induced drag of a box wing configuration to that of a reference monoplane. The relation can 
be expressed with the following equation:

CD ,i box

CD ,i ref

=

CL
2

Abox⋅ebox

CL
2

Aref⋅eref

=
Aref⋅eref

Abox⋅ebox

 (4.17)

As mentioned in section 3.2.1 the box wing aircraft should have the same total aspect ratio as 
the reference aircraft. With this assumption the span efficiency factor of a box wing aircraft in 
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relation to the equivalent monoplane is calculated with

ebox

eref

=
(CD, i)ref

(CD ,i)box

=
1
κ  (4.18)

In Prandtl 1924 κ is approximated for a box wing with

κ= 1+0,45h/b
1,04+2,81h/b

;
1
15

< h/b<
1
2

 .
(4.19)

The limit value of κ is 0,16 , which is far below the value of 0,5 for a simple biplane.

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

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

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

κ =
0,44+0,9594h /b
0,44+2,219h /b

 . (4.20)

The limit value according to Eq. (4.20) is about 0,43.
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Figure 4.8 Theoretic span efficiency factor of a box wing configuration

Fig. 4.8 summarizes the results of the presented methods. It can be seen that Method 1 acc. to 
DeYoung 1980 generates results similar to those by Method 2 (Prandtl 1924). As already 
mentioned they seem to be too optimistic, so the equation proposed by Rizzo 2007 will be 
used for the following investigations.

According to Eq. (4.18) the span efficiency factor of the reference monoplane eref is needed in 
order to calculate its box wing counterpart ebox. In Scholz 1999 the span efficiency factor of a 
monoplane is proposed to be 0,85 during cruise and 0,7 in landing configuration. Hence these 
values will be used in the forthcoming calculations.

One important point is how to determine the ratio h/b if both wings have different dihedral. In 
Lockheed 1974 the conclusion is drawn that just the vertical distance between both wing tips 
is the crucial factor, hence the ratio htip/b. Therefore dihedral/anhedral also affects the span ef-
ficiency factor. This fact is also confirmed in Kroo 2001.

Theoretic Span Efficiency Factor e  of a Box Wing Configuration 
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4.4 Mean Aerodynamic Chord

The mean aerodynamic chord (MAC) is a reference parameter for stability considerations and 
the travel of the center of gravity. Per se it is not a crucial factor influencing the design of the 
aircraft. However, its determination is based on physical principles which can be transferred 
to the box wing configuration.

There are two important parameters which are needed to describe the CG travel in terms of 
per cent MAC: The length of the MAC̄c and its longitudinal position/position along the x-
axis x̄ . In this paragraph the equations for calculating these parameters are given, resulting 
from applying the mentioned physical principles. The detailed derivation can be found in Ap-
pendix A.

The length of the mean aerodynamic chord is given by

c̄= s1 c̄1+s2 c̄2  (4.21)

with c̄i being the length of the mean aerodynamic chords of the individual wings.

The longitudinal position is expressed in terms of the distance between the aerodynamic cen-
ter of the total wing configuration, which is assumed to be at 25 % MAC, and the CG of the 
aircraft (xCG-AC)tot which is based on a derivation given in Scholz 1999. The final equation is

(xCG�AC)tot =
L1(xCG�AC)1+L2(xCG�AC)2

L1+L2
 . (4.22)

The definition of the parameters is given in Fig. 4.9.

Figure 4.9 Parameters for the determination of the longitudinal position of the MAC



49

4.5 Effect of Low Reynolds Numbers

Because of the small chord lengths of the wings of the box wing aircraft the Reynolds num-
bers of the wings will only be about half as high as for the reference aircraft.

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

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

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

4.6.1 Increase of Induced Drag

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

During the investigation of the drag increase it was discovered that the resulting equation giv-
en in Lockheed 1974 generates results which are four times higher than expected, which lead 
to the conclusion that the Lockheed equation contains a wrong factor. Strangely enough the 
relating plot in Lockheed 1974 contains the expected results. This is why the derivation of the 
proper equation is shown in the following passage.

According to Prandtl 1924 the equation for calculating the induced drag of a general biplane 
is

Di =
1
π q( L1

2

b1
2
+2σ

L1 L2

b1b2

+
L2

2

b2
2 ) . (4.23)

The determination of σ was discussed in chapter 4.3.

For the box wing aircraft investigated in this thesis both wings have the same wing span. For 
this special case the equation can be simplified as follows:
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Di =
1

π qb2
⋅(L1

2+2σ L1L2+L2
2) . (4.24)

For minimum induced drag both wings have to produce the same amount of lift when their 
spans are equal (Prandtl 1924). This minimum is calculated with

Di ,min =
1

π qb2⋅L2⋅(1+σ
2 ) . (4.25)

Relating Eq. (4.24) to Eq. (4.25) gives

Di

Di , min

=
2(L1

2+L2
2+2σ L1L2)

L2(1+σ )
. (4.26)

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

x =
L1

L2
. (4.27)

According to Eq. (4.27) the lift of the forward wing can then be expressed with

L1 = x⋅L2  , (4.28)

which is inserted in the numerator on the right hand side of Eq. (4.26).

The total lift is the sum of both the individual lift components L1 and L2. Using this correlation 
in combination with Eq. (4.28) gives

L = L2(x+1)  , (4.29)

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

Di

Di , min

=
2(L2

2x2+L2
2+2σ L2

2 x)
L2

2(x+1)
2
(1+σ )

 . (4.30)
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Eliminating L2 finally yields

Di

Di , min

= 2
x2+2σ x+1

(σ+1) (x+1)2
; x =

L1

L2
 (4.31)

This correlation can also be expressed in terms of the individual lift coefficients. Assuming 
that both wings have the same reference area and that the dynamic pressure is the same on 
both wings, it can simply be written that

CD, i

(CD ,i )min

= 2
x2+2σ x+1

(σ+1) (x+1)2
; x =

CL,1

CL,2

; S1 = S2 ; q1= q2  (4.32)

The results of Eq. (4.31) are plotted in Fig. 4.10. The accordant determination of σ is based on 
the results for a box wing aircraft in Rizzo 2007. They were already shown in section 4.3 of 
this thesis.

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 drag and the span efficiency factor was shown. 
Concluding from the results of section 4.6.1 an unequal lift division of both wings leads to a 
reduction of the span efficiency factor. Deduced from Eq.  (4.18) this reduction can be ex-
pressed with

e
emin

=
Di , min

Di
 (4.33)

It is possible to illustrate this reduction depending on the ratio L1/L2 by building the reciprocal 
of Eq. (4.31). The results are depicted in Fig. 4.11.

Figure 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 evaluation of the aircraft behaviour under ex-
treme flight conditions. The stall characteristics of a 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 wing is swept forwards. According to Scholz 
1999 backwards swept wings stall first near the tip region while forwards swept wings stall 
first near the root region. Since the areas of stall are aft of the aircraft's center of gravity for 
the most part, the risk of pitch up during stall is very high. Of course, this simple considera-
tion does not take account of effects of mutual wing interference, downwash and the presence 
of the vertical wings, but the described issue needs to be investigated. Counteractive measures 
are adjustments of the wing design, e.g. wing twist, taper and incidence angles.

In contrast Cahill 1954 concludes that there is a lack of pitch up for this type of wing config-
uration. There it is written that:

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

But it seems that no decalage was used for the tests performed within the scope of  Cahill 
1954. Additionally the h/b ratio was very small, the configuration rather resembled a tandem 
wing configuration. However, the described effects show that under certain design conditions 
it is possible to counteract the inherent pitch up tendency one would expect from the discus-
sion at the beginning of this paragraph.

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

It is important to differentiate between considerations concerning one single wing of the box 
wing configuration and those concerning the total wing configuration. Depending on the point 
of view, the reduction of induced drag can be justified by a higher span efficiency or an in-
creased aspect ratio. However, it is important not to mix these two effects. In the following the 
peculiarities of each approach are briefly discussed.

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

CD, i =
C L

2

π⋅A⋅e
 . (4.34)

Additionally the equation for determining the absolute induced drag is given with

Di =
L2

q⋅π⋅b2⋅e
 . (4.35)

When looking at a single wing of the box wing configuration it becomes apparent that its as-
pect ratio is double the aspect ratio of the reference wing. The resulting reduction of induced 
drag of the whole wing configuration based on Eq. (4.34) was already expressed with the help 
of Eq. (4.16). So here the higher aspect ratio is the responsible parameter for the reduction. 
Consequently the span efficiency of a single wing of the box wing configuration is about the 
same as that of the reference wing.

On the other hand, when looking at the whole configuration the relations reverse. With the 
definition of section 2.2.3 and resulting from the geometry requirements given in section 3.2.1 
the total aspect ratio of the box wing aircraft is the same as that of the reference aircraft. So 
here the span efficiency e is responsible for the reduction of the induced drag. This correlation 
was the basis for the investigations performed in section 4.3.

Using Eq. 4.35 also clarifies the distinction between the two approaches. Considering an indi-
vidual wing of the box wing configuration means that the lift is half of that of the reference 
wing with all of the other parameters being constant. This results in an induced drag being 
25% of that of the reference wing [compare Eq. (4.16)]. When considering the whole config-
uration it has to be referred to the different span efficiencies again, since all of the other para-
meters are constant. In contrast to Eq.  (4.34) the aspect 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 this paragraph only aspects concerning perform-
ance and static stability are discussed. An assessment of flight dynamics, for example with the 
help of the SDSA module of CEASIOM, is part of further studies.

5.1 Performance

In this paragraph only general considerations concerning box wing performance are outlined. 
Final performance characteristics including zero lift drag, 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 performance of an aircraft. In all coming investig-
ations the quadratic form of the drag polar is used. In its idealised form it is determined with

CD = CD ,0+
CL

2

π Ae
 , (5.1)

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

CD = CD , min+
[CL�(CL )CD ,min]

2

π A e
 (5.2)

(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 shift between both of the polars. The minimum drag ac-
cording to the actual polar is at lift coefficients higher than zero. This results in a higher max-
imum glide ratio, so using the actual drag polar is fundamental for more exact performance 
calculations. But also the zero lift coefficient seems to be higher according to the actual drag 
polar.

However, for preliminary studies it does not matter which kind of polar is used. As it will be 
shown in the coming sections 5.1.3 and 5.1.4, it is possible to build a ratio of glide ratios of 
the box wing and the reference aircraft with the help of the ratio of span efficiencies. So a 
drag polar is not required for a preliminary assessment of the performance of the box wing 
aircraft. Additionally it is difficult to determine CL,min for a cambered wing aircraft. Hence, 
when performing a more exact performance calculation of the final box wing configuration, 
the glide ratio is determined using a general equation based on the idealised drag polar (Eq. 
(5.10). The only input parameters which are needed are the zero lift drag coefficient and the 
span efficiency factor. Furthermore the determination of the glide ratio is performed within 
the preliminary sizing spreadsheet (Scholz 2008) as well.

The use of the actual drag polar also requires exact knowledge about the characteristics of the 
used airfoils. Since at this stage of the design study no definite airfoil choice is made, any fur-
ther discussion of the actual drag polar is unnecessary.
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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 investigated here is the lift coefficient for minim-
um drag for cruise flight. Otherwise it could be argued that the minimum drag already occurs 
at zero lift (compare Fig. 5.1).

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

CL ,md = √CD ,0⋅π⋅A⋅e  . (5.3)

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

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

For flying at Emax the following condition has to be met:

CD, i = CD ,0  . (5.4)

For preliminary considerations it can be assumed that the drag coefficient for zero lift is the 
same for both the box wing and the reference aircraft. This also means that the coefficient of 
induced drag is the same as well:

(CD, i)md,box= (CD ,i )md, ref  (5.5)

The index  md means that the coefficients are now referred to the minimum drag condition. 
Applying the standard formula for the induced drag coefficient  [Eq.  (4.13)]  and rewriting 
yields:

(CL)md , box

(CL)md ,ref

= √ Abox⋅ebox

Aref⋅eref

(5.6)

This means that the lift coefficient for minimum drag of the box wing aircraft is higher than 
that of the reference aircraft, since the span efficiency factor of the box wing is also higher 
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than that of the reference aircraft, assuming that both have the same aspect ratio. This has the 
following consequences:

In the beginning it is assumed that the box wing and the reference aircraft should have the 
same cruise Mach number and wing area (see chapter 3). At first it is also guessed that their 
masses are equal. In other words, for flying with minimum drag both aircraft have to produce 
the same amount of lift at different lift coefficients. This can only be accomplished by varying 
the altitude. Fig.  5.2 clearly demonstrates this interrelationship. The shown graph was pro-
duced by assuming a lift  coefficient  for minimum drag of 0,71 for the reference aircraft
(h/b = 0). The Mach number is 0,76 and the mass of the aircraft 73500 kg. The calculations 
which were performed in order to generate the graph shown in Fig. 5.2 can be found in Ap-
pendix B.1.

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 glide ratio the box wing configuration needs to 
fly at higher altitudes compared to the reference aircraft. This results in a higher differential 
pressure for the cabin. For short range flights it might be unlikely that the altitude for the 
highest glide ratio is even attained. Higher altitudes also means that the flight mostly takes 
place in the stratosphere, which raises questions regarding ecological effects.

Another approach for attaining the maximum glide ratio could be the reduction of cruise 
speed, since lower speeds require higher lift coefficients. 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 calculated with the help of the lift coefficient 
for minimum drag and the zero lift coefficient. In general the glide ratio is defined with

E =
CL

CD
 (5.7)

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

Emax=
√CD ,0⋅π⋅A⋅e

2CD ,0

 . (5.8)

Now the ratio of the maximum glide ratios of the box wing and the reference aircraft can be 
built. Assuming that both have the same zero lift drag coefficient and the same aspect ratio 
and that effects of transonic speeds are neglected, the ratio of maximum glide ratios can be 
written as

(Emax)box

(Emax)ref

= √ebox

eref

 . (5.9)

The determination of ebox/eref depending on the h/b ratio was already discussed in section 4.3. 
Fig. 5.3 shows the possible increase of the maximum glide ratio of a box wing aircraft com-
pared to the reference aircraft depending on the h/b ratio. As comparison the increase for a bi-
plane is plotted as well. Note that the plot is only valid for the mentioned assumptions.

Figure 5.3 Increase of 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 concerning the glide ratio are made. They help to un-
derstand the specific effects of a box wing configuration regarding aircraft performance dur-
ing cruise. Based on the idealized drag polar the glide ratio can be calculated in general with

E =
CL

CD ,0+
C L

2

π A e

 . (5.10)

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

With the help of Eq. (5.10) it is possible to show the trend of the glide ratio depending on the 
lift coefficient. This is important for assessing the aircraft performance for flight states requir-
ing lift  coefficients  which  deviate  from the coefficient  for  minimum drag.  The resulting 
graphs for different span efficiencies are shown in Fig. 5.4. The already mentioned trend for 
Emax moving to higher lift coefficients with increasing span efficiency is depicted as well.

Figure 5.4 Glide ratio depending on the lift coefficient for different span efficiency factors

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

Static longitudinal stability describes the behaviour of the aircraft when it is exposed to dis-
turbances affecting the angle of attack. If, for example, the aircraft is hit by a vertical gust 
coming from below, the angle of attack is increased which leads to a higher lift coefficient and 
consequently to an increase of the pitch angle. The aircraft would be statically stable along the 
longitudinal axis if the angle of attack decreases again after the disturbance without any con-
trol input. Whether it decreases directly to the value from before or if there is an oscillation 
(convergent or divergent) around this value is not part of a static analysis.

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

In Raymer 1992 it is mentioned that:

“ (...)  to attain stability with a tandem-wing it is usually necessary to move the center of gravity  
somewhat forward of the location for an even weight split (...).”

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

In this chapter it is examined whether it is possible to design a stable box wing having a 50/50 
fragmentation of lift between both wings. The effects of unequal fragmentations are investig-
ated as well. A possible elevator deflection is not taken account of (compare section  7.11 
about control surfaces).

The method used is calculating the CG envelope which is limited by stability and controllabil-
ity requirements, depending on geometric and aerodynamic parameters of the aircraft. The 
most forward CG position is determined by controllability requirements and the most aft posi-
tion is determined by stability requirements.

A detailed derivation of the following relations can be found in Appendix B.2. In the present 
section only the results of important sub-steps are presented.
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5.2.1 General Requirements 

In general, static longitudinal stability  comprises two conditions (Young 2001):

1) Stability condition

The slope of the pitching moment about the center of gravity is negative:

dCM ,CG

dCL

 0  . (5.11)

2) Trim condition

The pitching moment about the center of gravity is positive at zero lift:

CM , CGCL=0  0  . (5.12)

The most aft position of the center of gravity before the aircraft becomes unstable can be cal-
culated by formulating the equilibrium of moments about the aircraft's center of gravity and 
using the two conditions above. This CG position is referred to as neutral point. Here the air-
craft is neutrally stable (dCM,CG/dCL = 0). If the center of gravity is shifted further rearwards, 
the aircraft would become unstable (dCM,CG/dCL  > 0). For a stable aircraft (dCM,CG/dCL < 0) the 
CG position must be located in front of the neutral point. The plot of CM vs. CL for a stable air-
craft is shown in Fig. 5.5.

Figure 5.5 CM over CL for a stable aircraft
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Static longitudinal controllability  is achieved with the help of the elevators. For convention-
al tail aft configurations they are located at the horizontal tail. The elevators are also needed to 
trim the aircraft for horizontal flight (CM,CG = 0). The required force to be generated by them 
in order to trim the aircraft depends on the CG position of the aircraft and the moment arm of 
the elevators. Additionally, the size of the elevator surfaces and their aerodynamic qualities 
limit the force they can generate.

When the CG position is shifted more forward for gaining static longitudinal stability, the el-
evators have to generate a higher force/moment in order to trim the aircraft. At a certain CG 
position the maximum force/moment which they can generate is reached. At this point the 
limit of control is attained since the whole impact of the elevators is needed for trimming the 
aircraft. This also means that the aircraft cannot produce a positive/nose up pitching moment 
any more.

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

CM ,CG 0 . (5.13)

With the Ineqs. (5.11) and (5.13) it is possible to express the envelope of the aircraft's center 
of gravity for attaining static longitudinal stability and controllability.
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5.2.2 Derivation and Evaluation

The applied method is based on considerations for a conventional tail aft configuration which
can be found in Young 2001. These considerations are now adapted to a box wing configura-
tion.

Figure 5.6 Forces and moments acting on a box wing aircraft

Fig. 5.6 depicts the forces and moments acting on a box wing. The CG position is shown in 

terms of the mean aerodynamic chord of the front wing h⋅c1 . Additionally the position of 

the aerodynamic center of the front wing is displayed in terms of its mean aerodynamic chord 
h0⋅c1 . The body of the aircraft is not shown, but its effects (interference with lifting sur-

faces) must not be neglected. Since horizontal forces like thrust or drag are not taken account 
of, the vertical distance between both surfaces is not of importance. The vertical connection of 
both surfaces at their tips is insigni- ficant for the analysis of static longitudinal stability and 
control.

According to Fig. 5.6 the equilibrium of moments about the center of gravity reads:

M CG= L1h�h0c1�L2 lM 1M 2 = 0  . (5.14)

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

CM ,CG= CL h�h0
c1

c
�CL2

V 'CM ,1

c1 S1

cS
CM ,2

c2S2

cS
= 0  . (5.15)

2 The definition of the total mean aerodynamic chord was given in section 4.4.
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As in section 4.1.2, the term S1/S can also be expressed with s1, S2/S accordant. In the same 

manner the symbolc1' is used instead of the termc1/c and c2 ' instead of c2/c . With 

these substitutions Eq. (5.15) can be written more simply:

CM ,CG= CL h�h0c1 '�CL2
V 'CM ,1c1' s1CM ,2c2' s2= 0  . (5.16)

Now the conditions from the Ineqs. (5.11), (5.12) and (5.13) are applied to Eq. (5.16) in order 
to determine the CG envelope which provides for static longitudinal stability and controllabil-
ity. For static longitudinal stability the results are

h h0
dCL ,2

dCL

V '⋅
c
c1

, (5.17)

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

CM ,1c̄1' s1+CM ,2c̄2 ' s2�(CL ,2)CL=0V̄ ' > 0 , (5.18)

which is the condition to be met in order to have a trimmable aircraft. All terms except CL,2 are 
assumed to be constant with regard to the lift coefficient. The value of CL,2 for a total lift coef-
ficient of zero can be determined with the help of the gradient dCL,2/dCL which is also needed 
for solving Ineq. (5.17):

(CL,2)C L=0 = CL,2�
dCL,2

dCL

⋅CL  (5.19)

The condition for static longitudinal controllability reads

h h0
CL,2

CL

⋅
V '
c1'


CM ,1

CL

s1
CM ,2

CL

s2

c2

c1
 , (5.20)

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

In the Ineqs. (5.18) and (5.20) almost all parameters are given by known aerodynamic or geo-
metric characteristics. However, the term dCL,2/dCL in Ineq.  (5.17) and Eq. (5.19) cannot be 
determined as easily and further considerations are needed. According to  Young 2001 it is 
possible to expand the term for making its calculation possible:
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dCL,2

dCL

=
dCL,2

d α2

⋅
d α2

d α
⋅

d α
dCL

 . (5.21)

The first term on the right hand side of Eq. (5.21) is the lift curve slope of the aft wing, which 
shall be referred to as a2. It can be determined with the following equation, taken from DAT-
COM 1978 in Scholz 1999:

a2 =
dCL,2

dCL

=
2π⋅A2

2 A2
21 tan2

φ50,2�M 24
 (5.22)

The second term on the right hand side of Eq. (5.21) is the change of the angle of attack at the 
aft wing depending on the change of the angle of attack of the whole aircraft.3 This derivative 
can be calculated with the help of the downwash induced by the front wing acting on the aft 
wing (Young 2001):

d α2

dα
= 1�

d ε
dα

 (5.23)

The term dε/dα is the downwash gradient. According to DATCOM 1978 in  Scholz 1999 it 
can be calculated with

d ε
d α

= 4,44⋅(k A,1⋅kλ ,1⋅k H⋅√cosφ25,1)
1,19
⋅

(CL ,α)1,M

(CL ,α)1,M =0

 (5.24)

where

k A,1=
1
A1

�
1

1+A1
1,7  , (5.25)

k λ ,1 =
10�3 λ1

7
 (5.26)

and

k H =

1�∣ z
b1∣

3√2 l '
b1

 (5.27)

with z as the vertical distance between the chord lines of the forward and aft wing. (CL,α)1,M  is 

3 For the total aircraft, the angle of attack is measured with regard to its zero lift line. The same method is 

applied for the aft wing.



68

the lift curve slope of the forward wing including compressibility effects, (CL,α)1,M=0 is the lift 
curve slope of the forward wing without any compressibility effects.

The last term on the right hand side of Eq. (5.21) is the inverse of the lift curve slope of the 
total aircraft. This lift curve slope shall be referred to as a. Its determination is based on the 
methods presented in Section 4.5.1.1 in DATCOM 1978. It takes account of interference ef-
fects between the body and the lifting surfaces, the downwash of the front wing as well as the 
effect of the wing tip vortices on the aft wing, which are induced by the front wing. Because 
of all of these circumstances, it is impossible to use Eq. (5.22) for the whole aircraft.

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

Acc. to DATCOM 1978 the equation for calculating the lift curve slope of an aircraft having 
two lifting surfaces of equal span is

a= dCL

d α = s1dCL

d α 1⋅K NK WBK BW1⋅
Se,1

S1

s2dCL

d α 2⋅K W BK BW 2⋅
q2

q∞

⋅
S2

S1

⋅
Se,2

S2

 dCL

d α W 2v

 , (5.28)

where

(dCL

d α )W2(v)

=
(dCL

d α )1

⋅
Se,1

S1

⋅(dCL

d α )2

⋅
q2

q∞

⋅KW(B),1⋅I VW ,1(W ,2)
⋅(b2

2
�

d2

2 )
2π⋅A2⋅(b1

2
�

d1

2 )
 , (5.29)

which accounts for the effects of the vortices induced by the front wing.

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

The terms (dCL/dα)1 and (dCL/dα)2 are the lift curve slopes of the individual lifting surfaces, 
which can be calculated according to Eq. (5.22).
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The K-factors include additional lift effects generated by the aircraft nose (N) as well as by 
the mutual interferences of wing and body [W(B) and B(W)]. Their calculation is as follows:4

K N =
π⋅d2

2dCL

d α 1⋅Se,1

 (5.30)

with d being the fuselage diameter and Se the exposed wing area.

Furthermore the sum of KW(B) and KB(W) can be expressed by

K W B iK BW i = d
b
1

2

 (5.31)

and KW(B) by

K W B i = 0,8
d
b
1  . (5.32)

The ratios of the exposed to the reference surfaces (Se/S)i are roughly estimated according to 
the aircraft geometry, which is sufficient for the present investigation. The dynamic pressure 

ratio q2/q∞ of the aft wing is commonly assumed to be 0,9 for conventional tail aft config-

urations (Scholz 1999). This value may also be used for a box wing. A more exact calculation 
is not needed at this stage of analysis.

All parameters for Eq.  (5.29) were already included in the previous discussion, except for
I VW ,1W ,2

, the so called vortex interference factor, which considers the effect of the trailing 

vortices of the front wing regarding the total lift of the aircraft (DATCOM 1978). It depends 
on the geometry of the wing system. For the current investigation its values are determined 
assuming that b1 = b2 = b; d/b ~ 0,2; λ ~ 0,5 and α = αcruise. These parameters do not reflect the 
exact geometry of the aircraft being studied in this thesis. However, because of the lack of ap-
propriate DATCOM charts, these values are used because a chart with these very values exists 
and they come closest to the geometry of the aircraft being investigated in this thesis. With 
these assumptions the vortex interference factor only depends on the  h/b ratio. Table  5.1 
shows the correlation between these two parameters. The exact derivation can be retraced in 
Appendix B.2.2.

4 Eqs. (5.29) and (5.30) are from DATCOM 1978, Section 4.3.1.2, par. A, Method 1. Eq. (5.32) cannot dir-

ectly be found in DATCOM 1978. Its derivation is shown in Appendix B.2.2.
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Table 5.1 Vortex interference factor depending on the h/b ratio
h/b IVW,1(W,2)

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.  (5.21) are known. Finally, with the introduced 
symbols a and a1 Eq. (5.21) can be written more simply:

dCL,2

dCL

=
a2

a (1� d ε
d α )  . (5.33)

The calculation for the CG envelope was implemented into a spreadsheet for a quick analysis 
of  different  geometric  and aerodynamic  configurations  (Appendix  F.2.1).  The  results  are 
presented in chapter 5.2.3.

At last it needs to be pointed out that the gradient dCL,2/dCL is assumed to be independent of 
the angle of attack in this analysis. Strictly speaking this is not true since at higher angles of 
attack the vertical distance between the forward and the aft wing, measured perpendicularly to 
the free stream, becomes smaller. However, for the current examination the chosen approach 
is sufficient.
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5.2.3 Results and Conclusion

Detailed results with screenshots from the calculation spreadsheet can be found in Appendix 
F.2.1.

When both wings have the same lift coefficient, it is impossible to attain longitudinal stability 
and controllability. At this condition the control limit for the center of gravity is situated aft of 
the stability limit, which means that for having a controllable aircraft, it needs to be statically 
unstable. However, an inherently unstable aircraft cannot be certified for commercial trans-
port (CS 25.173, EASA 2010).

The main reason for this issue is the absence of a control surface which generates a positive 
pitching moment counteracting the negative pitching moment generated by the wings.5 For a 
conventional tail aft configuration the positive moment is provided by the horizontal stabil-
izer. However, as it will be shown in section 7.11 the inner control surfaces of both wings of 
the box wing aircraft might be used as elevators which could provide an additional positive 
pitching moment. But in this context the resulting effects on the lift distribution of both wings 
have to be studied carefully.

For a box wing configuration the main contributors to the zero lift pitching moment are the 
wings, the fuselage and probably the engines if they are positioned significantly above or be-
low the aircraft's center of gravity. So by modifying the wings or the fuselage it could be pos-
sible to provide for a positive zero lift pitching moment.

There are several ways of reducing the value of negative pitching moment of wing sections. 
Some of them are presented in Barger 1975. It is even possible for sections to have a positive 
pitching moment which is mostly achieved by modifying the camber in the region of the trail-
ing edge (see Fig. 5.7). However, the qualities of such reflexed wing sections in the transonic 
flight regime is a topic of its own and part of more detailed aerodynamic studies.

Figure 5.7 Eppler 340 airfoil as an example for a reflexed wing section

5 The same problem occurs with a flying wing or a blended wing body, where there also is no horizontal

stabilizer which produces an additional positive pitching moment.
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Another possibility referring to wing modifications is adjusting the wing twist in connection 
with a swept wing. This way parts of the wing should produce more lift the more they are for-
ward of the aircraft's center of gravity. This method is often applied in conjunction with flying 
wings or blended wing bodies, where the tips of the swept wing are twisted in a way so that 
they produce little lift (or even negative lift) and thus a positive pitching moment.

The fuselage may also have a shape similar to a reflexed airfoil (see Fig. 5.8) so that it gener-
ates an additional positive pitching moment. But the drag 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 mentioned modifications is questionable and the 
accordant investigations are part of further studies, these modifications will no longer be part 
of the current discussion. In the following, possibilities are described how to avoid the neces-
sity of a positive zero lift pitching moment of the wings or the fuselage. This approach is used 
for the design of the studied box wing configuration.

When examining the Ineqs. (5.17) and (5.20) which localize the CG position for attaining stat-
ic stability and controllability, it becomes evident that the only variable parameters are the in-
dividual lift  coefficients and the gradient  dCL,2/dCL.  All  of the other parameters are either 
aerodynamic constants or given by aircraft geometry. In order to expand the CG envelope it is 
required to either move the stability limit more aft (meaning that the value of the right hand 
side of Ineq.  (5.17) increases) or to move the control limit more forward (meaning that the 
value of the right hand side of Ineq. (5.20) decreases). A combination of both would be the 
optimum solution.

Concluding from the explanation in the last passage, a forward shift of the control limit  can 
be achieved by decreasing the ratio  CL,2/CL and also by increasing the total lift coefficient 
[compare Ineq. (5.20)].

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

The ratio CL,2/CL can be manipulated by changing the lift coefficient of the aft wing. So for 
shifting the control limit more forward, the value of CL,2 needs to be decreased while keeping 
the total lift coefficient constant. The result is an increase of the ratio CL,1/CL,2. However, this 
also means that the induced drag increases when both wings have the same reference area, as 
it was shown in section 4.6.1.

Acc. to Ineq. (5.17) an aft shift of the stability limit  is possible by increasing the gradient 
dCL,2/dCL. In chapter 5.2.2 it was shown that this gradient mostly depends on the geometry of 
the aircraft. The affecting parameters are the wing sweep which has a great influence on the 
lift curve slope of the wings, as well as the height to span ratio, the ratio of the exposed wing 
area to the wing reference area and the average ratio of fuselage diameter to wing span at the 
wing root. The sweep and the height to span ratio are the only parameters that can be arbitrar-
ily chosen, disregarding aerodynamic and aeroelastic considerations. The other parameters 
result from fuselage layout and wing integration.

With the help of the spreadsheet it was determined that an increase of the ratio of CL,1/CL,2 is 
the most effective way of expanding the CG envelope. It is important to pay attention to the 
consequences, e.g. airfoil choice and stall characteristics. Depending on the aircraft geometry, 
a value of 1,5 to 3 for the CL,1/CL,2 ratio is probable.

A general increase of the CG envelope can also be achieved by placing the wings further apart 
longitudinally. This way the the parameter̄V is increased which makes it also possible to 
decrease the ratio CL,1/CL,2 for a given CG envelope. 

An adjustment of the wing sweep can be treated as a supporting measure. Here requirements 
relating to transonic aerodynamics and to stall characteristics have to be considered. For in-
creasing the CG envelope the sweep of the forward wing has to be as high as possible, while 
the sweep of the aft wing has to be as low as possible.

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

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

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

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

According to  Scholz 1999 wing design is important for lateral stability. Increasing dihedral 
and wing sweep will  also increase lateral stability, whereas anhedral and a forward swept 
wing are reductive. Another point is the wing interaction with the fuselage. Shoulder wing air-
craft have an increased lateral stability while low wing aircraft have reduced stability. With 
the help of these three design parameters the wing design of the box wing aircraft can be ad-
justed for lateral stability.

In Scholz 1999 some simple correlations are given. Accordingly 10° of wing sweep have the 
same effect  regarding lateral  stability  as 1°  of  dihedral.  Additionally “switching”  from a 
middle wing to a shoulder wing or from a low wing to a middle wing will increase lateral sta-
bility as much as 3,5° more dihedral. Furthermore Raymer 1992 states that a low wing air-
craft requires about 5° of dihedral to become neutrally stable.

Usually wing sweep is dominated by transonic aerodynamics. So this parameter is already 
given. For the box wing configuration it is also defined that the forward wing is a low wing. 
According to the final configuration (see chapter 9) the aft wing is connected to the vertical 
stabilizer, thus there are no significant interference effects between the fuselage and the aft 
wing. Consequently the only parameter to be adjusted for lateral stability is the dihedral.

For finding the proper dihedral of the individual wings a simple method is used. The degree of 
lateral stability of the reference aircraft is assessed in terms of a necessary dihedral angle. The 
results are given in table 5.2. Accordingly the reference aircraft has an excess of 3,5° of di-
hedral, which means that with a dihedral which is 3,5° lower the aircraft would be neutrally 
stable. Supplementary it has to be mentioned that here the final dihedral angle rather results 
from requirements according to sufficient engine clearance 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°

Σ 3,5°

It is assumed that the degree of lateral stability of the box wing configuration is supposed to 
be in the same region, or probably a bit lower. For its determination the same method as in 
table 5.2 is applied, now for the forward and the aft wing 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

forward
Vertical position low -5°

Sweep ca. 30° 3°

aft
Vertical position no effect 0°

Sweep ca. -30° -3

Σ -5°

From table 5.3 it can be concluded at first that the opposite swept wings neutralize their indi-
vidual effect on lateral stability. Furthermore the aft wing is situated above the fuselage and 
hence does not affect the degree of lateral stability as well. The only factor which requires di-
hedral in terms of lateral stability is the low position of the forward wing.

An important constraint for the choice of proper dihedral is that the aft wing is not integrated 
into the fuselage. This might cause structural problems. Therefore it is chosen that the aft 
wing is supposed to have no dihedral at all, since a kink because of dihedral might addition-
ally weaken the wing structure. Consequently the forward wing has to have a dihedral of at 
least 5°. To prevent any risk caused by the simple approach used here, the final dihedral is in-
creased to 6°. A drawing of the resulting wing configuration is shown in section 7.5.3. Note 
that the dihedral decreases the h/b ratio at the tips, which decreases the span efficiency (com-
pare section 4.3).

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

The preliminary sizing of  the box wing aircraft  is performed with the preliminary sizing 
spreadsheet (Scholz 2008). In order to size the aircraft a number of parameters have to be de-
termined in advance, next to the ones already given by the design requirements (see chapter 
3). These parameters and their respective values are listed in table 6.1. Next to each parameter 
a short comment is inserted in order to understand where its value is coming from.

Table 6.1 Parameters used for preliminary sizing
parameter Value Comment

kApp 1,7 (m/s²)1/2 standard value

kL 0,107 kg/m³ derives from kApp

CL,max (take off) 2,92 adjusted for getting SW = 122 m²

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

CD,0 0,021 see section 11.1

CD,P (landing) 0,066 derives from standard settings

CD,P (take off) 0,046 derives from standard settings

Cf,eqv 0,003 standard value

Swet/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

mL/mTO 0,889 see explanation below

mOE/mTO 0,565 iterated with mass estimation (see chapter 10)

Mff,engine 0,999 same as for A320 (Pester 2010b)

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

Mff,TO 0,995 same as for A320 (Pester 2010b)

Mff,CLB 0,995 same as for A320 (Pester 2010b)

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

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

For the reference aircraft the ratio mL/mTO is 0,878. Because the glide ratio of the box wing 
configuration is assumed to be higher than that of the reference aircraft it will consume less 
fuel. On the other hand this results in a slightly lower maximum take of mass. Now it can be 
assumed that because of the same design mission and a similar structural layout the maximum 
landing mass of both aircraft is the same. Hence the ratio mL/mTO can be adjusted accordingly. 
The minimum allowed value is 0,889.

Concerning the relative wetted area Swet/S standard values are between 6 and 6,2. For the box 
wing a ratio of 7,0 is determined (see section 11.1.6) because of the huge winglets and stabil-
izers as well as the fact that the root of the rear wing does not disappear inside the fuselage 
but is exposed to the free steam.
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The matching chart resulting from the preliminary sizing is depicted in Fig. 6.1.

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

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

Table 6.2 Further results from the preliminary sizing

parameter Box Wing Reference
Difference

absolute percentage

mMTO/SW (kg/m²) 597 601 -4 -0,67

TTO/(mMTO*g) 0,303 0,309 -0,004 -1,94

hcruise (m) 12893 12326 567 4,6

CL,m 0,86 0,71 0,15 21,13

mMTO (kg) 73245 73500 -255 -0,35

mML (kg) 65115 64500 615 0,95

mOE (kg) 41383 40500 883 2,18

mMZF (kg) 61383 60500 883 1,46

mF,req (kg) 12168 13400 -1232 -9,19

SW (m²) 122,6 122,4 0,2 0,16

TTO (kN) 217,4 222,0 -4,6 -2,07

The most important result is a reduction of the required fuel mass by 9 % because of the high-
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er  glide  ratio  of  the  aircraft.  This  leads  to  a  slightly  reduced  maximum  take  off  mass
(-0,4 %), which on the other hand decreases the required thrust for take off by 1,9%. It is ap-
parent that all of the other masses match quite well to those of the reference aircraft.  After 
some iterations the resulting operating empty mass is very close to the one coming from a 
more precise mass estimation, which is presented in section 10.2. As predicted in section 5.1.2 
the lift coefficient for minimum drag increases because of the higher span efficiency factor. 
This results in a higher cruise altitude.

6.1 Determination of the Final Span Efficiency Factor

In section 4.3 the determination of the span efficiency factor depending on the h/b ratio was 
shown. The method proposed to be used gives the ratio  ebox/eref as function of the h/b ratio. 
Once the span efficiency factor of the reference aircraft is known, the box wing counterpart 
can be determined. It was already assumed that eref,clean = 0,85 and eref,land = 0,7. The h/b ratio 
derives from the geometry of the box wing aircraft. At this point the final geometry needs to 
be anticipated  from section  7.5.3.  There  the  vertical  distance between  both  wing tips  is
7,5 m, resulting in a h/b ratio of 0,22.

However, the requirements according to static longitudinal stability have to be considered as 
well (compare section 5.2.3). As consequence the lift coefficient of the forward wing is higher 
than that of the aft wing, which reduces the span efficiency. The amount of reduction is de-
termined with the help of Eq.  (4.31), since CD,i/(CD,i)min =  emax/e, where emax is the span effi-
ciency for equal lift of both wings. 

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

Results
The ratio ebox/eref is 1,426 for a h/b ratio of 0,22 [compare Fig. 4.8, Rizzo graph, evolving from 
Eq. (4.20)]. This ratio is reduced by 3,4 %, which results in 1,377. This is the factor the span 
efficiencies for the clean and landing configuration of the reference aircraft have to be multi-
plied with. Finally we get

ebox,clean = 1,17 and
ebox,land = 0,964.
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7 Wing Design

As already stated the wing configuration is the characteristic feature that distinguishes the box 
wing from the reference aircraft. Since the reference wing is literally split into two separate 
wings the design space is enlarged and the relating set of parameters is extended. This allows 
for more flexibility in design but also makes it more challenging. For limiting the design 
space it is decided that both wings are supposed to have the same reference area. This might 
not lead to an optimum configuration but helps to adjust the other wing parameters for a first 
design.

In this paragraph the most important aspects of wing design are discussed. This includes the 
design for transonic speeds and an optimum lift distribution, the choice of airfoils and charac-
teristics concerning fuel volume and structural weight.

7.1 Design for Transonic Speeds

The parameters which influence the transonic characteristics of the wing are mainly sweep 
and the thickness to chord ratio. Wing twist is also used to decrease the lift coefficient at cer-
tain span stations for lowering the probability of shock 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 wing sweep does not only affect the transonic char-
acteristics but also the qualities with regard to static longitudinal stability and controllability. 
As concluded in section 5.2.3 it is desired that the amount of sweep of the forward wing is 
higher than that of the aft wing in order to increase the CG envelope for stability and control-
lability. Ideally the aft wing should not be swept at all, which of course contradicts transonic 
requirements. For simplifying the design process it was decided that both wings have the 
same amount of sweep. With this constraint the other parameters like cruise lift coefficients of 
the individual wings and the longitudinal distance between the wings were adjusted so that the 
CG envelope suits the CG position resulting from weight and balance (section 10.2).

The wing sweep of the reference aircraft is 25° (¼ chord length). Since both the reference and 
the box wing configuration have a cruise Mach number of 0,76, this wing sweep was the ini-
tial value for the box wing configuration.
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Another aspect influencing the amount of sweep is the integration of the wing configuration 
with regard to the fuselage and the sweep of the winglets as well. Taking account of the mutu-
al impact of all of these parameters the final wing sweep is chosen to be about 28,5° for the 
forward and -28° for the aft wing. Further information discussing and justifying this choice is 
given in section 7.5 .

7.1.2 Thickness to Chord Ratio

According to Torenbeek 1982 the thickness to chord ratio results from the wing sweep, the 
design lift coefficient and the drag divergence Mach number. The accordant equation is

t
c
= 0,3⋅cosφ25⋅([1�( 5+M DD ,eff

2

5+(kM�0,25CL)
2)

3,5

]⋅√1�M DD ,eff
2

M DD, eff
2 )

2/3

 . (7.1)

This ratio is the maximum allowed thickness to chord ratio of the airfoil resulting from cutting 
the wing parallelly to the aircraft's symmetry axis. For getting the thickness to chord ratio of 
the actual airfoil the following transformation has to be performed according to Dubs 1987 in 
Scholz 1999 (compare Fig. 7.1):

( t
c)eff

=
t
c
⋅

1
cosφ25

 (7.2)

Figure 7.1 Decomposition of the free stream vector into a normal and a tangential component 
(Dubs 1987  in Scholz 1999 )
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The effective drag divergence Mach number results from the actual Mach number and the 
wing sweep. Torenbeek 1982 proposes

M DD, eff = M DD⋅√cosφ25  . (7.3)

According to Scholz 1999 there are several ways of defining the drag divergence Mach num-
ber. Depending on the approach it ranges from the cruise Mach number to MCr + 0,1. As com-
promise the drag divergence Mach number used here is supposed to be  MCr + 0,05, giving 
0,81. The design lift coefficient is supposed to be the lift coefficient for minimum drag. Ac-
cording to the preliminary sizing (chapter 6) it is 0,84. The factor kM in Eq. (7.1) takes account 
of the airfoil type. For modern supercritical airfoils it is assumed to be 1,2.

Considering a wing sweep of 28° (compare section  7.1.1) the final value for the maximum 
thickness to chord ratio according to Eq. (7.1) is 0,103. Transforming this value to the thick-
ness to chord ratio of the actual airfoil finally gives 0,116 as maximum. According to Böttger 
2010 this value applies for the relative wing span ranging from 0,4 to 1. For the region closer 
to the wing root the thickness to chord ratio is usually higher.
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7.2 Taper Ratio

Taper ratio is commonly used to change the spanwise lift distribution so that it comes close to 
the optimum. For minimum induced drag the optimum taper ratio can be determined depend-
ing on the wing sweep (Torenbeek 1982):

λopt= 0,45⋅e�0,036φ25 , (7.4)

which applies to conventional wings. Although the composition of the lift distribution of the 
box wing aircraft is different (additional constant part) Eq. (7.4) is used to determine the op-
timum taper. Note that the sweep angle has to be inserted 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 ratios are quite utopic. For the forward wing 0,16 is 
too low. Because of the low chord lengths this taper would not allow for enough room for the 
integration of flap and aileron mechanisms. For the aft wing a taper ratio of 1,26 means that 
the wing's center of gravity would be shifted in the direction of the wing tips, creating a huge 
root bending moment and increasing wing mass. Consequently the chosen taper ratios are dif-
ferent. The taper ratio of the reference wing is 0,24, so this value is used for the forward wing 
as well. The integration of flap and aileron mechanisms taking account of the small chord 
lengths is yet to be investigated. For the aft wing a taper ratio of 0,8 is chosen, which should 
be a good compromise between the requirement according to Eq.  (7.4) and an acceptable 
wing mass.
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7.3 Decalage

According to the box wing sizing spreadsheet (Appendix F.2) the lift coefficient of the aft 
wing is -0,136 for zero total lift. Since both wings have the same reference area (as defined in 
the beginning of chapter 7) this means that the forward wing has a lift coefficient of 0,136 for 
zero total lift. So the difference in lift coefficients of both wings is 0,272 for zero lift. The plot 
of the individual lift coefficients depending on the total lift coefficient is shown in Fig. 7.2. It 
results from sizing the box wing configuration according to requirements of static longitudinal 
stability and controllability based on cruise conditions.

Figure 7.2 Lift  coefficients of the individual wings vs. total lift  coefficient for the final box wing 
configuration

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

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

The dimensions of a single wing are only about half of those of the reference wing, except for 
the span. This makes it necessary to investigate the mass of the wing more thoroughly. As a 
first approximation a simple formula given in Torenbeek 1982 can be used:

mW

mMZF

= 6,67⋅10�3⋅bs
0,75⋅(1+√ bref

bs
)⋅nult

0,55⋅( bs/t r

mMZF/SW)
0,3

 (7.5)

where 

bS=
b

cosφ50
 (7.6)

being the structural wing span and

bref = 1,905 m  (7.7)

as reference span. Eq. (7.5) was derived for configurations with a conventional wing. To use it 
for a box wing it is assumed that both of its wings can be combined to one conventional wing. 
This way the result is a wing of equal area , wing loading mMZF/SW and span as the reference 
wing. Only the airfoil thickness at the wing root is half the value of that of the reference wing. 
Supposing that both the reference wing and the box wing possess the same structural span be-
cause of identical wing spans and wing sweeps leads to the elimination of the factor

√bref

bs

.

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

( mW

mMZF
)box

( mW

mMZF
)ref

=( t r ,ref

t r , box)
0,3

= 1,23 .

Of course this relation is based on very simple considerations and additionally neglects any 
possible brace support of the winglets, but it shows that the wing structure of the box wing is 
heavier than that of the reference aircraft. The main reason is the wing geometry, where one 
single wing has an aspect ratio of about 19. The total airfoil thickness, and thus the height of 
the wing box, is only half as much as that of the reference wing.
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It can be seen that for lowering the weight of the wings the thickness to chord ratio of the air-
foils should be as high as possible. However, this is in conflict with requirements according to 
transonic flight.

For getting a deeper insight into the structural aspect of the wings, an analysis of wing internal 
loads is conducted in section 7.6. For doing so, the exact 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 concerning the wings their exact geometry is needed. 
This is why the wing integration and the resulting wing geometry is already discussed at this 
point. Although the fuselage layout was not defined yet, its geometry is anticipated from sec-
tion 8.1 in order to have the constraints for wing integration.

In this section the longitudinal and vertical dimensions of the wing configuration are defined. 
They derive from the given wing sweep (section 7.1.1), taper (section 7.2) and dihedral (sec-
tion 5.3). In order to have a high reduction of induced drag the h/b ratio shall be as high as 
possible. This is why it is chosen to attach the aft wing on top of the vertical stabilizer. At this 
point it is necessary to anticipate the stabilizer geometry as well. It is a V-tail whose design is 
derived later in section 8.2.

After discussing the most important aspects of finding the longitudinal and vertical wing posi-
tions, the final wing geometry is presented in section 7.5.3.

7.5.1 Longitudinal Positions

For high static longitudinal stability it is desired that the longitudinal distance between both 
wings is as high as possible. However, this distance is limited by certain factors which can be 
easily described with the help of Fig. 7.3.

The forward wing can only be moved as much to the front as long as there is enough clear-
ance to the forward exit. The position of the aft wing has to comply with the position and geo-
metry of  the stabilizers.  Since the sweep of  the horizontal  wings is  already defined,  the 
winglet sweep automatically results from the longitudinal positions of the horizontal wing. In 
order to have an acceptable winglet sweep the longitudinal distance between both horizontal 
wings cannot become too high.

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

The whole process of finding the proper longitudinal wing position is iterative. It has to be re-
peated after every change of the aircraft geometry, its weight and balance or the lift division 
between both horizontal wings.

7.5.2 Vertical Positions

Since it is desired to have a high h/b ratio the forward wing shall be positioned as low as pos-
sible. This means that a conventional integration of the engines under this wing is not possible 
because there is not enough room. The height of the aft wing is defined by the height of the 
stabilizers.

Because of the low position of the forward wing it is possible to have a continuous cargo 
compartment. However, the accommodation of additional fuel tanks in the fuselage (see sec-
tions 10.2 and 11.4.4) might split the cargo compartment.

7.5.3 Resulting Geometry

Table 7.2 summarizes the final wing geometry. Further dimensions 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 (m²) 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°

htip/b 0,22
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Figure 7.4 Wing dimensions, side view

Figure 7.5 Wing dimensions, front view

Figure 7.6 Wing dimensions, top view
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7.6 More Precise Mass Estimation 

The method used in paragraph 7.4 was originally derived for conventional aircraft configura-
tions. That is why the results for the wing mass of the box wing configuration determined 
with the help of this method imply some uncertainties. In order to eliminate them for the most 
part a more precise method is applied in this paragraph.

The approach is to estimate the wing mass depending on the actual loads the wing is exposed 
to. In the present thesis a simple method presented in Oyama 2000 is used and slightly adap-
ted (see section 7.6.1).

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

For the beginning the internal loads along the vertical winglets and their resulting mass is not 
part of the mass estimation. The winglet structure will be taken account of in further studies. 
At the moment their mass is assumed to be 1 t for both winglets combined.

7.6.1 Method

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

Figure 7.7 Box-beam modelling for wing mass estimation acc. to
Oyama 2000 (Oyama 2000)

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

The chord length c and and the spar height t1 (Fig. 7.8) are given by the airfoil geometry. The 
skin thickness  t2 and the spar thickness  t3 are determined depending on the present internal 
loads. It is assumed that the wing bending moment is only absorbed by the skin panels which 
carry the resulting normal forces. Shear forces are solely absorbed by the front and the rear 
spar. When the corresponding thickness t2 and t3 are determined, it is possible to calculate the 
mass of the box-beam and thus of the so modelled wing.

Acc. to Oyama 2000 and considering the geometry given in Fig.  7.8 the thickness t2 of the 
skin panel at a certain span station is given by

t2=
2M

σ allowed⋅c⋅t1

=
2M

εallowed⋅E⋅c⋅t1
 (7.8)

and the thickness t3 of the spars at the same span station by

t 3=
L

2⋅τallowed⋅t 1

=
L

2⋅γallowed⋅G⋅t1
 . (7.9)

Eqs. (7.8) and (7.9) can also be understood using the derivations given in Seibel 2005.

The applied load factor (n = 3,75) is taken account of in the determination of M and L. It has 
to be noted that M is the wing bending moment about the longitudinal axis. The torsional mo-
ment about the lateral axis is neglected in this analysis. Since the value of torsional moment 
usually is about 10% of that of the bending moment, this simplification is reasonable for a 
first mass estimation. As seen in Eq. (7.9) only the lift  L is considered as shear force. How-
ever, it seems to be more reasonable to consider the reaction shear forces due to lift than the 
lift itself. This is why the lift L in Eq. (7.9) is replaced by the shear force SL due to lift. Stress 
relief due to wing and fuel weight as well as the weight of the engines is not considered. Val-
idating the presented approach by estimating the wing mass 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 of the determined skin and spar thickness. Us-
ing the approach in Oyama 2000 and considering the geometry shown in Fig. 7.8, the mass of 
the skin panels per unit span is calculated at the given span station with
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m' skin= 2⋅ρ⋅t2⋅0,5c= ρ⋅t2⋅c  (7.10)

and the mass of the spars with

m' spar= 2⋅ρ⋅t 3⋅t 1  . (7.11)

The intention of this paragraph is to estimate the wing mass depending on the span wise in-
ternal loads. These internal loads may be determined at any span station which makes it pos-
sible to calculate the wing mass of the relating wing segment. The mass of the whole wing is 
then calculated by summing up the masses of the analyzed segments. If the internal loads are 
given as a function of the wing span, being M = M(y) and S = S(y), it would be possible to 
analytically assess the total wing mass by integrating the mass distribution along the wing 
span. For doing so it is necessary to alter Eq. (7.10) the following:

m' skin( y) = ρ⋅t2( y)⋅c( y) , (7.12)

and Eq. (7.11) to

m' spar( y)= 2⋅ρ⋅t3( y)⋅t 1( y)  (7.13)

The total wing mass is then determined with

mwing = 2⋅∫
0

b/2

[m'skin( y)+m 'spar( y)]dy  (7.14)

For evaluating the integral it is necessary to calculate the functions of the skin and spar thick-
ness. By changing Eq. (7.8) the skin thickness now is

t 2( y) =
2

ε allowed⋅E
⋅

M ( y)
c( y)⋅t1( y)

 . (7.15)

The chord function c(y) is given by wing geometry. The spar height t1(y) is calculated by

t 1( y)= 0,85⋅
t
c
( y)⋅c( y)  , (7.16)

based on the assumption that the height of the wing box is 85% of the absolute airfoil thick-
ness. The distribution of the thickness to chord ratio is assumed to decline linearly from its 
value at the wing root to a given value at 35% of the half span. For all following span stations 
up to the wing tip the thickness to chord ratio is proposed to be constant having the value 
which is present at 35% of the half span. This distribution is similar to the one shown in
Böttger 2010 (Fig. 7.9).
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Figure 7.9 Span wise distribution of thickness to chord ratio for a jet transport aircraft (acc. to 
Böttger 2010 )

According to Eq. (7.9) and taking account of the replacement of L by SL, the spar thickness 
now is

t 3( y) =
1

2⋅γallowed⋅G
⋅

SL ( y)

t 1( y)
 (7.17)

Combining the just derived correlations finally gives the total wing mass as

mwing = 4 ρ( 1
0,85εallowed E

⋅∫
0

b/2
M ( y)

t
c
( y)⋅c( y)

dy+
1

2γallowedG
∫
0

b/2

SL ( y)dy)  . (7.18)

The wing is assumed to be made of aluminium, thus the material parameters are:

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

All deformations shall not exceed the elastic range, thus:

εallowed = γallowed = 0,003.

Within the mass estimation no distinction is made between 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 considered. Their span wise distribution has to be 
determined in order to evaluate the distribution of internal loads. Lift can be written as a dis-
tributed load qL whose value depends on the span station y. For a box wing the lift distribution 
is assumed to consist of a constant and an elliptical part (see Fig. 7.10). This is the ideal distri-
bution according to aerodynamic requirements. It does not take account of additional structur-
al requirements, otherwise the optimum distribution would deviate from the one which is 
assumed here. The equation for the span wise distribution can be formulated as

qL ( y)= (qL)const+(qL)ell , o√1�(2 y
b )

2

 . (7.19)

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

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

L /2= ∫
0

b/2

qL ( y)dy , (7.20)

with L being the lift generated by the whole wing. The integral of Eq. (7.20) is equal to the 
area of the rectangle with the edge lengths (qL)const and b/2 plus the area of the quarter ellipse 
with (qL)ell,0 as semi-minor axis and b/2 as semi-major axis. So Eq. (7.20) can also be written 
as

L /2= b/2[(qL)const+(qL)ell ,0⋅
π

4 ]  . (7.21)
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Let RL be the ratio of the elliptical to the constant part at the wing root. If RL is given with

RL =
(qL)const

(qL )ell ,0

 (7.22)

then both parts can be determined with the help of this ratio and the total lift, in other words 
by combining Eqs. (7.21) and (7.22), which gives

(qL)ell ,0
=

L
b(RL+π /4)

 (7.23)

and

(qL)const=
RL⋅L

b(RL+π /4)
 (7.24)

Now the span wise lift distribution is known acc. to Eq. (7.19). For the current study the ratio 
RL is assumed to be unity.

7.6.3 Effect of Wing Sweep

Since the wing is modelled as a 2-D-framework, effects of wing sweep have to be taken ac-
count of separately. In Seibel 2005 it is shown that for the determination of the internal loads 
of a swept wing it is possible to assume an unswept reference wing with the same wing span. 
The span wise load distribution is the same as for the real wing. The internal loads are calcu-
lated for the unswept reference wing and then transposed to the geometry of the real wing:

1) All shear loads are unchanged, so

Sφ = Sφ=0  . (7.25)

2) The bending moment about the longitudinal axis is transformed with

M φ =
1

cosφ
⋅M φ=0  . (7.26)

Wing sweep does not effect the distribution of the thickness of the spars and the skin, so it 
also does not have any additional effects on the wing mass except the higher bending mo-
ment. This is because the sweep does not change the wing area for a given distribution of 
chord lengths, provided that the chord length is measured parallelly to the aircraft's symmetry 
axis. It is assumed that an unchanged wing area also means that the wing weight remains un-
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changed.

Note that the internal loads displayed in the coming paragraphs do not consider wing sweep 
because they are the results coming directly from the 2D-analyis. The derived values consid-
ering sweep used for the mass estimation can be found in Appendix C.2.

7.6.4 Validation of the Method with A320 Wing Mass

For assessing the significance of the used method it is tested by estimating the known wing 
mass of the reference aircraft A320. The wing is modelled within the freeware Framework. 

The lift distribution is assumed to be elliptical and is approximated with the help of ten span 
stations along the half span. The values of lift per unit span were determined by applying the 
method described in paragraph 7.6.2 with the condition that (qL)const = 0 and assuming that the 
aircraft has the maximum take off mass. The modelled wing geometry and lift distribution can 
be seen in Fig. 7.11. The exact values of the lift distribution and the internal loads are given in 
Appendix C.

Figure 7.11 A320 wing geometry and lift distribution modelled in Framework

Note the indicated hinge supports in Fig.  7.11. Of course the modelled beams could not be 
carried by hinge supports. That is why the constraint is added that there is no rotation at the 
supports, which is possible within Framework. This constraint is applied to all hinge supports 
which will be shown in the coming figures and leads to a transfer of internal bending moment.

With the help of Framework it is possible to extract the values of internal loads at an arbitrary 
number of equidistant span stations. This number is chosen to be 50 per beam element. This 
way the function of internal loads does not need to be determined analytically but is approx-
imated with the help of these span stations. Thus the integrals of Eq. (7.18) can be evaluated 
numerically. This is done with the help of the trapezoidal rule, where the value of an integral 
is the sum of the areas of all trapezes which the area under the relating function is split into 
(Fig.  7.12). The general equation for approximating the integral with the help of  i arbitrary 
points is

∫
a

b

f (x)dx≈∑
i=1

n�1

0,5( yi+1+ yi )( xi+1�xi )  . (7.27)
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Figure 7.12 Trapezoidal rule for evaluating an integral 

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

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

Figure 7.13 A320 wing model for wing mass estimation

Table 7.3 Wing geometry data for A320 wing mass estimation

Partition Description ηo yo [m] ( t/c)i (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 with Framework are shown in Figs. 7.14 and 7.15. Shear loads 
are shown in kN and bending moments in kNm. It can be seen that there are small asymmet-
ries between both sides of the wing, although geometry and lift were modelled symmetrically. 
For the mass estimation the higher values on the right side are used. Note that these values do 
not yet consider wing sweep. Unfortunately the load factor was confused for the Framework 
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calculation (n = 3 was used instead of n = 3,75). However, this mistake was corrected after-
wards within the spreadsheet used for calculating the wing mass. All  internal  loads were 
simply multiplied by the factor 1,25.

Figure 7.14 Distribution of shear load along A320 wing due to lift (values in kN)

Figure 7.15 Distribution of bending moment along A320 wing due to lift (values in kNm)

The internal loads were extracted to a spreadsheet and were converted according to section 
7.6.3 for taking account of wing sweep. This sheet contains the wing geometry data and the 
lift data as well and with its help the integrals of Eq. (7.18) are evaluated numerically using 
the trapezoidal rule (Eq. (7.27). This evaluation is done for each wing partition which gives 
the mass of each partition. The results are presented in table 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 mskin [kg] mspar [kg] mtot [kg]

1 659 0 659

2 2393 260 2653

3 2673 243 2916

Σ 5725 503 6228

In Pester 2010a the A320 wing mass is given. Although the present method of mass estima-
tion does not consider wing ribs and system ribs for engine and main gear integration, it pro-
duces very good results, deviating by -0,8 % from the actual mass. It seems that neglecting the 
aspects of lightweight construction, which is a result of the simple box-beam model, as well 
as ignoring stress relief due to wing, fuel and engine weight, counteracts the missing mass of 
the ribs.

The conclusion is that the present method for estimating the wing mass is also suitable for a 
box wing configuration. 
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7.6.5 Wing Mass Estimation of the Box Wing Configuration

Here all connections and joints are assumed to be totally rigid, since this results in the lowest 
wing mass. The influence of flexible joints is discussed in section 7.7.

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

Figure 7.16 Model of the forward wing for wing mass estimation

Figure 7.17 Model of the aft wing for wing mass estimation

Table 7.5 Geometry data of the forward wing
Partition Description ηo yo [m] ( t/c)i (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 ηo yo [m] ( t/c)i (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 into Framework as a 2-D framework and the lift distribu-
tion is determined applying the method shown in section  7.6.2.  The division of total  lift 
between the forward and aft wing was determined according to the requirements of static lon-
gitudinal stability and controllability discussed in section  5.2. The total aircraft  mass was 
found with the help of PreSTo (PreSTo 2011) and independent and additional weight estima-
tions (see section 10.2). With the help of the precise wing mass estimation only a small num-
ber of iterations was necessary to find a consistent aircraft mass which is the origin for the lift 
distribution. The distribution along the winglets is linear with the constraint that its extreme 
values coincide with the constant value (qL)const of the adjacent horizontal wings. The wing 
geometry and the resulting lift distribution is shown in Fig. 7.18. Exact values can be found in 
Appendix C.

Figure 7.18 Wing geometry and lift distribution of the box wing configuration modelled in Frame-
work

Remember that the depicted hinge supports do not allow any rotation and thus transfer the in-
ternal bending moment.

The resulting internal loads are presented in Figs. 7.19 and 7.20 (no sweep considered and 
wrong load factor, all corrected within spreadsheet). Their 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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Figure 7.20 Distribution of bending moment due to lift along wings of the box wing configuration 
(values in kNm)

As for the A320 wing the internal loads are extracted to a spreadsheet and the wing mass is 
determined by numerically evaluating Eq. (7.18). The results 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 mskin [kg] mspar [kg] mtot [kg] Partition mskin [kg] mspar [kg] mtot [kg]

1 524 0 524 1 721 21 742

2 860 128 988 2 701 36 737

3 5080 112 5192 3 3326 204 3530

Σ 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 produces good results for the wing mass of the 
A320. Applying this method for the box wing configuration gives a wing mass of 11421 kg, 
which is almost twice as much as the weight of the reference wing (factor 1,865). According 
to the Torenbeek mass estimation this factor is only about 1,23. In terms of total mass, this 
difference means a deviation of about 4 t, which cannot be neglected.

The question is if the used method can be adapted to the box wing configuration of this thesis. 
The wing of the A320 is used for the integration of the main gear and the engines, which re-
quires heavy system ribs carrying the accordant loads, which increases the wing mass. Since 
the mass estimated in section 7.6.4 is very close to the actual mass of the A320 wing, these 
systems ribs can be assumed to be included within the estimation. However, the main gear 
and the engines of the present box wing configuration are not integrated into the wings, so for 
this heavy system ribs are not necessary. On the other hand, the absence of the engines means 
less stress relief in the real case, but this stress relief exists on the A320.
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The conclusion can be drawn that for the box wing configuration the effects of missing sys-
tem ribs and missing stress relief neutralize each other and so the estimated mass of 11713 kg 
is a realistic value under the given circumstances.

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

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

Two cases are examined:

1) all joints are flexible
2) all joints are rigid

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

7.7.1 Shear Forces

From table 7.7 it becomes apparent that the contribution of shear forces to the wing mass are 
almost negligible. Table 7.8 shows that the joint type does not play an important role with re-
gard to shear loads. However, rigid joints tend to increase the value of shear forces. It is strik-
ing that the winglets are loaded about six times as much 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) all rigid (kN)

Forward wing
Wing root 564 499

Wing tip -86 -207

Aft wing
Wing root 347 379

Wing tip 93 125

Winglet Maximum 46 268
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7.7.2 Bending Moment

The distribution of bending moment is essential for estimating the wing mass because most of 
the wing structure has to carry normal stresses caused by the bending moment. The distribu-
tion of bending moment is depicted for flexible joints (Fig. 7.21) and rigid joints (Fig. 7.22) as 
it results from the Framework calculation.

Figure 7.21 Distribution of wing bending moment for flexible joints (n = 3)

Figure 7.22 Distribution of wing bending moment for rigid joints (n = 3)

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)

Forward wing
Wing root 3280 1690

Wing tip 0 -599

Aft wing
Wing root 2590 1690

Wing tip 0 -1300

Winglet Maximum 43 1300

Table 7.9 shows the most important values of the internal bending moments. It becomes evid-
ent that rigid joints significantly reduce the wing root bending moment and the bending mo-
ment  between  the  fins.  However,  the  region  near  the wing  tips  and  the  winglets  are 
remarkably loaded, as well as the joints themselves. Because of the rigid connection to the 
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fins, they also have to withstand a considerable bending moment. In case of rigid joints, it has 
to be assessed thoroughly if the structural design is feasible.

Flexible connections generate a distribution of bending moment common for conventional 
wings and unload the fins and winglets. So in this case the horizontal wings are indeed heav-
ier but the mass of the vertical fins and the winglets is 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 7.24 are only qualitative since the cross sections 
of the beams were not implemented into Framework according to the actual wing geometry. 
Nevertheless a simple comparison can be made, because for both configurations the modelled 
cross sections are the same.

It can be seen that rigid joints significantly decrease the amount of displacement. Although a 
quantitative assessment cannot be made, it is possible to 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 the wing mass was estimated for both joint types. 
The results are presented in table 7.10. The division of 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

percentage
aft wing
percentage

flexible 14762 5591 9171 37,9 62,1

rigid 11713 6704 5009 57,2 42,8

Figure 7.25 Division of wing mass for rigid and flexible joints

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

For rigid joints the mass of the forward wing is higher than its mass for flexible joints. The 
reason is that the forward wing is highly tapered, which means that near the wing tips the 
height of the wing box is quite small. This leads to a huge skin thickness and thus a mass in-
crease due to the significant bending moment near the wing tips for rigid joints.

Overall rigid joints lead to a reduction of 21 % in wing weight compared to flexible joints. 
However, the structural design of the joints and their resulting 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 the chord lengths and airfoil thickness affect the 
fuel volume which the wings can accommodate. The resulting volume of the wing tanks is de-
termined in this paragraph.

According to Torenbeek 1982 the volume of a wing tank is calculated with

V tank = 0,54⋅(SW)
1,5
⋅( t

c)r

⋅
1
√A

⋅
1+λ⋅√τ+ λ2⋅τ

(1+ λ)2
 (7.28)

where

τ =
(t /c)t
(t /c)r

 . (7.29)

which implies a linear decline of the thickness to chord ratio from root to tip. As indicated in 
section 7.6.5 and tables 7.5 and 7.6 respectively the t/c distribution however consists of two 
parts. The first goes from the wing root to approximately 35 % of the half span. Here the t/c 

ratio declines linearly from 0,15 to 0,11. From 35 % of the half span to the wing tip the t/c ra-
tio is constant, having a value of 0,11. For getting proper estimations of the wing tank volume 
this  t/c distribution has to be taken account of. As consequence Eq.  (7.28) is applied separ-
ately for the inner and the outer wings.

Considering that the forward and the aft wing both have a trapezoidal planform the following 
tank capacities result (tables 7.11 and 7.12), assuming a fuel density of 785 kg/m³. Addition-
ally all necessary geometry parameters for evaluating Eq. (7.28) are given.

Table 7.11 Tank capacity of the forward wing
Part SW (m²) (t/c)r τ A λ Vtank (m³) mtank (t)

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

Σ 6,25 4,90

Table 7.12 Tank capacity of the aft wing
Part SW (m²) (t/c)r τ A λ Vtank (m³) mtank (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

Σ 5,29 4,16

Consequently the total capacity of the wing tanks is 9,1 t while that of the reference wing 
tanks is 18,6 t.
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7.9 Airfoils

According to  Khan 2010 airfoils have to be chosen thouroughly in order to have adequate 
transonic characteristics. Although choosing the right airfoils requires detailed aerodynamic 
studies some key points can already be stated:

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

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

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

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

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

For preliminary sizing the maximum lift coefficients were assumed to be 2,95 for landing and 
2,1 for take off. These numbers are composed by the lift coefficients of the individual wings. 
According to the requirements coming from static longitudinal stability and controllability the 
ratio CL,1/CL,2 needs to reach a certain value higher than 1. This means that the lift coefficient 
of the forward wing has to be higher than the total lift coefficient of the aircraft while the lift 
coefficient of the aft wing is lower.

Regarding a total lift coefficient of 2,95 this seems very challenging. If the ratio CL,1/CL,2 for 
cruise is taken, which is 1,74, this would mean that the forward maximum lift coefficient has 
a value of 3,75! However, the actual value for CL,1/CL,2 under landing conditions still has to be 
investigated. Nevertheless it can be seen that the layout of the high lift devices is a very diffi-
cult task. Probably the total wing area needs to be increased so that the required lift coefficient 
for landing decreases. On the other hand the areas of the individual wings may be chosen to 
be different, so that the forward wing has a higher area which decreases its lift coefficient. Ad-
ditionally the zero lift pitching moment of the aircraft could be adjusted with the help of other 
measures than setting the ratio CL,1/CL,2 to a certain value (wing twist, contribution of the fu-
selage).

Another approach could be an adaptation of the mission requirements (Scholz 2011). By set-
ting the take off field length to 2200 m, which is the same as the landing field length, a max-
imum lift coefficient of 2,25 is required. This means a lift coefficient of 2,86 for the forward 
wing. All other design parameters remain unchanged.

Iezzi 2006 conducted a study concerning the preliminary aerodynamic layout of the high lift 
devices of a box wing aircraft. There further aspects are mentioned to be considered for the 
design of the high lift devices. The most important ones are:

• The interaction between both lifting surfaces has to be carefully watched.

• The difference in the term (CL,max – CL) of both wings has to be kept to a minimum. Oth-
erwise one wing would begin to stall while the other has not yet exhausted its full lift-
ing capacities. This means that the high lift devices of this wing are oversized.

• Increasing the lift of the front wing could be counterproductive because of the huge 
downwash on the aft wing.

(acc. to Iezzi 2006)

Consequently the aircraft performance at low speeds is a very critical point, as is the design of 
the high lift devices. As Iezzi 2006 concludes very few studies have been made on this topic, 
so there is a high demand for further investigations.
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7.11 Control Surfaces

Because of the presence of two wings which have the common types of control surfaces a 
whole new set of possible combinations of control surface deflection arises. Fig. 7.26 shows 
an example of possible control surfaces on the wings of a box wing configuration, based on 
the study performed in Iezzi 2006.

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

In Fig. 7.26 only control surfaces are emphasized, no high lift devices. For the sake of simpli-
city there is no deviation between inner, center and outer surfaces. The control surfaces of one 
side of one wing are treated as one surface. Siuru 1987 gives a short introduction to the pos-
sibilities of maneuvers for aircraft with two wings and the accordant control surfaces. The 
mentioned maneuvers depending on the combination of surface deflections are summarized in 
Table 7.13. Note that not every possible combination is taken 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 flight sideways, shown in the last two lines of 
table 7.13. Of course it is also possible to reduce the rotational moments during the maneuvers 
by only using one surface (inner, center or outer) per wing, e.g. for low and high speed flight 
with the accordant ailerons. Depending on the design philosophy an option could also be to 
allocate all ailerons to the forward wing and all elevators to the aft wing. As shown in Iezzi 
2006 ailerons could also be allocated to the all outer surfaces while all inner surfaces serve as 
elevators.

From this little excursus concerning control surfaces it becomes obvious that there is a vast 
amount of options for the design of the control system. Taking account of the small chord 
lengths limiting the room where mechanical components of the control surfaces can be integ-
rated, the many possibilities of allocating the control surfaces 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 fuselage of the reference aircraft, so that the air-
craft shown in Fig. 8.1 could have been a possible box wing configuration. But as the invest-
igations concerning static longitudinal stability have shown the aircraft is very sensitive with 
regard to a huge shift of the CG position. Because of this it was decided to design the cabin as 
compact as possible so that the CG travel for different loading scenarios is as small as pos-
sible. This can be accomplished by decreasing the cabin length,  which on the other hand 
means that more seats abreast are needed.

The resulting new design of the cabin and the fuselage is performed with the help of PreSTo 
Cabin (PreSTo 2011) and is presented in the next paragraph.

Figure 8.1 Possible box wing configuration with fuselage of the reference aircraft

8.1.1 Layout with PreSTo Cabin

Other than for the reference aircraft the fuselage cross section is supposed to be circular. The 
reference cabin accommodates 150 passengers in a two-class-layout with 12 passengers in 
business class (four seats abreast) and 138 passengers in economy class (six seats abreast). 
For the box wing aircraft the numbers of seats abreast were chosen to be six and eight, so the 
cabin accommodates 148 passengers (12 in business class and 136 in economy class). The 
overall number of seat rows is reduced by six compared to the reference cabin.

Figure 8.2 shows the fuselage cross section for economy 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 only have the minimum required width of 20 
inches (EASA 2010) which means a reduction in cabin comfort compared to current cabin 
layouts. However, for a short range aircraft having two aisles this seems to be sufficient. The 
presence of a second aisle should also lead to lower boarding and de-boarding times. Because 
of the higher fuselage diameter the cargo compartment can accommodate standard LD3 con-
tainers, so transshipping containers from long range aircraft is no problem. The huge cross-
sectional area also arises the possibility of designing the aircraft as a dedicated freighter.

In Figure 8.3 the cabin floor plan is illustrated.

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

Behind the cockpit wall there is a galley on the right hand side and a lavatory on the left hand 
side. These two are supposed to be used by business class passengers. At the end of the cabin 
there are two lavatories in front of the aft exit and one big galley aft of the aft exit. Both exits 
are Type A exits. The conformity of the cabin layout with certification requirements was posit-
ively checked by PreSTo Cabin. The nose and the tail were shaped so that they correspond to 
the values proposed by Schmidt 1998 given in Scholz 1999.

The resulting geometry of the cabin and the fuselage is summarized in section 8.1.2.
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8.1.2 Final Geometry

Figure 8.4 shows the exit positions and the total fuselage lengths. A summary of the fuselage 
and cabin parameters is given in table 8.1.

Table 8.1 Parameters for fuselage and cabin layout

fuselage length 33,1 m

fuselage diameter 5,7 m

fuselage fineness ratio (l/d) 5,8

cargo volume 43 m³
(12 LD3 containers)

cabin length 21,9 m

cabin floor height (above
fuselage bottom edge)

2,57 m

B/C
12 pax
2-2-2

36“ seat pitch

Y/C
138 pax

2-4-2
32“ seat pitch

Compared to the reference aircraft the cabin and the fuselage could be shortened by 5,6 m and 
4,5 m respectively, which reduces the difference in CG positions for different loading scenari-
os. In combination with the engine position (see section 8.3) the aircraft is well balanced and 
should be insensitive to the CG positions resulting from all possible loading scenarios. A de-
tailed study has yet to be performed for confirmation.
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8.2 Empennage

The empennage is designed as a V-tail so that the stabilizers serve as struts for the aft wing to 
increase its stability (see Fig. 8.5). The dihedral of the stabilizers is 45°. As discussed in sec-
tion 7.11 the inner surfaces of the wings may be used as elevators, so there is no need for a 
separate horizontal stabilizer. This is why the surfaces of the V-tail are supposed to function as 
vertical stabilizers for the most part which defines their sizing. Nevertheless the tail surfaces 
may also be used as additional horizontal stabilizers.

Figure 8.5 Front view of the V-tail

Usually the vertical stabilizer is sized depending on requirements regarding stability and con-
trollability. In most cases an engine failure and the resulting yawing moment is the sizing case 
for the vertical stabilizer and the rudder. However, in this paragraph a more simple approach 
is chosen for a rough and fast sizing. The approach is based on the vertical tail volume which 
can be an indicator if the size of the vertical tail is sufficient. The volume is given with

VV = SV⋅l V  (8.1)

where SV is the area of the vertical tail and lV the distance between the neutral points of the 
wing and the vertical tail. The stabilizers of the box wing aircraft are sized in order to get the 
same vertical tail volume as for the reference aircraft. This way it is assumed that the size of 
the box wing stabilizers is sufficient. Strictly speaking this approach is conservative, because 
the engines of the box wing aircraft are very close to the fuselage (which will be shown in 
section 8.3) which causes less yawing moment in the case of a single engine failure in com-
parison with the reference aircraft.

With the given geometry of the reference aircraft its vertical tail volume is determined to be 
about 300 m³ (SV ca. 19,5 m², lV ca. 15,5 m). For the box wing aircraft the distance between 
the wing neutral point and the neutral point of the vertical tail has to be determined. Here it is 
necessary to know the final geometry of the aircraft. It is anticipated from chapter  9. The 
neutral point is determined with the help of the box wing sizing sheet where it results from the 
investigations regarding static longitudinal stability. With this information the distance  lV is 
about 12 m. Solving Eq. (8.1) for SV and inserting 300 m³ for VV together with the known lV, 
the required tail surface is 25 m². Note that this area 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 that the projected area of one surface is about 
12,5 m². Here possible interferences between both surfaces reducing their efficiency are neg-
lected. In combination with the conservative approach neglecting the engines being close to 
the fuselage this approach is justifiable.

Now the geometry has to be determined so that the required projected area is the result. One 
geometrical constraint is the connection of the tail surfaces to the wing, where both are re-
quired to have the same chord length. At the connection point the chord length is about 1,9 m. 
The other geometry parameters can be determined with the help of the equation for calculat-
ing the projected area which reads

SV = 0,5⋅(cr , V+ct , V )⋅hV  . (8.2)

The parameters to be determined are the stabilizer height hV and the chord length at the stabil-
izer root. The height is chosen so that the resulting h/b ratio of the wing configuration does 
not significantly exceed a value of 0,2, since for higher values aeroelastic problems were dis-
covered (Lockheed 1974). Additionally the projected aspect ratio of one vertical stabilizer 
shall be in the region proposed by Roskam 1985a, which ranges from 0,7 to 2. The chosen 
height is 3,4 m resulting in h/b = 0,22 and AV,proj = 1,5. Solving Eq. (8.2) for cr,V and inserting 
all defined parameters gives a root chord length of 3,8 m. This gives a taper ratio of 0,5, 
which is in the range proposed by Roskam 1985a (0,26 to 0,73).

The last parameter which has to be set is the sweep of the stabilizers. According to Roskam 
1985a it should be between 33° and 53° for jet transport aircraft. For the box wing aircraft the 
sweep also is influenced by the longitudinal position of the aft wing and the length of the fu-
selage. As shown in Fig.  8.6 the stabilizers are swept forward which allows for a sufficient 
lever arm. The chosen sweep angle is -30°. The rudders are indicated to make out 35 to 40 % 
of the chord length.
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Table 8.2 gives a summary of the basic geometry parameters of the V-tail.

Table 8.2 Geometry parameters of the V-tail sized as vertical stabilizer
SV,proj (single stabilizer) 12,25 m²

hV 4,3 m

AV,proj (single stabilizer) 1,51

ct,V 1,9

cr,V 3,8

λV 0,5

φ25,V -30°

lV 12 m

VV 294 m³

8.3 Engines

The box wing aircraft is supposed to have the same engines as the reference aircraft, although 
the required take off thrust is a bit lower (3,4 %). Of the two possible engine options the CFM 
56-5 engine is chosen. An integration of engines with higher bypass ratios, as it is done with 
the current NEO project of the reference aircraft, shall also be possible.

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

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

Figure 8.7 Box wing aircraft without engines 

Option 1 is very unrealistic because of the thin wing structure at the tips or the winglet. Fur-
thermore an integration into the wings could enforce aeroelastic problems.



117

For option 2 there are two possibilities. At first it was intended to have strengthened landing 
gear beams for integrating the engines as well. But this would mean that the engines are posi-
tioned quite low and directly in the downwash of the forward wing. The other possibility is 
the integration directly into the fuselage. For not limiting the passenger view and because of 
noise the engines cannot be positioned on the side of the 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 by a beam integrated into the fuselage. At this point 
it has to be decided whether the beam runs through the cabin (similar to the wing of the Avro 
RJ) or not (similar to the wing of the ATR 42/72). For the current study the first option was 
chosen because of expected aerodynamic advantages. However an additional trade study op-
posing additional drag to more cabin room for overhead bins might be necessary. In general 
the aerodynamic design of the beam still needs to be specified in detail. The span of the beam 
was chosen so that engines with higher bypass ratios, and consequently with a higher diamet-
er, can be integrated. If necessary the span of the beam can be still increased.
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8.4 Landing Gear

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

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

8.4.1 Ground Clearance and Longitudinal Tip Over Stability

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

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

Figure 8.9 Landing gear layout for sufficient ground clearance (acc. to Trahmer 2004 )

The chosen position of the landing gear for the box wing 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 landing gear relative to the center of gravity. In Fig. 
8.10 the accordant angle is specified with 18°. According to  Roskam 1985b its minimum 
value should be 15° so that a sufficient nose down moment is induced during the landing im-
pact. Roskam 1985b also shows that this angle has to have at least the value of the angle to 
tail strike which assures that there is no risk of tip over (sufficient longitudinal tip over stabil-
ity). As Fig. 8.10 illustrates the main landing gear meets this requirement as well. However, it 
has to be mentioned that the drawn CG position applies to the conditions according to maxim-
um payload and that its vertical position is only guessed.

Figure 8.11 Wing clearance to ground

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

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

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

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

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

When all these positions are determined it is possible to calculate the tilting angle with the 
help of  analytical  geometry.  The developed calculation method can be understood in  Ap-
pendix E. It was implemented into a spreadsheet which can be found on the CD attached to 
this thesis. In table 8.3 the input geometry and the resulting tilting angle are given. It shows 
that with the current geometry of the landing gear the lateral 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 all of the investigations presented in this thes-
is. The main drivers for the final design are the requirements for static longitudinal stability 
and controllability. The layout of the individual aircraft components can be justified with the 
descriptions in the chapters 7 and 8. Within these paragraphs alternative designs of the com-
ponents were discussed as well, together with a justification of their refusal.

At this point it can be argued if all combinations off possible layouts should be collected with-
in a morphological matrix. By doing so alternative box wing configurations can be found and 
assessed more systematically. However, regarding the required effort it was decided to aban-
don such an approach for this initial design study. Since in this thesis a huge part is dedicated 
to building foundations of box wing design and to understanding and interpreting the new as-
pects a systematic assessment of alternative box wing versions is postponed to later studies.

Of course finding the final layout is an iterative process which produces many intermediate 
versions which are continuously improved and adapted to newly developed knowledge. The 
evolution of box wing versions can be found in Appendix D.2. Their development can be un-
derstood for the most part with the help of the section 5.2.3 as well as the chapters 7 and 8. In 
this section only the final configuration is presented (Fig. 9.1). Scaled and bigger drawings of 
the final configuration can be found in Appendix D.1.

However, it can already be foreseen that the shown configuration will also just be intermedi-
ate. There is enough evidence that several components might be changed in order to have a 
feasible design. Chapter 12 gives a conclusive discussion about this topic.
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Figure 9.1 Three view drawing and data of the final box wing configuration
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10 Weight and Balance

After having found the final configuration its mass has to be estimated to see if it agrees with 
the mass predicted in the preliminary sizing. When the masses of the individual aircraft com-
ponents are known, the aircraft's center of gravity can be determined to check if it lies within 
the limits coming from the requirements according to static longitudinal stability and control-
lability. Of course this process is iterative and the data for mass and center of gravity were 
matched according to all requirements for every design change.

10.1 Loading Chart

The loading chart displays the travel of the aircraft's center of gravity for different loading 
scenarios. With its help critical loading conditions can be examined, where the CG might ex-
ceed the allowable range.

As already discussed it was emphasized that the overall configuration should be well balanced 
because of the stability requirements. This means that the loading chart of the aircraft would 
resemble Fig. 10.1. It can be seen that passengers and cargo do not significantly change the 
longitudinal position of the center of gravity. Because of the existence of a forward and an aft 
wing it could even be possible to have vertical lines for the CG travel between the maximum 
take of mass and the maximum zero fuel weight. This means that the CG would not change 
when the aircraft burns fuel, because fuel is taken from both wings in an accordant fashion. 
But it has to be noted that the permissible CG travel is small compared to conventional air-
craft. This fact is further discussed in section 10.2.1. 

A detailed loading chart of the final box wing configuration is part of further studies.

Torenbeek 1982 ) 
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10.2 Component Masses and Center of Gravity

The component masses are mostly estimated with methods coming from  Torenbeek 1982 
which are collected in Scholz 1999. The results are presented in table 10.1, together with the 
individual CG positions. Detailed information regarding the results, input parameters, calcula-
tion methods and assumptions can be found in Appendix F.2.2.

Table 10.1 Component masses and center of gravity positions

Component Sub-component Mass 
(kg)

xCG (m) from 
nose

mOE

Wings 

Fwd wing 6704 11,3

Aft wing 5009 24,8

Winglets 1000 17,9

Tail surfaces 2197 27,7

Fuselage 7800 14,9

mMZF Landing gear
Nose gear 433 5,2

Main gear 2450 18

mMTO Engines (incl. nacelles) 6500 17,7

Systems + op. items 9240 14,9

Payload
Pax 13950 14,6

Cargo 6050 16

Fuel

Fwd wing tank 4905 11,3

Aft wing tank 4157 24,8

Fuselage tank 2106 12,2

Tail/trim tank 1000 27,7

Table 10.2 gives a comparison of the masses resulting from 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 

(kg)

Mass 
estimation 

(kg)

deviation 

(%)

Reference 
Aircraft

(kg)

Deviation of box wing 
from reference 

(%)

mOE 41383 41333 -0,12 40500 2,23

mMZF 61383 61333 -0,08 60500 1,38

mMTO 73245 73501 0,35 73500 0

Table 10.2 shows that a sufficient number of iterations was performed for a mass agreement 
of both methods. Now the maximum take off mass of the box wing aircraft is practically equal 
to that of the reference aircraft. The operating empty mass is 833 kg higher according to the 



125

weight estimation of this paragraph. However, these numbers do not consider the constructive 
design of the tail and the wing-winglet-connections. Concluding from section 7.6.6 it could be 
possible that the operating empty mass increases once the detail design has been done.

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

xCG =
∑

i

n

mi⋅xCG ,i

∑
i

n

mi

 . (10.1)

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

The CG data are based on the maximum take off weight and cruise flight. It is indispensable 
to investigate the CG position and the permissible CG range for other flight conditions and 
loading scenarios. This however has to be done in forthcoming studies.
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10.2.1 Permissible CG Travel

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

Usually the permissible CG travel is desired to be 20-25% MAC for passenger transport air-
craft (Torenbeek 1982). This percentage is only valid for aircraft with a conventional wing. 
Transferring the requirement to the box wing aircraft, this would mean that the CG travel is 
desired to be about 40-50% MAC.

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

Table 10.3 Permissible CG travel in cruise condition with mMTO

MAC (m) CL,1 CL,2 xCG,fwd (m) xCG,aft (m) ∆xCG (% MAC)

1,92 0,96 0,55 15,9 16,8 48

It needs to be mentioned again that these data are only valid for cruise flight with maximum 
take off weight. The CG envelope for other flight and loading conditions is yet to be investig-
ated. Furthermore the total lift coefficient was chosen to be about 0,75, which is about 0,1 
lower than the lift coefficient for minimum drag. Due to the amount of iterations to find the fi-
nal maximum take off weight the total lift which the stability calculations refer to is about
1,5 % lower than required for carrying the final maximum take off weight.
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10.3 Mass Decomposition

In this paragraph the composition of the maximum take off mass and the operating empty 
mass of both the box wing and the reference aircraft are compared. This is useful to illustrate 
the effect of the higher glide ratio of the box wing configuration as well as the higher wing 
mass. The type of visualization is based on SAWE 2011. The resulting chart is presented in 
Fig. 10.2.

Figure 10.2 Decomposition of the maximum take off and the operating empty mass

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

The differences in the decomposition of the maximum take off mass are relatively small. They 
occur because of the lower fuel consumption of the box wing aircraft. When looking at the 
operating empty mass it can clearly be seen that the wings of the box wing configuration ac-
count for a huge part of the operating empty mass. The wing and the fuselage normally make 
out about 50% of the operating empty mass (SAWE 2011). This ratio applies to the box wing 
configuration. For the reference aircraft only 40% account 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 are conducted based on cruise conditions. Con-
siderations for other flight phases have to be part of forthcoming investigations.

11.1 Final Zero Lift Drag

As discussed in section 4.2.1 the zero lift drag coefficient is estimated by using the method 
based on the equivalent skin friction coefficient presented in  Scholz 1999.  The accordant 
equation is

CD ,0 = C fe⋅
Swet

SW
 . (11.1)

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

Swet = Swet , F+Swet,W+2⋅Swet ,Stab+2⋅Swet , N+2⋅Swet, B  . (11.2)

The individual wetted areas are determined in the following paragraphs with the help of the 
methods collected in  Scholz 1999. The geometry parameters needed for the calculation are 
taken from the drawings in Appendix D.1.

11.1.1 Wetted Area of the Fuselage

The fuselage is a conventional one with a cylindrical center part (compare drawings in chapter 
9). According to Torenbeek 1982 its wetted area is calculated with

Swet , F= π⋅dF⋅l F⋅(1� 2
λF
)

2/3

⋅(1+ 1
λF

2)  (11.3)

where  λF is the fuselage fineness ratio which is simply the ratio  lF/dF. According to section 
8.1.2 the fuselage diameter is 5,7 m and its length 33,1 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 to Torenbeek 1982 the wetted area of a wing is determined with

Swet ,W= 2⋅Sexp⋅(1+0,25(
t
c
)

r

⋅
1+τ⋅λ
1+λ )  (11.4)

where τ = (t/c)t/(t/c)r and λ is the taper ratio. The parameters needed for the calculation 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 (m²) 50 61 8,6

(t/c)r 0,15 0,15 0,11

τ 0,733 0,733 1

λ 0,24 0,8 0,44

Swet (m²) 103,6 126,0 17,67

The total wetted area of all wings is then calculated with

Swet ,W= (Swet ,W) fwd+(Swet ,W)aft+2⋅Swet ,winglet  (11.5)

which results in Swet,W = 265,0 m².
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11.1.3 Wetted Area of the Stabilizers

The two stabilizers are treated as wings whose wetted area is determined according to Eq. 
(11.4). The real half span bStab/2 of one stabilizer is calculated with the help of its projected 
half span  bStab,proj/2 and its projected height  hStab,proj. Both can be taken from the three view 
drawings in Appendix D.1. The accordant equation reads

bStab

2
= √(bStab , proj

2 )
2

+hStab , proj
2  . (11.6)

Both the projected half span and the projected height are 4,2 m, so the real half span of one 
stabilizer is 5,94 m. The thickness to chord ratio at the root is assumed to be 0,15. The root 
chord length is about 3,6 m, the tip chord length is about 1,8 m, so the taper ratio is 0,5. With 
these numbers the exposed area is determined to be 16,0 m². The ratio  τ is assumed to be 
unity. According to Eq. (11.4) the wetted area of one stabilizer consequently is 33,3 m².

11.1.4 Wetted Area of the Nacelle

Since the contribution of the nacelles to the total wetted area is quite small, the equation pro-
posed by Torenbeek 1982 seems to be too detailed for the purposes of the current investiga-
tion. Instead the nacelles are regarded as simple cylinders whose wetted area is calculated 
with

Swet , N = 2π⋅r⋅l  . (11.7)

The length of one nacelle is estimated to be 4,5 m and its average radius to be 0,9 m. Accord-
ing to these numbers and Eq. (11.7) the wetted are of one 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 beams resemble small wings having a huge thick-
ness to chord ratio. Of course this comparison is only made with regard to the geometry, not 
to the function. This is why Eq. (11.4) can be used to determine the wetted area of the engine 
beams. One beam has a half span of about 2,8 m, a taper ratio of 1, a chord length of 1,4 m 
and a thickness to chord ratio of about 0,27. Consequently τ = 1 and Sexp = 3,9 m² 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 Coefficient

The calculated wetted areas of the individual components and the total wetted area of the box 
wing aircraft according to Eq. (11.2) are summarized in table 11.2.

Table 11.2 Wetted areas of aircraft components and total wetted area
Component Wetted Area (m²)

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 m² the ratio Swet/S becomes 7,0. This is quite a high value 
compared to values of 6 to 6,2 for conventional transport aircraft.

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

11.2.1 Maximum Glide Ratio

The maximum glide ratio is determined with the help of the preliminary sizing spreadsheet 
(Scholz 2008). Based on a span efficiency factor of 1,17, an equivalent skin friction coeffi-
cient of 0,003 and a relative wetted area of 7,0 the maximum glide ratio is 20,39. The one of 
the reference aircraft is given with 17,88, which means an increase of 14 %. According to 
Eq. (5.9) an increase of 17,3 % is expected. The difference occurs because of the zero lift drag 
of the box wing aircraft determined in section 11.1 which is higher than that of the reference 
aircraft.

11.2.2 Glide Ratio vs. Cruise Lift Coefficient

With the help of Eq. (5.3) the lift coefficient for minimum drag is defined to be 0,86. It will 
not be possible to keep this lift coefficient during cruise during usual flight operations because 
of traffic restrictions. But as it was mentioned before, because of the high span efficiency 
factor the range of lift coefficients for high glide ratios is relatively wide. As figure 11.1 illus-
trates the aircraft will still have glide ratio above 20 (2 % loss of efficiency) for lift coeffi-
cients from about 0,7 to 1,05. If  we assume the same loss of efficiency for the reference 
aircraft (see dotted line in Fig.  11.1), the range of accordant lift coefficients would be from 
about 0,6 to 0,85. However, it is not certain yet if the lift coefficients mentioned for the box 
wing aircraft are attainable with regard to static longitudinal stability.

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

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

Figure 11.2 Idealized drag polars of the box wing and the reference aircraft
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11.4 Payload-Range Diagram

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

11.4.1 Basics

The general composition of the payload-range diagram is shown in Fig. 11.3.

)

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

The range for each scenario is calculated with the help of the Breguet range equation. Its de-
rivation and application is summarized in Scholz 1999. A short description with assumptions 
and the required input parameters are given in section 11.4.2.
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11.4.2 Breguet Range Calculation

In general the range is calculated according to the following equation:

R=�BR⋅ln
m1

m0
 , (11.8)

where BR is the Breguet range factor. m0 and m1 are the masses of the aircraft at the beginning 
and at the end of the investigated flight segment. The difference between these two masses is 
the burned mass of fuel, so:

m1= m0�mF  . (11.9)

For cruise the Breguet range factor is given with

BR=
L/D⋅v

SFCT⋅g  . (11.10)

Here it is assumed that the glide ratio, the cruise speed and the specific fuel consumption re-
main constant which is a reasonable assumption within the scope of this thesis. According to 
the preliminary sizing spreadsheet (Appendix F.1.1) the chosen cruise speed is the speed for 
minimum drag, so cruise takes places at the maximum glide ratio of 20,39. The cruise speed is 
224,3 m/s, the specific fuel consumption is 16,3 mg/(Ns).

With these numbers the resulting Breguet range factor for cruise is 2,859⋅107 m. This factor 

is assumed to be constant. Actually this means that the aircraft slowly climbs during cruise 
and constantly adjusts the cruise Mach number so that the cruise speed remains constant.
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11.4.3 Range and Mission Segment Mass Fractions for Maximum Payload

The data for maximum payload have already been determined during the preliminary sizing. 
Actually the accordant range calculation was used within the preliminary sizing spreadsheet 
to size the aircraft. The calculations shown in this paragraph are based on this spreadsheet and 
the relating documentation (Scholz 2007) and are presented in order to provide a basis for the 
range determination for the other loading scenarios (sections 11.4.4 and 11.4.5).

According to Eq.  (11.8) the mass ratio  m1/m0 is required for calculating the total flight dis-
tance, which is the ratio of masses at the end and at the beginning of the flight. Note that the 
resulting flight distance is different from the range shown in the payload-range diagram. The 
ratio m1/m0 can be determined with the help of the mission segment mass fractions of all flight 
phases. The relating equation is

m1

m0

=
mL

mT0

= M ff , std⋅M ff ,res  (11.11)

with

M ff , std = M ff , T0⋅M ff ,CLB⋅M ff , CR⋅M ff , DES⋅M ff , L  (11.12)

and

M ff , res= M ff ,CLB⋅M ff , RES⋅M ff , LOI⋅M ff , DES  (11.13)

Mff,std is the fuel fraction for a standard flight. The design range is taken account of by the 
cruise mass fraction Mff,CR. Mff,res is the fuel fraction because of required reserve fuel for reach-
ing an alternate airport and loiter time. It is emphasized that acc. to Eq. (11.11) the aircraft 
also uses all reserve fuel for the flight. This fact is important for the calculations in sections 
11.4.4 and 11.4.5. The mission segment mass fractions for the phases take off, climb, descent 
and landing are given in table 11.3. The cruise mass fraction is determined with the help of the 
defined design range of R = 2870 km. Solving equation (11.8) for the mass ratio gives

m1

m0

= e�R/BR  . (11.14)

Inserting the design range and the already determined Breguet range factor results in a cruise 
mass fraction of 0,904. The same method is applied to calculate the mass fraction for the extra 
flight distance to an alternate airport including reserves. According to Scholz 2007 this dis-
tance is given with 657,5 km. Using Eq. (11.14) the relating mass fraction Mff,RES is 0,977.
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The loiter requirement is that the aircraft shall perform a loiter of at least 1800 s. The mass 
fraction for this time of flight can be determined with the Breguet endurance equation. It reads

t =�Bt⋅ln
m1

m0
 , (11.15)

where Bt is the Breguet endurance factor, which can be calculated with

Bt =
BR

v
 . (11.16)

So for the given cruise conditions the Breguet endurance factor is1,275⋅105 s. Solving Eq. 

(11.15) for the mass ratio yields

m1

m0

= e�t /Bt  . (11.17)

Loiter time is 1800 s, so the mass fraction for loiter Mff,LOI is 0,986.

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

Table 11.3 Mission segment mass fractions for flight with maximum payload
Mff,engine 0,999

Mff,taxi 0,996

Mff,TO 0,995

Mff,CLB 0,995

Mff,CR 0,904

Mff,DES 0,992

Mff,L 0,992

Mff,LOI 0,986

Mff,RES 0,977

Acc. to Eq. (11.11) the resulting mass ratio for the total flight is 0,838.
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11.4.4 Range for Maximum Take Off Mass and Maximum Fuel

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

Consequently the total fuel capacity is 16762 kg. The permissible payload is determined with

mPL = mMTO�mOE�mF  (11.18)

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

mL = mPL+mOE (11.19)

which is 56739 kg. As mentioned in section 11.4.3 it is assumed that the aircraft also uses all 
fuel reserves for the flight [compare Eq. (11.11)]. This is why the landing mass does not in-
clude any fuel.

The take off weight of the aircraft is the maximum take off weight (73501 kg). The ratio 
mL/mTO then gives 0,772. Compared to the value of 0,838 for flight with maximum payload 
the trend of an increased range can already be made out.

As stated in section 11.4.3 the range of the aircraft depends on the cruise mass fraction. Since 
all other mission segment mass fractions remain constant and the total mass fraction mL/mTO is 
known, the cruise mass fraction can be calculated by solving Eq. (11.11) for Mff,CR. This yields

M ff , CR=
mL

mT0⋅M ff ,res⋅M ff ,T0⋅M ff ,CLB⋅M ff , DES⋅M ff , L
 , (11.20)

giving a cruise mass fraction of 0,832. According to Eq. (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 that the tanks are completely filled and no payload 
is transported. Here the take off mass is lower than the maximum take off mass, since now

mT0 = mOE+mF  (11.21)

which gives a take off mass of 58038 kg. According to Eq. (11.19) the mass mL at the end of 
the flight is the operating empty mass of 41333 kg. This results in a ratio  mL/mTO of 0,711. 
Corresponding to Eq. (11.20) the cruise mass fraction consequently 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. The relating payload-range diagrams are 
presented in Fig. 11.4. For comparison the payload-range diagram has been determined for the 
reference aircraft as well using the same methods as for the box wing aircraft. The calcula-
tions were performed with the help of a little spreadsheet (Appendix F.3). It also contains the 
data of the reference aircraft used for determining its payload-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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Figure 11.4 Payload-range diagram

As intended both aircraft have the same range when flying with maximum payload. For flight 
with maximum fuel and maximum take off mass the range of the box wing aircraft is insigni-
ficantly lower than that of the reference aircraft. What is more important in this segment of 
the chart is that the box wing aircraft is able to carry a higher payload (1 t more). This is be-
cause of its higher glide ratio and the circumstance that its tanks have less capacity than those 
of the reference aircraft. This means that the box wing aircraft carries more payload when its 
tanks are completely full, taking account of the fact that the maximum take off mass of both 
aircraft is the same. A further reduction of payload results in the box wing aircraft having a 
slightly higher range. It can be concluded that the lower fuel capacity of the box wing aircraft 
is more than just compensated by its higher glide ratio.
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12 Conclusion and Outlook

The conceptual design of a medium range box wing aircraft was performed and its perform-
ance was compared with a reference aircraft with the help of simple methods. For this the box 
wing and the reference aircraft were chosen to have the same design mission. As expected 
savings in fuel consumption could be confirmed, which have a magnitude of 9 %.

The approach of the study was to apply the methods of aircraft design to the unconventional 
configuration, starting at mission requirements and ending with an assessment of aircraft per-
formance. In order to do so it was necessary to check these methods with regard to their ap-
plicability.  This  is  why the special  characteristics  of  the  configuration  regarding  aerody-
namics, flight mechanics, structural layout and design synthesis were investigated in detail.

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

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

The preliminary sizing of the aircraft was based on parameters coming from the reference air-
craft and those who were determined according to the conclusions from aerodynamic invest-
igations. The required zero lift drag was determined with the help of the relative wetted area, 
which was evaluated based on the final aircraft geometry. At this point the iterative nature of 
the design process becomes apparent. The relative wetted area is about 7,0. Normally a value 
from 6,0 to 6,2 is assumed. The increase is mostly because of the V-tail, the engine beams and 
the winglets. The span efficiency during cruise was determined to be 1,17, that for landing 
0,96. The resulting maximum glide ratio is 20,39, which means an increase of 14 % compared 
to the reference aircraft. The mass ratios needed for preliminary sizing were adjusted so that 
the resulting masses comply with the masses coming from a more detailed mass estimation. 
This way it was found that the aircraft has the same maximum take off mass as the reference 
aircraft while the needed fuel mass is decreased by 10 %. The lower fuel mass is compensated 
by a higher operating empty mass, for the most part because of a significantly heavier wing 
configuration.

A whole chapter was dedicated to the design of the wing configuration. It was stated that the 
requirements for transonic design are in conflict with those for structural design, since tran-
sonic wings demand for low thickness to chord ratios while higher ratios allow for a lower 
wing mass and for a higher wing tank capacity as well. The small chord lengths of the wings 
intensify these issues. Consequently the wings only have a tank capacity of 9,1 t which is 
more than 50 % less than that of the reference wing. This is why additional fuselage tanks 
having the volume of two LD3 containers are integrated into the fuselage. The software 
Framework was used to assess the wing internal loads. This allowed a more precise estima-
tion of the wing mass which resulted in a mass significantly higher than that according to the 
Torenbeek estimation.  A discussion of  control  surfaces revealed the many possibilities of 
maneuvering the aircraft. However, the small wing dimensions make the integration of the ac-
cordant mechanical components very challenging. This applies for the high lift devices as 
well. The final wing configuration comprises symmetrically swept wings (28°/-28°) and taper 
ratios roughly adjusted for optimal lift distribution (λ1 = 0,24, λ2 = 0,8). The lower wing has a 
dihedral of 6° for providing sufficient lateral stability.

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

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

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

• Effect of the ratio of the constant to the elliptical part of the lift distribution on aerody-
namic performance

• Examination of the effects of upwash, downwash and wing tip vortices 

• Confirmation of the determined span efficiencies/glide ratios and their dependency on 
dihedral and unequal lift distributions between both wings

• Drag for cruise speed, esp. wave drag

• Inclusion of thrust effects and the horizontal stabilizer in the analysis of static longitud-
inal stability

• General  investigations concerning static longitudinal  stability for other flight  phases 
than cruise

• Static lateral stability in detail

• Flight Dynamics

• Exact positions of the center of gravity, incl. vertical position 

• Aircraft performance and CG margins for other flight phases than cruise

• Load and trim chart

• Further validation/improvement of the method for wing mass estimation

• Structural analysis of the wings including joints and connection 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 versions
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Appendix A

Definition of the Mean Aerodynamic Chord

The following definition will be used for further considerations:

Adams 1959 (Aeronautical Dictionary)

“The chord of an imaginary rectangular airfoil that would have  pitching moments throughout 
the flight range the same as those of an actual airfoil or combination of airfoils under considera-
tion, calculated to make equations of aerodynamic forces applicable.”

This definition is interpreted this way:

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

A.1 Length of the Mean Aerodynamic Chord

The length of the mean aerodynamic chordc depends 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 aerodynamic chord of a conventional double 
trapeze wing is derived. The approach of this derivation is then applied to a box wing config-
uration.

The general equation for determining the length of the mean aerodynamic chord reads

c=
2
S
∫
0

b/2

c y2dy  . (A.1)

(Scholz 1999)
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Conventional configuration

A conventional double trapeze wing is shown in Fig. A.1. The inner wing having the area Si 

and the outer wing having the area So are separated by the kink.

The total wing area is

Stot = SiSo  . (A.2)

Figure A.1 Conventional double trapeze wing (Scholz 1999 )

Additionally each partial wing has its individual function of chord length  c(y). So we have 
ci(y) and co(y), where y is the span position. In order to calculate the total MAC of the whole 
wing it is at first necessary to determine the individual MAC of each partial wing.

Using Eq. (A.1) we get

ci =
2
Si
∫
0

yk

ci  y2dy  (A.3)

and

co=
2
So
∫
yk

b/2

co y2dy  . (A.4)

Sinceci  y and co y are known,ci and co can be determined easily. Note that per defini-

tion the mean aerodynamic chord refers to the chord length of an imaginary rectangular wing 
having the same qualities as the original wing. So the following considerations base on these 

rectangular wings having the constant chord lengthsci and co (see Fig. A.2).
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Figure A.2 Imaginary rectangular wings substituting the original inner and outer wing

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

c=
2

SiSo

⋅[∫0
yk

ci  y2dy∫
yk

b/2

co y2dy]  (A.5)

with 

ci  y = ci = const.  (A.6)

and 

co y = co = const.  . (A.7)

So Eq. (A.5) simplifies to

c=
2

SiSo

⋅[ ci
2⋅yk co

2⋅
b
2
�yk]  . (A.8)

Introducing the areas

Si=2⋅ci⋅yk  (A.9)

and 

So = 2⋅co
b
2
�yk  (A.10)

leads to the equation

c=
Si⋅ciSo⋅co

SiSo
 . (A.11)
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Box Wing Configuration

For the conventional configuration a double trapeze wing was considered. These are in fact 
two wings arranged next to each other. For a box wing configuration still  two wings are 
present, but now arranged one after another (see Fig. A.3).

Figure A.3 Box wing consisting of two trapezoidal wings

As it was shown for the conventional wing, the MAC of each individual wing needs to be cal-
culated first:

c1=
2
S1
∫
0

b/2

c1 y2dy  , (A.12)

c2=
2
S2
∫
0

b/2

c2 y2dy  . (A.13)

Now the original box wing configuration can be substituted by two rectangular wings having 

the individual  constant  chord lengthsc1 and c2 (see Fig.  A.4).  The equation for  the total 

MAC reads

c=
2
S
∫
0

b/2

[ c1 y2c2 y2]dy  (A.14)

with 

S= S1S2  . (A.15)

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

S1S2


b
2
⋅c1

2
b
2
⋅c2

2  . (A.16)

By introducing the individual wing areas

S1 = b⋅c1  (A.17)

and

S2 = b⋅c2  (A.18)

we get 

c=
S1 c1S2 c2

S1S2
 , (A.19)

which is exactly the same correlation as for the conventional configuration.

Figure A.4 Imaginary rectangular wings substituting the original forward and aft wing
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Method 2
Calculation based on the consideration of pitching moments (compare Adams 1959)

The general equation of the pitching moment of a wing is

M = q∞⋅CM⋅S⋅c  . (A.20)

For a box wing aircraft the total wing pitching moment is the sum of the respective pitching 
moments induced by each wing. It is assumed that for both wings the coefficient of pitching 
moment is the same, so the total pitching moment reads:

M tot = q∞CM S1 c1S2 c2  . (A.21)

According to the definition in Adams 1959 the total pitching moment shall also be generated 
by an imaginary rectangular wing having the chord lengthc , thus:

M tot = q∞CM Stotc= q∞CM S1S2c  . (A.22)

Equating the two latter equations and substituting for c results in Eq. (A.19) shown above.

Conclusion

Both methods lead to the same result. Thus in this thesis the length of the mean aerodynamic 
chord of a box wing aircraft is calculated acc. to Eq. (A.19):

c̄=
S1 c̄1+S2 c̄2

S1+S2
 (A.19)
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A.2 Longitudinal Position of the Mean Aerodynamic Chord

For purposes of weight and balance as well as for stability considerations it is necessary to de-
termine the longitudinal positionx of the mean aerodynamic chord, which derives from the 
position of the total aerodynamic center of the wing configuration. The method presented be-
low is based on an analysis of the pitching moment of the aircraft about its center of gravity. 
For the examination ofx  it is sufficient to take account of the pitching moment induced by 
the wings. Moments generated by the engines or the fuselage for example can be neglected. 
This simplification can be justified with the fact that the mean aerodynamic chord of a box 
wing aircraft is the chord length of an imaginary rectangular wing which substitutes both ac-
tual wings in terms of forces and moments. Due to this substitution the influence of the en-
gines and the fuselage remains unchanged.

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

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 pitching moments induced by both wings. They 
act on the aerodynamic center (AC) of each wing, which is assumed to be at 25% MAC of 
each wing. The longitudinal position of each AC is represented by the variable (xCG-AC)i. For-
mulating the equilibrium of moments about the center of gravity yields

M CG= M 1L1xCG�AC1M 2L2 xCG�AC2  . (A.23)



158

Now all induced forces and moments are combined to one substitute force and one substitute 
pitching moment which both act at the total aerodynamic center of the whole wing configura-
tion. The longitudinal position of the total aerodynamic center is assumed to equal 25% of the 
total mean aerodynamic chord. The equilibrium of moments based on the substitution reads 

M CG= M totLtotxCG�ACtot  . (A.24)

Evidently the total pitching moment Mtot induced by the substitute wing is a superposition of 
the two pitching moments M1 and M2 induced by the two actual wings, thus:

M tot = M 1M 2  . (A.25)

Considering  this  condition,  combining  Eqs.  (A.23) and  (A.24) and  substituting  for
xCG�ACtot finally yields: 

(xCG�AC)tot =
L1(xCG�AC)1+L2( xCG�AC)2

L1+L2
 . (A.26)

Now the longitudinal position of the total mean aerodynamic chord can be calculated depend-
ing on the lengths and the longitudinal positions of the 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 span efficiency factors regarding the maximum 
glide ratio a graph was shown in section 5.1.2 depicting the cruise altitude for Emax depending 
on the h/b ratio (Fig. 5.2).6

The reference aircraft has a mass of 73500 kg and a cruise Mach number of 0,76. Its lift coef-
ficient for minimum induced drag is assumed to be 0,71. Since this flight condition can only 
be reached at altitudes in the stratosphere, the speed of sound is constant.

The speed of sound is calculated with

a= √κ⋅R⋅T  (B.1)

where κR = 401,8812 J/(kgK) for air. Acc. to  Anderson 2005 the temperature in the strato-
sphere under ISA conditions is 216,66 K, so the accordant speed of sound is 295,07 m/s.

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

L = mg= CL ,md⋅
ρ

2
⋅(a⋅M )2⋅S  . (B.2)

Solving for the density gives

ρ=
2mg

CL ,md⋅(a⋅M )2⋅S
 . (B.3)

6 As shown in Fig. 4.8 the span efficiency factor depends on the h/b ratio.
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With the help of Eq. (5.6) CL,md can be calculated for any span efficiency factor, and thus for 
any h/b ratio. The required air density is given by Eq. (B.3). For attaining the accordant alti-
tude the equations given in the definition of the standard atmosphere have to be used. In An-
derson 2005 the air density depending on the altitude in isothermal layers7 of the atmosphere 
is given with

ρ

ρ1

= e
�

g0

RT
(h�h1 )

 (B.4)

where the values with the index 1 are base values given at a certain geopotential altitude. In 
the current case these are the values present at the tropopause (h = h1 = 11000 m). Solving Eq. 
(B.4) for the altitude h gives

h( ρ)=�
RT
g0

⋅ln
ρ

ρ1

+h1  (B.5)

According to NACA 1954 the values of the constants are given with

ρ1 = 0,36392 kg/m3,
g0 = 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 on the air density.

7 The stratosphere is an isothermal layer of the atmosphere.
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B.2 Equations for Assessing Static Longitudinal Stability 
and Control

B.2.1 Equilibrium of Moments

The applied method is based on considerations for a conventional tail aft configuration which 
can be found in Young 2001. These considerations are now adapted to a box wing configura-
tion.

Figure B.1 Forces and moments acting on a box wing aircraft

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

M CG= L1h�h0c1�L2lM 1M 2= 0  . (B.6)

From the equilibrium of vertical forces and since mg = L, it can be concluded that

L1 = L�L2 . (B.7)

Substituting Eq. (B.7) into Eq. (B.6) and rearranging yields

L h�h0c1�L2[h�h0c1l ]M 1M 2= 0  . (B.8)

In Fig. B.1 it can be seen that

h�h0c1l = l '  (B.9)
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with l'  being the modified lever arm. By using this simplification and deviding byqSc , we 
get

CL h�h0
c1

c
�CL,2

l ' S2

cS
CM ,1

c1S1

cS
CM ,2

c2S2

cS
 . (B.10)

Finally the following simplifications are introduced:

l ' S2

cS
= V '  , (B.11)

ci

c
= ci '  (B.12)

and 

Si

S
= si  . (B.13)

For conventional tail aft configurationsV ' is referred to as the modified tail volume coeffi-
cent. For a box wing configuration this term cannot be applied any more. In the current case
V ' shall be called the modified volume coefficient of the aft lifting surface. With the above 

simplifications the final equation reads

CL h�h0c1'�CL ,2
V 'CM ,1c1' s1CM ,2c2' s2  . (B.14)
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B.2.2 Lift Curve Slope of the Whole Aircraft

The original equation for an aircraft having two surfaces of equal span, taken from DATCOM 
1978, Section 4.5.1.1, par. A, Method 2, reads:

dCL

d α
= dCL

d α e,1
[K NKWBK BW ]1

Se,1

S1

 dCL

d α e,2
[K W BK BW]2

q2

q∞

S2

S1

Se,2

S2

dCL

d α W2v

. (B.15)

where

dCL

d α W2v

=
 dCL

d α e,1

⋅
Se,1

S1

⋅dCL

d α e,2

⋅
q2

q∞

⋅K WB,1⋅I V W ,1W ,2
⋅b2

2
�

d2

2 
2π⋅Ae,2⋅ b1

2
�

d1

2 
. (B.16)

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

dCL

d α e ,i

=  dCL

dα i  . (B.17)

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

Ae, i = Ai  . (B.18)

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

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

CL =
dCL

d α
⋅α  (B.19)

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

CL =
CL ,1S1CL,2 S2

Sref
 , (B.20)

as it was shown in section 4.1.2.

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

CL =
dCL

d α 1α1S1 dCL

d α 2α2S2

Sref

 (B.21)

Assuming that α1 = α2= α and differentiating Eq. (5.31) with regard to α yields

dCL

d α
=
 dCL

d α 1S1 dCL

d α 2S2

Sref

 . (B.22)

If the area of the forward wing S1 is taken as reference area, the area weighting factors are one 

for the forward wing and S2/S1 for the aft wing. This weighting is used in the DATCOM equa-
tion [Eq. (B.15)]. If the reference area is the sum of both the individual wing areas, as it is the 
case for a box wing configuration, the weighting factors are S1/S and S2/S, which can also be 
expressed with s1 and s2.

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

(dCL

dα )= s1(dCL

d α )1

⋅(K N+KW (B)+K B(W))1⋅
Se,1

S1

+s2(dCL

dα )2

⋅(KW (B)+K B(W ))2⋅
q2

q∞

⋅
Se,2

S2

+(dCL

d α )W2(v)

 (B.23)
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Next it is shown how Eq. (5.32) is determined for calculating the factor KW(B) considering ad-
ditional lift effects due to wing body interferences.

The individual values of the factors KW(B) and KB(W) can be taken from the chart given in DAT-
COM 1978, page 4.3.1.2-10. This chart is shown in Fig. B.2. It is illustrated that the K-factors 
only depend on the ratio d/b (fuselage diameter to wing span). Their values can be approxim-
ated by linear functions for d/b ratios of up to 0,2. The ratio of the for the box wing aircraft is 
about 0,12 , so this approximation is feasible. For evaluating Eq. (5.29)/(B.16) only the factor 
KW(B) is needed. It can be approximated by

K WB d
b = 0,8

d
b
1; 0

d
b
0,2  . (B.24)

Figure B.2 K-factors for considering lift effects due to wing body interferences (DATCOM 1978)
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Finally the determination of the vortex interference factor I VW ,1W ,2
will be discussed.

The used method is taken from DATCOM 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 forward surface is approximately equal to or less  
than that of the aft surface, the following method (…) is recommended.

Step 1.
The spatial position of the trailing vortices is first determined relative to the aft surface. The later-
al spacing is determined from Figure 4.4.1-71 as a function of the exposed forward-surface plan-
form geometry.  This spacing is  invariant  with  longitudinal distance and angle of  attack.  The 
vertical position is determined by assuming that the vortex springs from the trailing edge at the 
previously determined lateral position and trails in the free-stream direction. The pertinent vertic-
al dimension is the distance between the quarter-chord point of the MAC of the aft surface and the  
vortex as determined above.

Step 2.
The vortex interference factor (…) is obtained (...) as a function of the lateral and vertical vortex  
positions, determined in Step I above, and the geometry of the aft panel. (...)

Step 3.
The vortex interference factor so determined is used in Sections 4.5.1.1 and 4.5.1.2 to obtain the 
lift generated on the aft surface for complete wing-body-tail combinations.”

Step 1

At first the lateral position of the trailing vortices needs to be determined. Fig. B.3 shows the 
related chart, taken from DATCOM Figure 4.4.1-71. Assuming that the taper ratio will  be 
about 0,5 or a bit lower it can be concluded that the factor (bV'/2 – d'/2)/(b'/2 – d'/2) is about 
0,75 , independently from the effective aspect ratio and the wing sweep.

The vertical distance between the forward wing trailing vortices and the aft wing is assumed 
to be the same as the vertical distance between these two wings. This can be justified with the 
vortices trailing in the free stream direction assuming that the angle between the center line of 
the aircraft and the free stream is zero.
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Figure B.3 Lateral  vortex  position  depending  on  effective  aspect  ratio  and  wing  and  body 
geometry (DATCOM 1978) 
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Step 2

Once the position of the trailing vortices is known, the vortex interference factor can be de-
termined with the help of the charts from pages 4.3.1.3-7 to 4.3.1.3-12 in DATCOM 1978. 
There the vortex interference factor is shown depending on the vortex position, the taper ratio 
of the wing and the ratio of fuselage diameter to half of the wing span. As already described in 
chapter 5.2.2 there are no charts for the exact geometric parameters of the box wing aircraft. 
So a chart is used where these parameters come closest to the parameters of the box wing air-
craft (λ = 0,5; r/0,5bW = 0,2; see Fig. B.4).

Figure B.4 Vortex interference factor depending on vortex position, wing and fuselage geometry 
(DATCOM 1978) 

The lateral vortex position is expressed by y0/0,5bW in Fig. B.4. However, in Fig. B.3 this po-
sition has been referenced as (bV'/2 – d'/2)/(b'/2 – d'/2). So at first it has to be converted.

Acc. to Fig. B.3 it was concluded that

bV ,1

2
�

d1

2
b1

2
�

d1

2

= 0,75  . (B.25)
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The ratio d1/b1 is 0,2 acc. to Fig. B.4, so d1 = 0,2b1. Introducing this condition to Eq. (B.25) 
and rearranging yields

bV ,1

b1

= 0,8  , (B.26)

which is the same as y0/0,5bW in Fig. B.4, since y0 = 0,5bV and b1 = bW.

The vertical vortex position is expressed as z0/0,5bW in Fig. B.4, which is the same as 2h/b, 
meaning double the h/b ratio of the box wing.

Now it is possible to get the vortex interference factor depending on the h/b ratio from Fig. 
B.4 with the value 0,8 for the abscissa. The results for probable h/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 per unit span are given for the span stations the lift 
distribution is approximated with for the determination of the internal loads of the wing struc-
ture. The lift distribution was modelled so that it is the optimum distribution with regard to 
aerodynamics. The values were determined according to the method presented in section 7.6.2 
and with the help of the box wing sizing sheet (see Appendix F.2).

C.1.1 Box Wing Configuration

Table C.1 Span wise lift distribution of forward wing
Span Station 

No. y (m) qL,ell 

(kN/m)
qL,const 

(kN/m)
qL,tot 

(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 1,5 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 

No. y (m) qL,ell 

(kN/m)
qL,const 

(kN/m)
qL,tot 

(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. The values on the edges are the values of the 
connected wing tips, which are 8,299 kN/m for the forward 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 
No. y (m) q L (kN/m)

1 0 0,000

2 0,5 0,000

3 1 28,234

4 1,5 28,282

5 2 28,297

6 5 27,726

7 7 26,679

8 9 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 the internal wing loads are given for the wing 
mass estimation. Whether bending moments are positive or negative is not of importance be-
cause no distinction is made between tensile and compression stresses. The algebraic sign of 
the shear forces is unimportant for a the wing mass estimation anyway. Normal forces are not 
given because they were neglected in the analysis. All loads 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 internal loads of the forward wing except for the 
center wing box. So the origin of the y-coordinates is not the wing root but the point where 
the wing intersects the fuselage. In the center wing box shear forces are assumed to be zero 
and the bending moment has the value of the point where the wing intersects the fuselage.

Tables C.5 and C.6 give the absolute values of the internal loads of the aft wing. It is divided 
into two parts. The inner part goes from the wing root to the connection with the vertical sta-
bilizer (y = 4,7 m), the outer part from the connection with the 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 same way as 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 7,27E+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 configuration the values for the center wing box are 
not given, so the origin for the y-coordinates is the intersection of wing and fuselage. For the 
center wing box shear loads are assumed to be zero and the 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 5,29E+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

D.1 Final Box Wing Configuration, Scaled Drawings

Figure D.1 Three view drawing and data of the 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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Figure D.4 Scaled top view of the final box wing configuration 
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D.2 Selected Intermediate Versions

Figure D.5 Version A-1c

Figure D.6 Version A-2a
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Figure D.7 Version B-2 (don't mind the wrong name in the drawing)

Figure D.8 Version B-3
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Figure D.9 Version B-4

Figure D.10 Version W-8
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Figure D.11 Version W-8-30

Figure D.12 Version W-8-short



189

Figure D.13 Version W-8-x

Figure D.14 Version W-8-x-mod
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Appendix E

Calculation of the Tilting Angle

In this section it is shown how to calculate the tilting angle referred to in section 8.4.2. The 
calculation is based on analytical geometry and is implemented into a spreadsheet. For illus-
trating the method Fig. E.1 shows the geometrical relations.

Figure E.1 Geometry for calculating the tilting angle

All points except the point  P are given. In order to calculate the tilting angle α the point  P 

needs to be determined. This point is the intersection of the plane which is orthogonal to the 
vector a⃗ and which goes through the point C. Once the coordinates of P are known the vec-

tors b⃗ and c⃗ can be determined which are needed to calculate α.

In the following each step of the calculation method is presented. For an easier understanding 
the coordinates of all points are given in table E.1 so that the numeric results of each step can 
be given. The coordinated are taken from the drawings in Appendix D.1.

Table E.1 Input parameters for the tilting angle calculation

Point
Coordinates (m)

x y z

C 16,4 0 4,7

G 16,4 0 0

M 17,7 4 0

N 5,2 0 0
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1) Determination of P

At first the plane orthogonal toa and going through C has to be determined. For this the 
vector a is needed:

a= 
xM�xN

yM�yN

zM�zN
  . (E.1)

Now the equation for the plane orthogonal toa and going through C can be set up:

(xM�xN ) x+( yM�yN ) y+( zM�zN ) z=(
xC

yC

zC
)⋅(

xM�xN

yM�yN

zM�zN
)  . (E.2)

Inserting the values given in table E.1 gives the planar equation

12,5x+4y = 205  . (E.3)

Now the equation for the lineNM has to be determined, which simply is

NM = 
xN

yN

zN
r⋅a = 5,212,5r

4r
0   (E.4)

The intersection point P can be calculated by inserting the components of the linear equation 
[Eq. (E.4)] into the planar equation [Eq. (E.3)]. This results in

12,5⋅(5,2+12,5r )+4⋅4r = 205  . (E.5)

The coordinates of the intersection point P are determined by solving Eq. (E.5) for r, giving
r = 0,813, and inserting the result into the linear equation. This finally gives

P =(15,36
3,25

0 )  . (E.6)
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2) Determination of α

The tilting angle α is the angle between the vectorsb and c , which can easily be determ-

ined now that the coordinates of point P are known:

b= xC�xP

yC�yP

zC�zP
=  1,04

�3,25
4,7   (E.7)

and

c= 
xG�xP

yG�yP

zG�zP
=  1,04

�3,25
0   . (E.8)

The tilting angle α then is

= arccos b⋅c
∣b∣⋅∣c∣  (E.9)

with

b⋅c=  1,04
�3,25

4,7 ⋅ 1,04
�3,25

0 = 11,64  (E.10)

and

∣b∣⋅∣c∣= 1,042�3,2524,72⋅1,042�3,252 = 19,82  (E.11)

which gives a tilting angle of 54,0°.



193

Appendix F

Data from Spreadsheets

F.1 Preliminary Sizing Spreadsheet

F.1.1 Final Box Wing Configuration
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Matching Chart

0,000

0,050

0,100

0,150

0,200

0,250

0,300

0,350

0,400

0,450

0,500

0,550

0,600

0,650

0,700

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400

Wing loading in kg/m²

T
hr

us
t-

to
-w

ei
gh

t r
at

io
 [-

]

2nd Segment

Missed appr.

Take-off

Cruise

Landing



197

F.1.2 Reference Configuration

The following data are taken from Pester 2010b.
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Matching Chart
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F.2 Box Wing Sizing Spreadsheet

F.2.1 Sizing According to Static Longitudinal Stability and Controllability
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F.2.2 Estimation of Mass and Center of Gravity
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F.3 Payload-Range Calculation
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Appendix G

CD-ROM

The attached CD-ROM contains the text of this thesis as 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 factor and the glide ratio
Glide_Ratio_and_Oswald_Factor_Calculations.xlsds11

• 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. allowed t/c ratio
MAC_Fuel_t_c.xls

• 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.xls

• Wing mass overview
Wing_Mass_Overview.xls


	Conceptual Design of a Medium Range Box Wing Aircraft
	--------------------
	Abstract
	Task
	Declaration
	Contents
	List of Figures
	List of Tables
	Nomenclature
	Greek Symbols
	Indices
	List of Abbreviations
	Terms and Definitions
	1 Introduction
	1.1 Motivation
	1.2 Objectives
	1.3 Review of Literature
	1.3.1 Aircraft Design Literature
	1.3.2 Box Wing Literature

	1.4 Structure of this Thesis

	2 The Box Wing Concept
	2.1 Short Introduction to Non Planar Configurations
	2.2 Box Wing Geometry
	2.2.1 Horizontal Stagger
	2.2.2 Vertical Stagger and Height to Span Ratio
	2.2.3 Wing Area and Aspect Ratio


	3 Design Requirements According to the Reference Aircraft
	3.1 Mission Requirements
	3.2 Additional Conditions
	3.2.1 Geometry
	3.2.2 Engines

	3.3 Family Concept

	4 Box Wing Aerodynamics
	4.1 Lift
	4.1.1 General Lift Distribution
	4.1.2 Lift Coefficients
	4.1.3 Lift Curve Slope

	4.2 Drag
	4.2.1 Zero Lift Drag
	4.2.2 Induced Drag
	4.2.3 Wing Tip Vortices

	4.3 Span Efficiency Factor
	4.4 Mean Aerodynamic Chord
	4.5 Effect of Low Reynolds Numbers
	4.6 Effect of Unequal Lift Distributions between Both Wings
	4.6.1 Increase of Induced Drag
	4.6.2 Reduction of the Span Efficiency Factor

	4.7 Stall Characteristics
	4.8 Distinction of the Characteristics of the Individual Wings

	5 Box Wing Flight Mechanics
	5.1 Performance
	5.1.1 Drag Polar
	5.1.2 Lift Coefficient for Minimum Drag Based on the Idealized Drag Polar
	5.1.3 Maximum Glide Ratio
	5.1.4 Glide Ratio for Different Lift Coefficients

	5.2 Static Longitudinal Stability and Controllability
	5.2.1 General Requirements
	5.2.2 Derivation and Evaluation
	5.2.3 Results and Conclusion

	5.3 Static Lateral Stability and Controllability

	6 Preliminary Sizing
	6.1 Determination of the Final Span Efficiency Factor

	7 Wing Design
	7.1 Design for Transonic Speeds
	7.1.1 Wing Sweep
	7.1.2 Thickness to Chord Ratio

	7.2 Taper Ratio
	7.3 Decalage
	7.4 Torenbeek Mass Estimation
	7.5 Design Integration and Resulting Wing Geometry
	7.5.1 Longitudinal Positions
	7.5.2 Vertical Positions
	7.5.3 Resulting Geometry

	7.6 More Precise Mass Estimation
	7.6.1 Method
	7.6.2 Lift Loads
	7.6.3 Effect of Wing Sweep
	7.6.4 Validation of the Method with A320 Wing Mass
	7.6.5 Wing Mass Estimation of the Box Wing Configuration
	7.6.6 Discussion of Results

	7.7 Influence of Joint Types on Wing Structure
	7.7.1 Shear Forces
	7.7.2 Bending Moment
	7.7.3 Displacements
	7.7.4 Wing Mass

	7.8 Fuel Volume
	7.9 Airfoils
	7.10 High Lift Devices and Maximum Lift Coefficient
	7.11 Control Surfaces

	8 Design and Integration of Other Aircraft Components
	8.1 Cabin and Fuselage
	8.1.1 Layout with PreSTo Cabin
	8.1.2 Final Geometry

	8.2 Empennage
	8.3 Engines
	8.4 Landing Gear
	8.4.1 Ground Clearance and Longitudinal Tip Over Stability
	8.4.2 Lateral Tip Over Stability


	9 Final Aircraft Layout
	10 Weight and Balance
	10.1 Loading Chart
	10.2 Component Masses and Center of Gravity
	10.2.1 Permissible CG Travel

	10.3 Mass Decomposition

	11 Performance of the Final Configuration
	11.1 Final Zero Lift Drag
	11.1.1 Wetted Area of the Fuselage
	11.1.2 Wetted Area of Wings and Winglets
	11.1.3 Wetted Area of the Stabilizers
	11.1.4 Wetted Area of the Nacelle
	11.1.5 Wetted Area of the Engine Beam
	11.1.6 Total Wetted Area and Zero Lift Drag Coefficient

	11.2 Final Glide Ratio
	11.2.1 Maximum Glide Ratio
	11.2.2 Glide Ratio vs. Cruise Lift Coefficient

	11.3 Final Idealized Drag Polar
	11.4 Payload-Range Diagram
	11.4.1 Basics
	11.4.2 Breguet Range Calculation
	11.4.3 Range and Mission Segment Mass Fractions for Maximum Payload
	11.4.4 Range for Maximum Take Off Mass and Maximum Fuel
	11.4.5 Ferry Range
	11.4.6 Results


	12 Conclusion and Outlook
	References
	Acknowledgements
	Appendix A - Definition of the Mean Aerodynamic Chord
	A.1 Length of the Mean Aerodynamic Chord
	Method 1
	Method 2

	A.2 Longitudinal Position of the Mean Aerodynamic Chord

	Appendix B - Flight Mechanics
	B.1 Altitude for Maximum Glide Ratio as Function of the Height to Span Ratio
	B.2 Equations for Assessing Static Longitudinal Stability and Control
	B.2.1 Equilibrium of Moments
	B.2.2 Lift Curve Slope of the Whole Aircraft


	Appendix C - Wing Design Data
	C.1 Span Wise Lift Distribution
	C.1.1 Box Wing Configuration
	C.1.2 Reference Configuration

	C.2 Internal Loads for Wing Mass Estimation
	C.2.1 Box Wing Configuration with Rigid Joints
	C.2.2 Box Wing Configuration with Flexible Joints
	C.2.3 Reference Configuration


	Appendix D - Configuration Drawings
	D.1 Final Box Wing Configuration, Scaled Drawings
	D.2 Selected Intermediate Versions

	Appendix E - Calculation of the Tilting Angle
	Appendix F - Data from Spreadsheet
	F.1 Preliminary Sizing Spreadsheet
	F.1.1 Final Box Wing Configuration
	F.1.2 Reference Configuration

	F.2 Box Wing Sizing Spreadsheet
	F.2.1 Sizing According to Static Longitudinal Stability and Controllability
	F.2.2 Estimation of Mass and Center of Gravity

	F.3 Payload-Range Calculation

	Appendix G - CD-ROM

