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ABSTRACT 

 

The wings of an airplane can have infinitely different geometries and the understanding 

of this is far from complete. The complexity of aircraft desings in terms of aerodynamic 

efficiency and solid mechanics requirements mean that we do not now how to construct them 

to win the best design for its purpose. Several researches show how the seagulls down swept 

wings provide low drag numbers and thus high efficiency in level gliding flight. The question 

is how well these would fit the modern airliner. The NASA Langley Research Center put 

together an interesting study on how to optimize these types of wings cambered in the span 

wise direction and found good aerodynamic advantages even at high speeds. This study 

indicated that the type of wings where the wing is inflected is the best possible solution from 

a practical standpoint.  

  My goal was therefore to investigate what effect this study could have on the Boeing 737 

as the wing design has great significance for the entire aircraft. The intention was to study 

stability parameters of the influence which showed that the inflected wings would be a good 

improvement for the often used aircraft. It was then possible to reduce the disproportionately 

large vertical stabilizer which reduces the drag further. I also made an estimation of the 

effects for the wing spar in terms of solid mechanic requirements with a result that the 

bending moment and normal stress only was increased with 0.48% compared to the original 

wing. Although the shape makes it more difficult to construct, a composite spar could be the 

answer as they allow more complex geometry. Finally, I found the theoretical improvement of 

fuel efficiency to be 2.4% and a 3.4% improvement to the overall fitness ratio of the aircraft, 

which makes this wing to be an alternative well worth further research. 
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SAMMANFATTNING 

 

Vingarna hos ett flygplan kan ha oändligt många olika geometrier och förståelsen för 

dessa är långt ifrån komplett. Komplexiteten i ett flygplans design vad det gäller 

aerodynamisk effektivitet och hållfasthetskrav gör att vi ännu inte vet hur man konstruerar 

dem för att få bästa prestanda. Flera forskningar visar hur måsarnas nedsvepta vingar ger 

låga motståndscoefficienter och därmed hög effektivitet i planflykt. Frågan är hur väl dessa 

skulle passa moderna trafikflygplan. NASA Langley Research Center har gjort en intressant 

undersökning om hur man kan optimera dessa typer av vingar som är välvda i 

spannriktningen och fann goda aerodynamiska fördelar även vid höga hastigheter. I denna 

studie visade det sig att de vingtyper där vingen hade två krökningar att vara de bästa sätt ur 

en praktisk synvinkel.  

   Mitt mål var här därför att undersöka hur denna formförändring av vingarna påverkar 

prestandan hos en Boeing 737 då vingens design är av stor betydelse för hela flygplanet. 

Avsikten var att studera stabilitetsparametrarna vilket gav resultatet att de dubbelkrökta 

vingarna ger en förbättring av stabiliteten hos detta vanligt förekommande flygplan. Detta 

möjliggör en minskning av den oproportionerligt stora fenan vilket i sin tur reducerar 

motståndet ytterligare. Jag gjorde också en uppskattning av effekterna på vingbalken när det 

gäller hållfastigheten och dess krav med ett resultat att böjande moment och normal 

spänningen endast ökade med 0.48% jämfört med den ursprungliga vingen. Även om formen 

gör det svårare att konstruera så kan kompositmaterial vara svaret eftersom de möjliggör 

mer komplex geometri. Slutligen nådde jag en teoretisk förbättring av bränsleeffektiviteten 

med 2.4% och en 3.4% ökning av lyftkraft till motstånd förhållandet för flygplanet, vilket gör 

denna vinge till ett alternativ väl värd fortsatt forskning. 
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PREFACE 

This thesis project I have chosen to dedicate to an investigation of the possibility in 

applying more aerodynamically efficient wings for commercial aviation since there are 

researches showing that non-planar wings are better in several aspects. The reason that I 

chose this area of research is that my education is for a bachelor’s degree in aeronautical 

engineering with aerodynamics as one of my stronger subjects. The scope of work is 15 

credits corresponding to 10 weeks of study. To my help I had my supervisor Jacob Brynolf 

who is a lecturer in physics.  The work has been to compile existing research and to apply the 

new geometry to a medium size commercial aircraft that is in use today. In order to see how 

well it would adapt to these new set of wings I have calculated stability parameters and 

investigated the solid mechanics as well as to find out the economic efficiency of this. I have 

also made an estimation of the possibility to modify the unproportional large fin that is a 

common aerocynamic disadvantage for large passengerjets since they are needed to stabilize 

the aircraft. With a stability enhancing wing it is within reach to reduce the fin size for an 

increase in optimization of today’s aircraft. 
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TERMINOLOGY 

 

Symbol Förklaring  

UAV  Unmanned Aerial Vehicles 

CFD   Computational Fluid Dynamics 

L  Lift 

D  Drag 

CL  Coefficient of lift 

CD  Coefficient of drag 

α  Angle of attack 

αc  Local angle of attack 

Λ  Sweep angle 

Θ  Torsional deflection 

γ  Pre twist wash out angle 

b  Wingspan 

s  Semispan (length from the centre of the aircraft to the wingtip) 

S  Wing area 

AR  Aspect ratio 

c  Chord length 

Γ  Dihedral angle 

SVT  Vertical stabilizer area 

ARVT  Vertical stabilizer aspect ratio 

Lv  Rolling moment due to sideslip 

a      Lift curve slope 
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a0  Derivative of liftcoefficient as a function of angle of attack  

al VT  Tailplane lift curve slope 

VVT  Vertical tail volume ratio 

hVT  Vertical tail coordinate above roll axis 

lVT Vertical tail arm (measured between central of gravity and vertical tail quarter 

chord point) 

T Thrust 

yT Moment arm from force of thrust to centerline of the aircraft (centre of the 

engines to the x-axis) 

v Velocity 

vR Composant of velocity on the rudder 

bVT Vertcal tail span 

bR Rudder span 

M Mach number 

CnδR Directional control derivative 

cVT Vertical tail chord 

cR Rudder chord 

δR Rudder deflection 

ρ Density 

SR Rudder area 

q Dynamic preussure 

qVT Vertical tail dynamic pressure 

VVT Vertical tail volume ratio 

ηVT Vertical tail dynamic pressure ratio 
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τR Rudder angle of attack effectivnes 

CDVT Vertical tail coefficient of drag 

KVT Vertical tail corrector factor 

CfVT Vertical tail skin friction coefficient 

SWVT Vertical tail wetted area 

Mb Bending moment 

Wb Section modulus 

σmax Normal stress 
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Kapitel / Chapter 1  

INTRODUCTION 

1.1 Background 

Research and development within aerodynamics and wing geometry are constantly 

improving. Compared to birds, aircrafts have been flying a fairly short time and the 

understanding of the complex features that are involved when designing a wing are not 

clearly outlined. Several researches within aerodynamics show that non-planar wings are 

more effective than conventional straight aircraft wings.1 2 3 4 They can represent a drag 

reduction up to 6% which has been established with CFD calculations and in wind tunnel 

tests. The consequences of this, if it would be possible to implement it, could mean significant 

fuel savings for commercial aircrafts.  

When it comes to designing an aircraft it is a compromise of aerodynamic efficiency, 

solid mechanics and the purpose of the configuration. This means that aerodynamic 

optimized solutions are not always easy to adapt since they affect the rest of the aircraft. The 

commercial aircrafts that we see today are not optimized when it comes to drag reduction 

and improvement is possible. Flying wings is very effective aerodynamic wise and suited for 

lightweight UAVs and small aircrafts but are more difficult in stability and handling 

carachteristics and therefor not an easy solution for large conventional aircrafts. Non-planar 

wings are more difficult to design in terms of solid mechanics but can with the right geometry 

provide more stability. Different types of wings have been investigated, some with more 

adaptable construction geometry than others. A research funded by NASA shows that an 

inflected wing could have up to a 3.5% reduction in CD value which would be much more 

efficient.1 Several of the aerodynamic researches are focused in flying speeds of birds and 

small aircrafts which makes this study very interesting since they also finds the advantages 

for an aircraft flying in the speed range of medium distance commercial aircrafts. There are 

however a few difficulties to overcome before these wings can take off.  

                                                        

1 Nguyen, N., Trinh, K., Reynolds, K., Kless, J., Aftosmis, M., Urnes, J., and Ippolito, C., “Elastically 
Shaped Wing Optimization and Aircraft Concept for Improved Cruise Efficiency,” 51st AIAA 
Aerospace Sciences Meeting, AIAA-2013-0141, January 2013. 
2 Roach, John. 2006.  Seagulls may inspire new airplane wings, scientists say. National Geographic 

News.  
3 Andrews, Perez, Allan. 2013. Aerodynamic implications of gull´s drooped wing-tips.   
4 Nguyen, N., “Elastically Shaped Future Air Vehicle Concept,” NASA Innovation Fund Award 2010 
Report, October 2010, submitted to NASA Innovative Partnerships 
Program, http://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20110023698.pdf 
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1.2 Objective 

My aims with this project is to investigate the how well these optimized and spanwise 

cambered wings could fit in to the stringent demands and limitations of a medium range 

sized conventional aircraft and how this would affect the rest of the plane. If the wings 

geometry is causing the stability of the aircraft to increase then less is required in the 

contribution of the vertical stabilizer which means that it could be possible to reduce the size 

of this as it would mean even more drag reduction and a higher economic efficiency.  

Span wise cambered wings also have other strength requirements than planar ones.  

Within material science, new technology is developing and the 787 Dreamliner and the A380 

are two examples of having a composite wing spar which could be efficient for the more 

complex wingbox set to inflected wings. 

1.3 Problem formulation 

An aircraft is not just a wing but a design that has to carry out many engineers’ wishes 

and authority demands. Therefore it is always a compromise of several detail calculated parts 

compounding in an even more complex aerodynamic construction.  

I am starting my work with a compilation of the research reports within non-planar 

wings to find an optimized wing for my study and designate a medium sized aircraft that are 

used today that I will have as a refence for calculations. Then I aim to develop an 

approximation of the amendment in stability and evaluate that for further modification of the 

aircraft's stabilizer and demonstrate this in a 3D CAD environment. This since the dihedral 

angle of the wing and the vertical stabilizer of the tail, also called the fin, are to important 

contributers of stability factors. For calculation help I will use MATLAB and for CAD 

demonstration I will use SolidWorks.  

Within material I want to inquire if it would be better with composite wing spars and 

possibly produce values of the solid mechanics of these to see the magnitude of difference for 

this. 

1.4 Limitations 

Stability calculations for an aircraft can be quite complicated and difficult to determine 

and there are many things to take in consideration. Whitout detailed data of the aircrafts 

mass of inertia I can only compare the stability parameters that is affected by the geometry as 

this is provided by the aircraft manufacturer. 

Another limitation of the work is when resizing of the tail is that it is not only needed for 

stability in normal flying operation but also to reset the moment of force at an eventuell loss 

of one engine for an two-engine aircraft and therefore have a minimum size that it cannot be 

adjusted below if not moving the engine closer to the aircraft. This force moment can 

althougt be solved by changing other parameters of the stabilizer which I will look in to if 

needed. 

When it comes to predicting the drag reduction in total it is difficult to determine exact 

values since the understanding of the effects are complex and theoretical results not always 

are matching wind tunnel test datas that I do not have access to explore for my new aircraft. 
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Kapitel / Chapter 2  

METHODS 

2.1 Finding the right wing 

The shape of a bird wing is not straight as the ones you see on conventional aircraft. It is 

shaped optimized by evolution for what it is set to do. To create maximum lift and minimum 

of drag corresponding to the speed and maneuvers it supposed to fly. This interests scientists 

when developing new optimized wing designs.  

The swifts for example are terrific at aerobatic flying with their short body and quick 

movements. Aeronautical engineer Joachim Huyssen at the North-West University of South 

Africa and Professor Geoffrey Spedding at the University of Southern Californa stated 

resently that the sea gull has the best aerodynamic effiency when it comes to adapting 

geometry for their good gliding skills.5 6 The gulls share a wing configuration that is common 

for birds in general when in gliding flight which is what we should look for when finding 

suitable geometry for fuel savings within commercial aircrafts. 

The sea gull wings 

The characteristic of the sea gull wings is that it is highly cambered in the span wise 

direction. Starting with a high dihedral angle at the root with a significant bend in the mid 

span, resulting in a drooped tip. They have been investigated in numerous studies, all of them 

resulting in the conclusion that they provide less drag responding to increased aerodynamic 

efficiency. There are two significant reasons for this. 

The first of them is the most obvious one. Opposed to the lift that a wing creates when 

given an angle of attack there is a vortex swirl starting at the wing tip which gives a 

downwash of air over the wing causing a so called lift induced drag. When the wingtips are 

transferred further away and directed down or up the induced drag makes less impact on the 

wing in total. 

The second reason is proven by the aeroelasticity theory, formula (1), of spanwise 

cambered wings. 

   

          (1) 

                                                                                                     

                                                        

5 Huyssen, Spedding, Mathews, Liebenberg. 2013. On the Wing Density and the Inflation Factor 
of Aircraft. 
6 Huyssen, Spedding, Mathews, Liebenberg. 2012. Wing-Body Circulation Control by Means of a     
Fuselage Trailing Edge. Vol.49, No. 5. Journal of Aircraft. 
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When the wing flapwise bending deflection Wx is negative the local angle of attack αc 

increases which results in increasd CL for a given angle of attack. This since the sweep angle Λ 

is between 0◦ and 90◦ degrees for backward sweept wings and then tanΛ is a positive sum. 

Therefore, at a given speed, the aircraft is trimmed to a lower angle of attack corresponding 

to a reduced CD. This since the minimum of drag is set at a very low angle of attack.Error! 

Bookmark not defined. 

Barry Lazoz, an aeronautics research engineer at the NASA Langley Research Center and 

Ken Visser, a research collaborator and associate professor of aeronautical engineering at 

Clarkson University have in vindtunnel tests proven that the advantages of the sea gull wings 

in hight-speed gliding flight would have up to 4 percent less drag than the theoretically best 

conventional wing.2  

Another study, compound by researchers S.A. Andrews, R. E. Perez and W. D. E. Allan at 

the Department of Mechanical and Aerospace Engineering at the Royal Military College of 

Canada, also states the aerodynamic efficiency of the sea gull wings. In order to analyse the 

performance of the gull they developed computionalized models of the wings aerodynamics 

and kinematics with the purpose of finding the optimal lift-to-drag design. There result 

shows of increased efficiency as the tip of the wings is changed from pointing upwards to be 

fully drooped with an optimization at 0.80 degree of dihedral at the root and respectively 

22.62 degrees at the tips.3 

The inflected wing 

In 2010 the NASA Innovation Fund Award project presented a study of the challenge of 

potential fuel saving optimized shaped wings for a medium sized conventional jet aircraft. 

For this they use a computionalized study with VORVIEW that translate the geometry into 

performance data for 729 possible shapes of the wing as pictured below. 

 

 

Figure 2 – Wing shapes as function of span 1 4 

 

They chose two types of wings that both shows of significant reduced CD values for 

further investigation, the drooped sea gull and the inflected wing.  
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Figure 3 – NASA studys selected types 1 4 

 

Althought the drooped wing presents a drag reduction of about 5% to 6% it is more 

difficult to apply since the wings would drop down to an extent that they would not have 

ground clearance when the aircraft is not flying unless the landing gear would be significantly 

higher leading to an excessive amount of extra weight and therefore non efficient for the 

aircraft in total. Another solution would be to have a flexible wing that could be upraised 

during take off, landing and taxing. This would although be very complex to build and would 

require more systems and more weight. The inflected wingtype that they present however, is 

more possible to overcome when designing and constructing an aircraft.  Since the low drag 

is associated with drooped wings it is interesting that a wing with positive curvature also can 

represent a reduction in drag. The wing has a slight inflection in midspan and has a CD value 

of 3.5% less compared to their benchmark aircraft with conventional straight wings. The 

table below shows how efficient the wings are at Mach number 0.8. 

 

Wing α (deg) CL CD e 

Baseline  4.50 0.6 0.0235 0.696 

Drooped 4.45 0.6 0.0224 0.731 

Inflected 4.51 0.6 0.0229 0.716 

 

Table 1 – Drag reduction at Mach 0.8 

 

At these speeds the inflected wing still gives as much as 2.6% percent reduce in drag and an 

effiency factor, e, of the wing to be 2.9% higher compared to the baseline wing. 

Their calculation approach for how the dihedral angle is set with the bending deflection as 

function of the span, y, with the formula (2). 
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(2) 

 

 

 

Where        a4 = 0, ± 7.5      a3 = 0, ± 3.75     a2 = 0, ± 8.75  
 
Adjusted for calculations in feet. 
 

They present the a4, a3, a2 coefficients for the two candidates as follows 

Inflected wing  a4 = 7.5 a3 = 3.75 a2 = -8.75 

Drooped wing  a4 = -7.5 a3 = 0  a2 = -8.75 

Error! Bookmark not defined. 

2.2 Reference aircraft 

As a medium sized and medium range aircraft I have chosen the Boeing 737-600 as a 

reference for calculation since this is a widely representive aircraft. The 737 has surpassed 

10.700 orders and has continuously developed since its first flight in 1967.7 

Boeing 737-600 Technical data 

Wingspan b: 34.32 m 

Wingarea S: 124.58 m2 

Aspect ratio AR: 9.45 

Root chord c: 7.88 m 

Tip chord c: 1.25 m 

Dihedral angle Γ: 6° 

¼ chord sweep angle Λ: 25.02° 

Fuselage length: 29.88 m 

Aircraft height: 12.6 m 

Vertical stabilizer height: 7.16 m 

Vertical stabilizer area SVT: 26.44 m2 

Vertical stabilizer aspect ratio ARVT: 1.91 

 

                                                        

7 http://www.boeing.com  
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The NASA study use the Boeing 757 for their benchmark aircraft which is slightly larger 

then the 737 but is more difficult to find specific data of. The typical crusing speed of the 737 

is 0.785 Mach compared to the 0.80 Mach for 757 and the wing span is respectively 34.32 

and 38.05 meters. The dihedral angle, Γ, is 6° respectively 5°.Error! Bookmark not 

defined. 

 

Because the 737 and 757 differ in size I have reset the deflection points to equal 

percentage of the wing corresponding to their coordinates. Figure 4 shows the 737 with the 

set of the two new wings, the inflected and the drooped, together with the straight reference 

wing. 

 

Figure 4 – The efficient wingshapes w(y), where y is the span and w(y) is the height and 

dependent of the dihedral angle, implemented to Boeing 737 NG wings. 

 

2.3 Stability 

The stability of an aircraft is a measure of how well it wants to stay in level and 

directional flight. If this is too large it will be impossible to change course and to stable in 

order to change the aircrafts position with rudder, aileron or pitch deflection. On the other 

hand, when it is too low the aircraft gets difficult handling characteristics and is 

unmanageable to maintain on course. Therefore it is of severe importance to keep these 

parameters within the right limits. Aircrafts that needs to be highly maneuverable such as 



 

8 

 

agility aircrafts and fighterjets requests lower stability compared to traffic airliners that wants 

high course stability suitable for there long fuselages.  

The wings, horizontal stabilzer and vertical stabilizer are the main contributers to the 

aircraft stability and when changing any of those parameters, the result is that the dynamics 

are affected and causes reshaping or resizing of the other ones. 

Static stability in an aircraft refers to when the aircraft wants to retain its original 

position when have been disturbed by a sideforce such as a windgust for example. Dynamic 

stability, by contrast, describes the type of motion needed to perform in order to retain its 

original position when in a statically stable state. For dynamic stability there are the 

longitudinal and the lateral-directional modes of oscillations. The longitudinal mode refers to 

the phugoid- and short-period oscillations and is pitching the aircraft about its center of 

gravity for a long respectively short period. The lateral-directional modes include rolling and 

yawing motions and are devided in to roll- spiral and Dutch roll mode. For the roll mode the 

dihedral angle has a significant impact which tends to damp the rolling motion. Spiral- and 

Dutch roll mode are more complicated and are both combined by yawing and rolling motion 

and are largely affected by the dihedral angle and the vertical stabilizer even if several more 

parameters affects as well.  

The spiral mode is the tendency for the aircraft to spiral to the ground from a 

disturbance starting a rolling moment that results in a sideslip. This will give the vertical tail 

an incidence angle causing a yawing moment which will increase the roll angle even more. 

The aircraft will then increase in a diving of a roll coupled in yaw unless actively stoped. 

  The Dutch roll mode is an oscillation in yaw that couples into roll and makes the tail of 

the aircraft to wiggle in an eight. This is a problem for long aircrafts and is controlled largely 

by dihedral angle and fin size although for small amounts it can be decreased by yaw 

dampers that act as a control of the yaw rudder as an opposite force to the roll mode.8 

 

Dihedral effect 

 

The dihedral angle is the upward angle of tilt that is between the plane and a horizontal 

line from the wingroot and has a strong influence on the dihedral effect even if other 

parameters such as size and location of the vertical stabilizer affects as well. When an aircraft 

has downwards pointed wings this is refered to as anhedral. The dihedral effect is the amount 

of rolling moment per degree due to sideslip and produces a negative restoring rolling 

moment that returns the aircraft to wings level. 

                                                        

8  M.V. Cook, Flight Dynamics Principles, Arnold Publishers, London, 1997.  
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Figure 5 – Dihedral angle 

 

 

Establising the rolling moment due sideslip 

 

If the dihedral angle is changed it is important to find out what this do for the dihedral 

effect in order to keep the aircraft whitin the right stability parameters. To get values for an 

aircrafts tendency for Dutch roll and spiral mode the rolling moment due to sideslip Lv is a 

parameter that need to stay fixed unless the aircrafts is going to have different handling 

characteristics. 

 

 

                                              (3) 

 

Which I refeer to as Lv = Lv1 + Lv2 + Lv3 

 

The parameter that is changing by modifying the dihedral angle is 

 

 

Lv1 =                                                                                                              (4) 

 

 

 

I use MATLAB to do the calculations and the first function in the script is the variation of 

the chord cy along the span y where interpolation is used to get intermediate values.  

The second function ay represents how the lift changes along the span regarding to the 

geometry of the airfoil for each section of y. The 737 has four different airfoils along its wing 

and first I need to find the value of a0 for the airfoil, that is the derivative of liftcoefficient CL 
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as a function of angle of attack α, before I can find the lift curve slope for each airfoil. This 

with formula (5) and (6). Then I can interpolate this to get the value for every point of y.9 10 

 
 

                                                                                                                           (5) 

 

 

For swept wings formula (6) is suggested for approximation of the lift curve slope.              

                  

 

                                                                                       (6) 

 

 

 

The values that are produced for the lift curve slope is just theoretical since the 

calculations do not take allownces for the disturbance of the engines that is set below the 

wings causing a decrease in lift at this point. 

I use Simpson’s formula (7) on each interval to get an approximate result of the wings 

contribution to the rolling moment due to sideslip for the different variation of wings. 

 

                                                                        (7) 
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I follow the same path to get the vertical tail lift curve slope alVT in order to find the rolling 
moment contribution from the tail for my reference aircraft. 
 

Lv3 =                                                                                                                  (8) 

                                                                                      

Where VVT is the volume ratio of the vertical tail.8 

                                                                                                                            (9) 

                                                                                                     

Therfore the vertical tail contribution is the following. 

 

                                                        

9 John D. Anderson Jr, Fundamentals of Aerodynamics, 5th edition, McGraw-Hill, New York, 
2011. 
10 http://airfoiltools.com/  
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Lv3 =                                                                                                                 (10) 

            

Where VTh  is the vertical tail coordinate above roll axis we get using formula (11). 

 

                                                                                            (11) 

 

Then it is possible to get total value of the contributors, the wing and vertical stabilizer, that I 

want to investigate Lv = Lv1 + Lv3. To keep the sum of the aircrafts rolling moment Lv within 

the correct values this need to stay fixed so if Lv1 increases or decreases because of changing 

dihedral angle, Lv3 needs to change with the same proportion resulting in modification of the 

vertical stabilizer. The new VVT I can now calculate by transforming formula (8). 

 

 

 

 

Minimum tail for one engine inoperative procedures 

  

For a twin engine aircraft the rudder on the vertical tail has to manage to create enough 

counteract yawing moment to what is produced by one engine when failure on the other. The 

area of the vertical tail on the 737 is quite large compared to the rudder area, SR/SVT so even if 

we would to reduce the tail size, the rudder can still be the same size with another geometry. 

 

 

Figure (6) – Boeing 737 vertical tail 

 

The most critical asymmetric force condition appears at low speed when the rudder must be 

designed to produce enough sideforce. From formula (12) we can determine the amount of 



 

12 

 

rudder defelection that is needed to prevent the plane from rotating when only one engine 

produce thrust.11 

 

          (12) 

 

Where T is the thrust,
Ty  is the distance to the aircrafts centerline and 

VTq  is the 

dynamic pressure of the tail. CnδR is the directional control derivative and can be determined 

by formula (13). 

 

           (13) 

 

Where the vertical tail volume ratio VVT is given by 

 

           (14) 

  

The vertical tail dynamic pressure ratio 
VT  is given by 

           (15) 

The rudder angle of attack effectivnes τR depends on rudder to tail chord size and is given in 

table (2) 

 

 

 

 

 

                                                        

11 Mohammad H. Sadraey, Aircraft Design: A Systems Engineering Approach, Wiley  
Publications, 2012. 
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Table (2) – Rudder angle of attack effectiveness 

 

 

When resizing, it is of importance to determine if the new vertical tail is set to remain 

necessary control due to the same amount of rudder deflection and how this would affect the 

rudder chord size. To do this we transform the formula (12) to (15) into formula (16) below. 

 

        (16) 

 

 

 

 

2.4 Wing spar and material 

Composite wing spar 

 

Composite materials is a complex mix of different materials that ends up with high 

structural efficiency that meets the requirements of solid mechanics which is very essential 

when creating a wing box for an heavy weight aircraft. The loading of the wing spar is 

enormous and it has to be able to resist 2.5 times the weight of the aircraft when in maximum 

g-load. The propertys of composite can be different for different directions and they have no 

plasticity as metals do. On the other hand they have a higher extensibility before they reach 

the fracture point.  
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There are both advantages and disadvantages with a wing spar made with composite 

materials. Composite saves weigth which is an important factor when optimizing aircraft 

efficiency. It also allows shapes that are almost impossible to create with metals which makes 

them very suitable for a more complexed form of the wingbox. When they are created initially 

in the correct form, the strenght is improved compared to when it is deformated as it would 

be if where to be manufactured with an alloy. They exist in new heavy weight aircraft 

although there efficiency of solid mechanics are being questionized. The Boeing 787 

Dreamliner has much problems with cracks in the wing spar. 

Another problem with composite is the economy factor for maintenance. Today there are 

few workshops that can handle this complex material since the demands on the education of 

the staff is high and it is a relative new material within the aviation industry. This is although 

about to change since more maintenance organisations take this direction. 

The type of composite that is most likely to be used for a wing box is carbon that is very 

stiff with a very low density combined with high solidity which provide a low weight factor. 

The negative side of carbon is that it is expensive and cause corrosion when combined with 

metals. 

D.U. Long is the author to an article within composite wing boxes and states the 

efficiency of a wing panel that is reinforced with z-pins that is enhancing the damage 

resistance and tolerance. The theoretical analyse of this also shows the possibility to tailore 

the wing box for its requirements. This is only one example of the endless possibilities when 

collaborating with composite that is more often existing in new developed aircrafts.12 

 

 

Solid mechanics requirements 

It is of importance to find out how much the strength of the wing spar is affected when 

the dihedral is changing along the wing. Again I use MATLAB to find out the following 

parameters. 

The lift of the wing gives a bending moment Mb on the wing section at ys given by the 

integral (17). 

 

       (17) 

 

Mb has its maximum value at the root of the wing where ys = y0. The shape of the ving in 

span direction is w(y) and is shown in figure (4). 

 

 

                                                        

12 Long, D. U. 2011.  Mechanical Properties and Structural Design of a Novel Composite Box for High 

Aspect Ratio Wing. Journal of Thermoplastic Composite Materials.  
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The section modulus Wb of the spar at ys is given by 

 

          (18) 

 

 

Then the stress 
max

 is possible to calculate using formula (19). 

 

           (19) 
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Kapitel / Chapter 3  

RESULTS 

3.1 Stability 

The wings contribution of the rolling moment due to sideslip Lv1 is shown in table (2) 

below. Formula (4) is integrated using Simpson’s rule based on the wing subdivided in 1000 

intervals. 

Base dihedral Reference wing Drooped wing Inflected wing 

5° -0.07261 0.16363 -0.10103 

6° -0.08714 0.14911 -0.11555 

 

Table (3) – Wing contribution to rolling moment due to sideslip 

 

The result of the vertical tail contribution Lv3 is calculated with formula (10) and is found 

to be -0.06832 for the Boeing 737-600. 

This gives a total contribution Lv1 + Lv3 = -0.15546 for stabilizer and wings for the 737 

with 6° dihedral which means that the vertical stabilizer for a 737 with inflected wings only 

needs to produce Lv3 = -0.03991. This leads to that a reduced vertical tail area SVT = 15.446m2 

can produce the same amount of stabilizing effect to the rolling moment as for the original 

737-600. 

3.2 Tail modification 

Althougt we can reduce the vertical tail area SVT with 41.6% without decreasing the 

rolling moment stability there are other parameters that we have to take into account such as 

the one engine inoperative factor. 

The Boeing 737-600 rudder is set with a maximum deflection δRmax = 15°. To respond to 

the yawing moment given for one engine inoperative, the required deflection from equation 

(12) has to be 

δR ≤ δRmax 

 

The result from calculation (12) to (15) gives the following for thrust, T = 82 kN. 
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δR =  = 0.253 rad = 13.4° 

 

This means that it is just within the correct parameters so when resizing the vertical tail 

we either need to improve the deflection angle or the angle of attack effectiveness of the 

rudder by changing the rudder to vertical tail chord, cR/cVT. 

As an example a decrease of the hight of the vertical tail by 1 meter leads to  

Vertical stabilizer height: 6.16 m 

Vertical stabilizer area SVT: 22.94 m2 

 

Vertical tail volume ratio VVT  =   = 0.1055                 

 

=  

 

 = 0.52 

 

 

By table (2) we the get 

cR/cVT = 0.3 

 

Hence the rudder chord should correspond to 30% of the vertical tail chord instead of 

25% as before which is possible to achieve from a construction point of view. 
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3.3 Drag investigation 

The lift to drag ratio, also called the fitness ratio, shows the efficiency of the aircraft in 

level flight and has a direct impact on fuel consumtion. A reduction in weight of 1% 

corresponds approximately to 0.75% reduction in fuel. Hence when in level flight the weigth 

equals the force of lift which gives us from a known change in L/D ratio the fuel reduction 

caused by the decrease in drag. 

Since the aircraft spend most of the flying time in cruise at 10700 meters this is the 

situation I will study when reduction in drag for my new aircraft is calculated below. With 

standard settings atmosphere the Reynolds number is found from formula (20) and then the 

CD coefficient is calculated with formula (21). 

 

  

(20) 

           

With the Reynolds numer I can now find the skin friction coefficient cfVT.13 

 

 

(21) 

 

 

Since I found it possible to reduce the vertical tail with 1 meter in height I will now find out 

what this will do for the drag reduction of the entire aircraft.  

 

Original stabilizer 

CDVT =  = 0.001425 

 

Modified stabilizer 

CDVT =  = 0.001236 

 

 

 

This compared to the total drag gives a reduction caused by the new tail to be 0.55% and the 

wing enhancing with 2.6% gives a total drag reduction of 3.15%. 

 

 

                                                        

13  Richard S. Shevell, Fundamenatls of Flight, 2nd edition, Prentice Hall Publication, Springfield,      
1988.  
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737-600 original configuration 737-600 Inflected wing & reduced tail 

CD = 0.0344 CD = 0.0333 

D = 43701 N D = 42305 N 

L = W = 645861 N L = W = 645861 N 

L/D = 14.8 L/D = 15.3 

Fuel = 2520 kg/h Fuel = 2460 kg/h 

 

Table (4) – Drag reduce for the new aircraft 

 

The fuel burn in cruise is 1260 kg/h on each engine at an altitude of 10700 m in standard 

setting atmosphere.7 The reduction in fuel consumption is set to be 2.4% with for the 

modified version which saves 180000 kg of fuel per aircraft flying 3000 hours a year. 

 

The inflected wing also gives a higher drag reduction at low speeds which gives even more 

fuel savings during take off and landing. 

7 

 

 

 

3.4 Solid mechanics 

 

The first test was set to find the bending moment, section modulus and normal stress at 

the wing root. This is based on level flight in mach 0.785 at the normal cruise altitude of 

10700 meters and standard setting atmosphere. 

 

TEST 1 Baseline Inflected Drooped 

Mb(y0)    [Nm] 7.0988∙105 7.1329∙105 7.2221∙105 

Wb(y0)   [m3] 0.0024 0.0024 0.0024 

σmax(yo) [Pa] 2.9173∙108 2.9313∙108 2.9679∙108 

 

Table (5) – Test 1 results 

This means that the bending moment as well as the normal stress of the inflected wing is 

0.48% higher than for the original wing. For the drooped wings the moment and normal 

stress increases with 1.74%. 
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In TEST 2 I reset the starting point in the integral to find out how the stress and bending 

moment is changing along the span for the three types of wings with the same flight and 

atmosphere settings as TEST 1. The result is shown in figure (7) to (9). 

 

Figure (7) – Bending moment as a function of position for the three wingtypes 

 

The highest value curve is possesed by the drooped wing, the middle by the inflected 

wing and the lowest value curve by the original wing. As the result shows the difference in 

bending moment increases with the span even if the deviation between the three is fairly low. 
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Figure (8) – Section modulus of the wing box 

 

Since the section modulus not is affected by the dihedral angle it is the same for the 

three wings and the graf show how it decends depending of the height and chord of the wing 

spar. In the first part of the wing the resistance of the spar is decraeasing fast and then 

change into a more moderate curve. 
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Figure (9) – σmax as a function of position along the wing for the three wings 

 

 

As shown in figure (9) the normal stress has its overall maximum at the wingroot for 

the straight and inflected wing. For the drooped wing the maximum value of the stress is 

found 2.88 meters further out on the wing and is 2.9773∙108 Pa instead of 2.9679∙108 Pa at 

the root. 

At the end of the wings the differens in stress between the three types are more 

apperant.  The maximum difference in stress is found at span position y ≈ 15 meter where 

σmax for the drooped wing is 190% higher than the origimal wing stress at this point. At the 

same position the stress of the inflected wing is 74% higher than the origimal wing stress. 

This suggests that the wing spar need to be made stronger in this area of the wingbox when 

curved wings are constructed. 
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                                 Figure (7) – Original Boeing 737-600 

 

 

 

Figure (8) – Boeing 737-600 with inflected wing and reduced stabilizer 
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DISCUSSION 

4.1 Boeing 737-600 with the drooped wing  

The drooped wings contribution to the rolling moment gives a positive figure of 0.14911 

hencing a very negative stability contribute. This would demand an unproportionally large fin 

and a larger dihedral at the wingroot to compensate. This together with the ground 

interference problem and the fact that the stress causing the wingbox to almost three times 

higher near the end gives the conclusion that drooped wing concept is not the way to make 

fuel savings for the 737 even if the wing itself is very efficient. 

For smaller aircrafts and UAVs drooped wings could be a good alternative. A very high 

dihedral at the wing root and a larger sweep angle that provides rolling moment stability 

could compensate for the instability but demands more strength of the wings spar. Since they 

do not have the same weight loading on the wings as the 737 this would be possible. For 

aircrafts with high mounted wings this could also be a drag reduced solution as they have an 

increase in stability when the fuselage acts as a pendulum. For passengers jets this is unusual 

since it gives a higher structural weight but far from impossible. 

 

4.2 Boeing 737-600 with the inflected wing  

The inflected wing is better suitable for the 737 and its recemblances within passenger 

jets. This is a more realistic and possible solution for aircrafts within this size and beyond. 

The stability giving a positive result is a good step on the way of making this wing to be a 

good candidate of non-planar wings. 

Because of the more complex wingshape it would be a good solution with a composite 

wingspar. As it shows in the result of bending moment and normal stress this wing only gives 

a marginal reduction when it comes to solid mechanics, with a stress at the root that is only 

0.48 % higher then for the straight wing, which makes it well within reach from a 

construction standpoint. 

Even if this is just theoretical results and more parameters have to be taken into 

consideration, such as more stability parameters and solid mechanic investigations, this wing 

would be an improvement to a very successful aircraft. 
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CONCLUSIONS 

5.1 Fuel savings 

A constant desire when designing aircrafts is to reduce drag and weight in order to 

reduce fuel consumption. This is not only a question of economy but important for the 

environment as well. Aircrafts is a fairly large contributer to the greenhouse effect and for 

this reason every fuel saving solution is important. 

The inflected wing is because of its efficiency in gliding flight a better design for this type of 

aircraft then an ordinary conventional straight wing. This since it also provides enough 

stability and meets the requirements of solid mechanics. The increase in wingspar section 

modulus that is needed near the wingtips are compensated for in weight since the vertical 

stabilizer is reduced in size. The total fuel savings are as much as 2.4% corresponding to 180 

tons a year for an aircraft that is flying 10 hours a day and 300 days a year it is a very efficient 

design to implement and evaluate further. 

5.2 Future wing desings 

 

Since aircrafts could differ a lot when it comes to size and purpose the dropped wing is a 

perfect answer for high mounted winged aircraft that needs the instability parameter to 

answer for a too large stability which also does not shear the ground interference problem. It 

is a good answer for other types of aircrafts then passengerjets at this stage of research that is 

an optimized result when it comes to adopting the aerodynamic efficient wings of birds. 

As for the inflected wings in terms of solid mechanics strength requirements and stability 

improvement this is a wing design that would fit airliner jets perfectly. 
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FUTURE WORK 

6.1 Wing spar 

For more complexed shaped wings there is need for further research in terms of solid 

mechanics requirements. The new wing spar needs more investigation and could possibly 

demand more weight and loss in effiency which need to be considered. There are endless 

abilitys when it comes to finding solid mechanics enhancing solutions within composite 

materials and the reinforcement with z-pins is a good example. There are lots of new 

developments within this that needs to be summarized and tested. 

 

6.2 Future aircrafts 

The drooped and inflected wing are two good answers of how wings in the future should 

adapt to the birds well developed efficiency and there is a lot more we can learn from those. 

Birds, just like airplanes, have very different shapes and purposes and many more types of 

wings should be attempted and investigated. 
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APPENDIX 

 
 

MATLAB programs 
 
Rolling moment contribution of wing 
 
 rollmomemt2.m 
 
clear 
clc 
y0 = 2; 
ye = 6; 
yt = 17.16; 
a2 = -8.75; 
a3 = 3.75; 
a4 = 7.5; 
cy1 = 2; 
cy2 = 5; 
cy3 = 17.16; 
c1 = 6.8; 
c2 = 4.5; 
c3 = 1.4; 
S = 124.58; 
s = 17.16; 
gamma0 = 6*pi/180; 
lambda=25.02*pi/180; 
AR=9.4546; 
aoa=((1-0.5)/(7.5-3))*(180/pi); 
a10 = 

(aoa*cos(lambda))/(sqrt(1+(((aoa*cos(lambda))/(pi*AR)).^2))+((aoa*cos(lambd

a))/(pi*AR))); 
aob=((1-0.5)/(7.5-2.5))*(180/pi); 
a20 = 

(aob*cos(lambda))/(sqrt(1+(((aob*cos(lambda))/(pi*AR)).^2))+((aob*cos(lambd

a))/(pi*AR))); 
aoc=((0.8-0.2)/(6.2-0.1))*(180/pi); 
a30 = 

(aoc*cos(lambda))/(sqrt(1+(((aoc*cos(lambda))/(pi*AR)).^2))+((aoc*cos(lambd

a))/(pi*AR))); 
aod=((0.8-0.5)/(6.2-2.5))*(180/pi); 
a40 = 

(aod*cos(lambda))/(sqrt(1+(((aod*cos(lambda))/(pi*AR)).^2))+((aod*cos(lambd

a))/(pi*AR))); 
ay1 = 2; 
ay2 = 7.053; 
ay3 = 12.11; 
ay4 = 17.16; 

  

  
h = (yt-y0)/2000; 
y = y0; 
sum = 0; 
for i = 1:2001 
    if (mod(i,2)== 0) 
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        coeff = 4; 
    end 
    if (mod(i,2)== 1) 
        coeff = 2; 
    end 
    if(i == 1) 
        coeff = 1; 
    end 
    if (i == 2001) 
        coeff = 1; 
    end 

     
    % a(y) 

  
if (y < ay2) 
    ay = a10*(y-ay2)/(ay1-ay2) + a20*(y-ay1)/(ay2-ay1); 
end  
if (y >= ay2 && y < ay3) 
    ay = a20*(y-ay3)/(ay2-ay3) + a30*(y-ay2)/(ay3-ay2); 
end 
if (y >= ay3) 
    ay = a30*(y-ay4)/(ay3-ay4) + a40*(y-ay3)/(ay4-ay3); 
end      

  
% c(y) 

  
if (y < cy2) 
    cy = c1*(y-cy2)/(cy1-cy2) + c2*(y-cy1)/(cy2-cy1); 
end 
if (y >= cy2) 
    cy = c2*(y-cy3)/(cy2-cy3) + c3*(y-cy2)/(cy3-cy2); 
end 

  
 % gamma(y) 
if (y >= y0 && y <= ye) 
    gam = gamma0; 
else 
x = (y-ye)/(yt-ye); 
    wp = ((4*a4*x.^3 + 3*a3*x.^2 + 2*a2*x)/(yt-ye))*0.3048; 
    gamma1 = atan(wp); 
    gam = gamma0 + gamma1; 
end 

     
    sum = sum + (ay*cy*gam*y)*coeff;        
    y = y+h; 
end 

  
sum = sum * (yt-y0)/(6000); 

  

  

  
rollmomemt = sum /-(S*s) 
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Wingshape plot 

 

Wingshape.m 

 
clear 
clc 
y0 = 2; 
ye = 6; 
yt = 17.16; 
a2 = -8.75; 
a3 = 3.75; 
a4 = 7.5; 
gamma0 = 0.0873; 
y = y0:0.5:yt; 
ving = (y-y0)*(gamma0); 
plot(y,ving) 
hold on 
y = y0:0.5:ye; 
    ving = (y-y0)*(gamma0); 
plot(y,ving) 
hold on 
y = ye:0.5:yt; 
   x = (y-ye)/(yt-ye); 
    ving = (a4*x.^4+a3*x.^3+a2*x.^2)*0.3048 + (y-y0)*tan(gamma0); 
plot(y,ving) 
title('Optimization results') 
xlabel('Span (m)') 
ylabel('Height (m)') 
axis equal 

 

 

Vertical stabilizer 

Verticalstabilizer.m 

clear 

clc 

ao = 0.12*180/pi; 

lambda = 35*pi/180; 

AR = 1.91; 

alf = (ao*cos(lambda))/(sqrt(1+(((ao*cos(lambda))/(pi*AR)).^2))+... 

    ((ao*cos(lambda))/(pi*AR))) 

Sf = 26.44; 

hf = 4.53126; 

Sw = 124.58; 

b = 34.32; 

rollingmoment = -alf * Sf * hf / ( Sw * b ) 
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Tail area 

 

Tailmini.m 

 

clear; 
clc; 
rm = -0.03991; 
hf = 4.53126; 
Sw = 124.58; 
b = 34.32; 
alf = 2.43802; 
Sf = rm * Sw * b / ((-alf) * hf) 

 

 
 
 
 
 
 
 
 
 
Wing spar calculations 
 
clear 
clc 
y0 = 2; 
ye = 6; 
yt = 17.16; 
a2 = -8.75; 
a3 = 3.75; 
a4 = 7.5; 
cy1 = 2; 
cy2 = 5; 
cy3 = 17.16; 
c1 = 6.8; 
c2 = 4.5; 
c3 = 1.4; 
S = 124.58; 
s = 17.16; 
q = (0.37892*232^2)/2; 
alpha = 3*pi/180; 
gamma0 = 6*pi/180; 
lambda=25.02*pi/180; 
AR=9.4546; 
aoa=((1-0.5)/(7.5-3))*(180/pi); 
a10 = 

(aoa*cos(lambda))/(sqrt(1+(((aoa*cos(lambda))/(pi*AR)).^2))+((aoa*cos(lambd

a))/(pi*AR))); 
aob=((1-0.5)/(7.5-2.5))*(180/pi); 
a20 = 

(aob*cos(lambda))/(sqrt(1+(((aob*cos(lambda))/(pi*AR)).^2))+((aob*cos(lambd

a))/(pi*AR))); 
aoc=((0.8-0.2)/(6.2-0.1))*(180/pi); 
a30 = 

(aoc*cos(lambda))/(sqrt(1+(((aoc*cos(lambda))/(pi*AR)).^2))+((aoc*cos(lambd

a))/(pi*AR))); 
aod=((0.8-0.5)/(6.2-2.5))*(180/pi); 
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a40 = 

(aod*cos(lambda))/(sqrt(1+(((aod*cos(lambda))/(pi*AR)).^2))+((aod*cos(lambd

a))/(pi*AR))); 
ay1 = 2; 
ay2 = 7.053; 
ay3 = 12.11; 
ay4 = 17.16; 
h1 = 0.06553; 
h2 = 0.04318; 
hy1 = 2; 
hy2 = 17.16; 
cl = 0.5; 

  
ys = y0; 
k = (yt-y0)/100; 
for j = 1:100; 

  
h = (yt-ys)/2000; 
y = ys; 
My = 0; 

  
if (y < cy2) 
    cy = c1*(y-cy2)/(cy1-cy2) + c2*(y-cy1)/(cy2-cy1); 
end 
if (y >= cy2) 
    cy = c2*(y-cy3)/(cy2-cy3) + c3*(y-cy2)/(cy3-cy2); 
end 

  
    % h(y) 
    hy = h1*(y-hy2)/(hy1-hy2) + h2*(y-hy1)/(hy2-hy1); 

     
    % cb(y) 
    cb = cy/2; 
Wby = cb*(hy^2)/6; 

  
for i = 1:2001 
    if (mod(i,2)== 0) 
        coeff = 4; 
    end 
    if (mod(i,2)== 1) 
        coeff = 2; 
    end 
    if(i == 1) 
        coeff = 1; 
    end 
    if (i == 2001) 
        coeff = 1; 
    end 

     
    % a(y) 

  
if (y < ay2) 
    ay = a10*(y-ay2)/(ay1-ay2) + a20*(y-ay1)/(ay2-ay1); 
end  
if (y >= ay2 && y < ay3) 
    ay = a20*(y-ay3)/(ay2-ay3) + a30*(y-ay2)/(ay3-ay2); 
end 
if (y >= ay3) 
    ay = a30*(y-ay4)/(ay3-ay4) + a40*(y-ay3)/(ay4-ay3); 
end      

  
% c(y) 
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if (y < cy2) 
    cy = c1*(y-cy2)/(cy1-cy2) + c2*(y-cy1)/(cy2-cy1); 
end 
if (y >= cy2) 
    cy = c2*(y-cy3)/(cy2-cy3) + c3*(y-cy2)/(cy3-cy2); 
end 

  
 % wp(y) 
 if (y >= y0 && y <= ye) 
    wp = tan(gamma0); 
 else 
    x = (y-ye)/(yt-ye); 
    wp = ((4*a4*x.^3 + 3*a3*x.^2 + 2*a2*x)/(yt-ye))*0.3048 + tan(gamma0); 
 end 

  
 % w (y) 
  if (y >= y0 && y <= ye) 
     wy = (y-y0)*(gamma0); 
  else 
     x = (y-ye)/(yt-ye); 
     wy = (a4*x.^4+a3*x.^3+a2*x.^2)*0.3048 + (y-y0)*tan(gamma0); 
  end 

  

     
    My = My + (ay*cy*(y-ys+wy*wp))*coeff;  
    y = y+h; 
end 

  
My = (My*(yt-ys))*q*alpha/6000; 
Tmax = My/Wby; 

  
plot(ys,Tmax,'k') 
title('Baseline / Inflected / Drooped') 
xlabel('Span (m)') 
ylabel('Tmax') 
hold on 

  
ys = ys + k; 

  
end 

 

 


