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ABSTRACT

EGUEA, J. P. Genetic optimization and experimental validation of a camber
morphing winglet. 2019. 117p. Dissertation (Master) - São Carlos School of
Engineering, University of São Paulo, São Carlos, 2019.

International aviation regulations on emissions are becoming more strict. Improvements
goals on fuel efficiency demand development of technologies capable of reducing fuel
consumption and gas emissions. Morphing structures capability to adapt their aerodynamic
shape for optimal condition in flight brings potential for reduction of aircraft drag and
operating fuel consumption, minimizing gas emissions and fuel expenses. This study
presents an investigation on the impact of a camber morphing winglet on midsize business
jet using numerical simulation and wind tunnel experiments. A genetic algorithm was
used to optimize the winglet sections camber for different flight conditions. Optimized
geometries achieved total drag reduction of up to 0.58% compared to original winglet
for single condition optimization, reaching up to 7 % reduction on consumed fuel on a
typical mission. This efficiency improvement allows aircraft to carry 900 kg additional load,
comprising the morphing system and extra payload. There is an indication of even better
results for applications on a bigger commercial jet. Presented methodology is also suitable
for new winglet fixed geometry design or incorporating morphing technology. Aerodynamic
balance force measurements showed that optimized winglets increased the wing effective
aspect ratio (AReff ), reducing the lift-induced drag, and maximum lift coefficient (CLmax).
However, maximum lift to drag ratio ( L

Dmax
) was reduced on CL optimization region due to

flow differences between optimization and wind tunnel conditions. Aerodynamic efficiency
improvement was found for greater lift coefficients (CL). Reductions on wing tip vortex size
and intensity due to winglet installation are seen on measured vorticity map, showing lift-
induced drag reduction according to Maskell’s equation. Parabolic drag polar and Maskell’s
equation methods were used for lift-induced drag calculation, using balance force and
flowing mapping data for calculations. The presented concept showed considerable aircraft
performance improvement, using a feasible device with greater certification ease than other
morphing structures concepts, once the failure of this system would not compromise flight
safety. Further investigation using computational fluid dynamics (CFD) and wind tunnel
experiments is necessary to develop and test a functional camber morphing winglet device.

Keywords: Midsize business jet. Morphing structures. Winglet. Optimization. Genetic
algorithm. Seven-hole flow mapping. Lift induced drag.





RESUMO

EGUEA, J. P. Estudo da aplicação de uma winglet de camber variável em um
jato executivo. 2019. 117p. Dissertação (Mestrado) - Escola de Engenharia de São
Carlos, Universidade de São Paulo, São Carlos, 2019.

Regulamentações internacionais sobre emissões estão se tornando mais rigorosas. Metas
de melhoria da eficiência de consumo de combustível demandam o desenvolvimento de
tecnologias capazes de reduzir o consumo e emissões de gases. Estruturas capazes de
adaptar sua forma aerodinâmica para condição ótima em voo trazem potencial de redução
do arrasto e consumo de combustível da aeronave, minimizando as emissões de gases
e gastos com combustível. Este estudo apresenta uma investigação sobre o impacto de
uma winglet de camber variável em um jato executivo da categoria mid size utilizando
simulação numérica e experimentos em túnel de vento. Um algoritmo genético foi usado
para otimizar o camber das seções para diferentes fases de voo. As geometrias otimizadas
reduziram o arrasto total em até 0.58% comparadas a winglet original na otimização
de condição única, alcançando até 7% de redução no combustível consumido em missão
típica. Essa melhoria de eficiência permite a aeronave carregar 900 kg de carga adicional,
composta pelo sistema de adaptação e carga paga extra. Há uma indicação de resultados
ainda melhores para aplicação em um jato comercial maior. A metodologia apresentada
é apropriada para projeto de uma nova winglet de geometria fixa ou que incorpore a
tecnologia de adaptação. Medidas de força com balança aerodinâmica mostraram que
as winglets otimizadas aumentaram o alongamento efetivo da asa (AReff), reduzindo o
arrasto induzido, e o coeficiente de sustentação máximo (CLmax). No entanto, a máxima
razão entre sustentação e arrasto ( L

Dmax
) foi reduzida dentro do intervalo de CL da

otimização devido as diferenças entre as condições do escoamento na otimização e no túnel
de vento. Melhoria na eficiência aerodinâmica foi obtida para coeficientes de sustentação
(CL) maiores. Reduções no tamanho e intensidade do vórtice de ponta de asa são vistas
nos mapas de vorticidade medidos, mostrando redução do arrasto induzido segundo a
equação de Maskell. Os métodos da polar de arrasto parabólica e da equação de Maskell
foram usados para o cálculo do arrasto induzido, utilizando nos cálculos os dados de força
da balança e o mapeamento do escoamento. O conceito apresentado mostrou melhoria
considerável no desempenho da aeronave, utilizando um sistema factível e com maior
facilidade para certificação que outros conceitos de estruturas adaptáveis, uma vez que a
falha desse sistema não comprometeria a segurança do voo. Mais estudos são necessárias
para desenvolver e testar uma winglet de camber varável funcional.

Palavras-chave: Jato executivo. Estruturas adaptáveis. Winglet. Otimização. Algoritmo
genético. Mapeamento de escoamento. Arrasto induzido.
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1 PROBLEM DESCRIPTION

According to the International Air Transport Association (IATA) (2013), 2 % of
man-made CO2 emissions is produced by aviation. These emissions are mainly caused
by aircraft engines fuel burn. So, aircraft fuel consumption has direct impact on aviation
market sustainability and both environmental and economic aspects of the market are
influenced by aircraft efficiency.

The International Civil Aviation Organization - ICAO fuel efficiency improvement
goal is proof of the commitment of the aviation industry on reducing its environmental
impact. The ICAO resolution A38-18 have the intention of reducing aircraft gas emissions
and sets goals on fuel efficiency yearly improvement of 2% and reaching carbon-neutral
growth by 2020, affecting new aircraft projects (INTERNATIONAL CIVIL AVIATION
ORGANIZATION - ICAO, 2013). Also, expenses with fuel represent a great deal of
airliner operational costs, reaching about 20% of the total value (INTERNATIONAL AIR
TRANSPORT ASSOCIATION - IATA, 2018). Technologies capable of improving aircraft
performance usage affects companies economic aspects, influencing new aircraft buy choice.
It also affects charter companies, once those fuel expenses are included on service price.
These facts are motivators for researches aiming aircraft drag reduction.

International Air Transport Association - IATA (2013) defined a four-pillar strategy
to reach the emissions reduction goals (Figure 1). Figure 2 shows the expected CO2

emissions reduction expected to be reached with these pillars. The report lists the estab-
lished and in development technologies, grouping them as airframe, engine and fuel/energy
technologies.

The report gives information about the fuel reduction benefits, development status
and calculated technology availability. Considering the technology readiness level (TRL)
classification, researches work most on technologies with TRL 1 to TRL 4. Technologies
presented on the report at this development stage are shown in Table 1.
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Figure 1: IATA pillars for emissions reductions

Source: INTERNATIONAL AIR TRANSPORT ASSOCIATION - IATA (2013)

Figure 2: IATA emissions reductions estimation

Source: INTERNATIONAL AIR TRANSPORT ASSOCIATION - IATA (2013)
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Table 1: Airframe technologies for fuel reduction under TRL 4

Technology
Applicability Fuel

TRL
Availability

to aircraft reduction technology
program benefits

Truss-Braced Wing/Strut-Braced Wing after 2020 10 to 15% 2 2028
Hybrid-Wing-Body after 2020 10 to 25% 4 2026

Cruise-Efficient STOL after 2020 < 1% 3 2027
Morphing Airframe after 2020 5 to 10% 3 2027

Flying without landing gear after 2030 10 to 20% 1 2032
High-Lift / Low-Noise Devices after 2020 1 to 3% 4 2026

Hinge-less Flap after 2030 1 to 2% 3 2027
Windowless Design after 2020 5 to 7% 4 2026

SAFC (Solid Acids as Fuel Cell ) after 2030 1 to 5% 2 2028

Source: INTERNATIONAL AIR TRANSPORT ASSOCIATION - IATA (2013)

Morphing airframe technology presents a TRL 3 and potential fuel consumption
reduction of up to 10 %, making this technology attractive research topic. The literature
shows potential for development on the topic.

Morphing structures enables the aircraft to adapt its geometry to optimum per-
formance at all flight conditions. The aircraft geometry is limited to one fixed shape,
optimized for best performance on a typical mission. This does not imply that it has
optimum performance for every flight phase, operating on a sub-optimal condition for
flight conditions outside the optimization target. Morphing structures brings the possibility
of operating on optimal performance at all flight envelope conditions, reducing wing loads,
fuel consumption and gas emissions.

Application of morphing structures on aircraft components can influence the aircraft
drag in different ways. The aircraft total drag can be divided into friction, pressure, wave,
interference and lift-induced drag. Lift-induced drag component typically accounts for
40% in cruise flight and about 80% on the climb phase (KROO, 2005), representing a
considerable part of the total drag during all flight. Devices capable of reducing lift-induced
drag component can have great impact on aircraft fuel consumption and gas emissions.
This drag component may be reduced by increasing the wing aspect ratio (AR) and wing
span or using wing tip devices. Winglets are an established technology widely used on
aviation industry, capable of reducing tip vortex size, change its position and using the
wing tip rotating flow to produce a pressure distribution that results on a forward pointing
force. This implies on induced drag reduction.

The concept of a morphing winglet can have great impact on aircraft performance,
significantly reducing drag and emissions. Also, winglets are smaller than other structures
and will not cause a critical failure if the morphing system is not working properly. This
makes the morphing winglet a cheaper and more secure technology, increasing the chance
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of application on the industry. These factors make morphing winglets an attractive research
topic.

This research presents an applicability study of the camber morphing winglet
(CMW) on a midsize business jet using both numerical and experimental approach. The
winglet geometry is optimized for different flight conditions using a genetic algorithm,
varying its sections camber using the morphing device concept developed by Martins e
Catalano (2003). Its performance is compared to a fixed geometry plane. The BLWF code
(KARAS; KOVALEV, 2004) is used for the aerodynamic simulations and wind tunnel
experiments are carried out to analyze the effects of the winglet on the wing performance.

Chapter 2 presents a literature review on the drag reduction technologies, winglet
design and morphing structures to better understand the camber morphing winglet scenario.
Chapter 3 presents the numerical optimization, presenting the performance model, genetic
algorithm, aerodynamic simulation tool and discussing the results of the single point and
full mission optimizations. Chapter 4 presents and discusses the wind tunnel experiments
procedures and results. Chapter 5 draws the conclusions on the studied camber morphing
winglet concept applicability.
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2 LITERATURE REVIEW

The theoretical basis of this work is presented in this chapter. The literature review
aimed to better understand the drag production and map the state of the art in winglet
design and morphing structures. The Web of Science, Scopus and Google Scholar databases
were used to look for literature on these topics

2.1 Drag breakdown

According to International Air Transport Association (2013), reaching the gas
emission reduction on aviation goal in 2020 is only possible with the development of
technologies for drag reduction. Understanding the drag production is the key to analyse
in development technologies and their applicability. So, the first step was a review on drag
breakdown.

The wing total drag may be divided in five components (ROSKAM; LAN, 2016):

• Friction drag: the friction drag caused by viscosity. Air velocity on the body surface
is zero and increases through the boundary layer (BL). The velocity difference between
the layers produces shear stress responsible for the friction drag. The friction drag is
directly proportional to body surface area. Turbulent flow results on higher friction
drag than laminar flow.

Figure 3: Boundary layer and viscous drag production

ω

y=0

Source: The author

• Pressure drag: caused by the pressure distribution on the body. The pressure
difference between forward and backward regions of the body generates the pressure
drag. This drag component is strongly dependent on body shape and flow separations.
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Figure 4: Cylinder and airfoil flow separation

Source: Anderson Jr. (2010)

• Wave drag: results from pressure differences through the shock wave. This drag
component occurs when there are velocities higher than the sound speed on some
regions of the body. Wave drag appears on transonic flight regimes and increases the
higher the Mach number is.

Figure 5: Airfoil shock wave

Shock waveM∞

Source: The author

• Induced drag: caused by the flow from the pressure to suction sides on wing tip
due pressure difference on the surfaces. This vortex flow induces angles on wing
sections, reducing wing lift. The flow energy is dissipated on vortex rotating flow,
resulting in lift-induced drag production. This component is dependent on body lift.
The higher the lift, the higher is pressure difference and induced drag.
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Figure 6: Wing tip vortex structure

Source: https://www.aopa.org/news-and-media/all-news/2017/may/flight-training
-magazine/winglets visited on 04 apr. 2019

• Interference drag: caused by the interaction of flow around two bodies placed side-
by-side. The flow interaction causes changes on velocity profiles, pressure gradients
and lift distribution on bodies, causing friction, pressure and induced drag.

Figure 7 shows typical drag breakdown for commercial transonic aircraft (SCHRAUF,
2005). Friction drag and lift dependent drag, or lift-induced drag, correspond to the greats
part of total drag. Investing on technologies capable of reducing these components is the
key to reach the IATA carbon neutral growth goal by 2020.

Figure 7: Commercial transonic aircraft typical drag components

Source: Schrauf (2005)
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2.2 Drag reduction technologies

2.2.1 Lift independent drag

Annex 1 of International Air Transport Association (2013) presents aerodynamic
technologies capable of reducing drag and their relevance for achieving the fuel and
emissions reduction goals. Passive and active technologies for friction drag reduction are
presented, being the most relevant ones:

• Laminar Flow Drag Coatings: application of coating on surfaces that reduces
or damps boundary layer disturbances, creating a surface that avoids laminar flow
degradation. Reductions of 20% for wing skin friction drag were obtained using a
compliant coating, reducing total drag by 5% (GAD-EL-HAK,2002).

• Turbulent Flow Drag Coating: application of coating on surfaces that reduces
skin friction drag on turbulent boundary layer. Studies show that riblets can reduce
drag by 10% (DUAN; CHOUDHARI, 2012)

• Natural Laminar Flow: consists of optimizing aircraft shape and surface for
delaying laminar to turbulent boundary layer transition. This technology can be used
to maintain laminar flow on aircraft nacelles, wing and tail, reducing skin friction
drag (BRASLOW, 2011; Boeing Press Release, 2006; COLLIER, )

• Hybrid Laminar Flow: it has the purpose of maintaining laminar flow over most
of the aircraft surfaces using surface suction or blowing, reducing fuel burn by 15%
(BRASLOW, 2011). Flight tests results showed 10% drag reduction if Boeing 757
entire wing was modified. Airbus also showed potential of 10% fuel burn reduction
on Airbus A320 using active flow control on wing, tail and nacelles (WALL, 2008;
WALL; NORRIS, 2008).

Friction, pressure and wave drag are independent of the body lift coefficient (CL).
The technologies cited so far on affect mainly friction drag. However, other technologies
can reduce some of these other lift independent components. Transonic shock control can
reduce wave drag by 50% without affecting friction drag by manipulating shock wave
structure (BIRKEMEYER; ROSEMANN; STANEWSKY, 2000; OGAWA; BABINSKY,
2006).

Camber variable surfaces can be used both for high-lift devices and control surfaces
continuous and seamless deflections. This technology can increase aircraft maximum lift
to drag ratio ( L

D
), adapting aircraft geometry to flight conditions and reducing total drag.

Carter et al. (2007) presented work using a mission adaptive compliant wing. Application
of compliant adaptive wing was able to improve L

D
by 3.3%, saving 15% on fuel costs for a

B737 or A320 sized aircraft (HETRICK et al., 2007).



39

2.2.2 Lift induced drag

Some technologies were developed for reducing lift-induced drag. Lift-induced drag
(CDi) can be approximated as Eq. 2.1, being proportional to the lift coefficient (CL), wing
aspect ratio (AR) and Oswald’s span efficiency factor (e).

CDi = C2
L

πARe
(2.1)

The definition of aspect ratio is AR = b2

Sw
, where b is the wing span and Sw is the

wing area. From that definition and Eq. 2.1, it is possible to note that increasing wing span,
maintaining its area, reduces induced drag. This way, technologies that enable greater
wing span can be used for induced drag reduction, as the Boeing’s 777-X folding wing tip
(FIELD, 2018). Truss and strut-braced wing concept have been studied as a possibility to
increase wing span and reduce weight without compromising its structural integrity. Gern
et al. (2005) study showed a reduction of nearly 20% take-off gross weight and 29% on
fuel burn, compared to a technologically similar cantilever-wing configuration.

Another alternative for lift-induced drag reduction is wing tip devices capable of
moving the vortex far away from the wing or reduce its strength and size. Coimbra (1997)
and Annex 1 of International Air Transport Association (2013) listed wing tip devices
used for induced drag reduction and their effects. The wing tip devices currently in use on
modern aircraft are:

• Wing fence: swept vertical surfaces extending above and below wing level used to
move and reduce the tip vortex size (MANN; ELSHOLZ, 2005).

• Raked wing tip: a planar wing tip with a high degree of swept angle. The raked
wing tip reduces the tip vortex strength by reducing wing tip chord and increasing
the wing span (HALPERT et al., 2010).

• Winglet: near-vertical lift extensions of the wingtip. The winglet reduces the wing
tip vortex size and strength, reducing the induced drag. It also uses the vortex flow
to generate thrust.

Figure 8 shows examples of listed wing tip devices. These devices are capable of
reducing wing induced drag and fuel burn by 5%. However, wing tip devices increase
aircraft wetted area, increasing skin friction drag, and wing tip load, causing alteration on
wing root bending moment. Increase on wing bending moment can increase wing weight
due to additional structures for resisting this load. In order to solve this dilemma, a
discussion on the winglet design is presented in the next section, explaining its working
principle and presenting a chronological review about its impact on aircraft performance.
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Figure 8: Wing tip devices currently in use on modern aircraft.

Source: Razvan Apetrei (2017)

2.3 Winglet design

Winglets are wing tip devices capable of producing thrust from the tip flow
and reducing the vortex size and strength (KROO, 2001), reducing wing induced drag
component. On the other hand, the additional area causes friction drag increase and
interference drag generation at the wing-winglet union. The winglet must be optimized
to minimize the total drag, making a trade-off between the induced drag reduction and
parasite drag increase on a certain condition (Figure 9).

Figure 9: Winglet drag trade off
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Analysing winglet design structural aspects, winglet installation causes wing tip
loading increase due winglet produced forces. This causes a flexo-compression increase on
wing root, implying on heavier wing structure to resist the load. Both winglet aerodynamic
and wing weight effects should be considered on design process.
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Whitcomb (1976) developed a theoretical methodology for winglet design and
tested a model of a commercial jet model with no wing tip, span extension and winglet.
Span extension and winglet produced the same wing root bending moment, implying same
design weight penalty. Experimental results showed that winglet usage reduced induced
drag by 20% and increased lift to drag ratio (CL

CD
) by 9% at design Mach number (M) and

CL, compared to no tip wing. Winglet increase on CL
CD

was more than double of the ones
obtained with span extension. Heyson, Riebe e Fulton (1977) confirmed recommendations
presented by Whitcomb (1976) by simulating winglets using different wing geometries and
comparing them to extended span wings with same root bending moment. They concluded
that winglets present higher effect on induced drag than extensions for a constant bending
moment.

Further investigation on winglet and span extension trade-off was presented by
Jones e Laslnski (1980). They used the integrated bending moment along wing span and
ideal wing structure as constrain for concept comparison. The computational study showed
that both winglets and span extensions achieve same induced drag reduction for same
ideal wing weight.

Following winglet design discussion, Jupp (2001) presented a study on wing weight,
induced and parasite drag trade-off for wings and wing tip devices geometries. It showed how
complex wing and devices geometry optimization process can be, being a multidisciplinary
approach needed to find the best design.

Numerical methods are used to design and optimize winglet geometry for different
flight conditions. Drag reduction of 4.9% for take-off and landing configurations and
1.6% for cruise condition were achieved by changing wing tip dihedral and swept angles,
using computational fluid dynamics tools to estimate an equivalent drag variation defined
considering aerodynamic effects and root bending moment influence on drag (BUSCHER;
RADESPIEL; STREIT, 2006).

An exploration of aerodynamic and structural effects of winglets was performed
by Takenaka et al. (2008), using a genetic algorithm to optimize winglet geometry for a
commercial jet aircraft. Minimal block fuel and maximum take-off weight (MTOW) were
defined as design objectives, resulting in an optimum geometry that increased the MTOW
by around 0.6% and reduced block fuel by almost 5%. A pareto analysis gave insight on
the relations between winglet geometry parameters, drag components and structural loads.
A specific investigation on winglet cant angle effect was presented by Khalil et al. (2016),
showing CL

CD
increase of 11% for best cant angle winglet with respect to wing with no tip

device.

Wing extension and winglets were again compared on the study by Ning e Kroo
(2010). A multidisciplinary analysis about ideal structural weight, viscous and induced drag
was performed by optimizing wing and winglet torsion angles. Discrete vortex Weissinger
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model (WEISSINGER, 1947) was used to predict the wing sections angles of attack
(αsection) and viscous drag, assuming a section drag parabolic variation with section lift.
Induced drag component was calculated at Trefftz plane by using a drag-free wake leaving
wing planform trailing edge. Tip extensions showed better performance for CLmaneuver

CLcruise
= 1,

while winglets showed better results for CLmaneuver
CLcruise

= 2.5.

An experimental work using aerodynamic balance, surface pressure distribution
and wake surveys with a multi-hole Pitot probe tested wing tip blowing, fixed and adaptive
multi-winglets concepts (CÉRON-MUÑOZ et al., 2013). Multi-winglets showed wing
effective aspect ratio (AReff) increase of 55% and maximum range and rate of climb
were increased by 7% and 12%, respectively. Wing-tip blowing increased wing maximum
efficiency, however, showed not feasible for commercial application due to its large energy
requirements. This makes winglets a better option for performance improvement.

As shown so far, winglets have an impact on aircraft aerodynamic efficiency, fuel
burn and weight. Doing so, winglets installation on existing aircraft affect its direct
operating costs (DOC). Reduction 2% on DOC was achieved with winglet installation for
a long-range passenger aircraft, however, DOC reduction due to improved aerodynamics
was compensated by DOC penalty due weight increase for a regional passenger aircraft
scenario (ELHAM; TOOREN, 2014).

Winglets also are used for improving Un-manned-Aerial-Vehicle (UAV) performance.
Best winglet configuration increased a Medium-Altitude-Long-Endurance Un-manned-
Aerial-Vehicle flight time by 10%.

The literature review brings some important characteristics of winglet design, a
multidisciplinary process that must analyse concepts compliance with project requirements.
The results show winglet high potential on improving aircraft performance at different flight
conditions, considering different constraints for each one of them. However, the final design
consists of a unique fixed geometry that will not present optimum performance for the
whole flight envelope, but optimum design for all flight conditions sum. This limitation can
be overcome by using components capable of adjusting their shape on flight. The so-called
morphing structures enable aircraft to adjust its geometry for optimum performance at each
flight conditions, resulting in a final configuration that sums all optimum designs. Winglet
performance characteristics suggest that combining winglet technology with morphing
structures technologies may enable even greater aircraft performance.

Based on this idea, a literature review on morphing structures is presented in the
next section in order to understand its capabilities, benefits and downsides.
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2.4 Morphing aircraft

Morphing structures are components capable of adjusting their shape to aircraft
flight condition. Different aircraft components may use the morphing technology for control,
load alleviation or performance improvement. Plenty of studies on this topic are available
on literature and are listed on the review made by Barbarino et al. (2011).

Studies on morphing wings capable of changing its platform shape are found, most
of them performed for unmanned air vehicle (UAV) wings. Blondeau, Richeson e Pines
(2003) tested a three section inflatable telescopic UAV wing capable of increasing its aspect
ratio by 114%. However, wind tunnel experiments showed an increase on parasitic drag
due to wing sections seams, reducing its lift to drag ratio ( L

D
) by 25% smaller than its

fixed wing counterpart compared to a rigid wing with same platform geometry. Further
studies on this concept showed aspect ratio increase of 250% achieving the same L

D
of

fixed geometry wing (SAMUEL; PINES, 2007). An electromechanical system to change a
UAV wing span, chord, sweep and twist angle on a wind tunnel test, showing potential on
achieving a minimal drag condition for a CL range (NEAL et al., 2004; NEAL; FARMER;
INMAN, 2006).

Computational studies were also performed on UAV wing platform morphing system,
optimizing span and section camber. Aerodynamic and structural analysis showed that
this concept was able to reduced drag by up to 30% in different flight stages, representing
performance improvements in off-design conditions Gamboa et al. (2009). Also, maximum
speed was increased while takeoff distance was reduced. It was noted that flexible skin
deformation may spoil morphing aerodynamics benefits, being an important issue on
morphing wing development.

A variable stiffness spar (VSS) concept capable of changing wing twist for enhanced
roll control was developed by Chen et al. (2000). Computational results showed that this
concept was able to improve roll performance of an advanced fighter at subsonic and
transonic flight conditions, increasing roll rate by up to 22%. Experimental analysis of the
VSS concept was performed by Florance et al. (2004).

Wing geometry variable according to external aerodynamic loads may be optimized,
increasing aerodynamic performance on cruise (SZODRUCH, 1985; SMITH; NELSON,
1990; SICLARI; NOSTRAND; AUSTIN, 1996; MARTINS; CATALANO, 2003) and ma-
neuver (THORNTON, 1993). A 24.6% increase in aircraft range was obtained with camber
morphing wing concept by (MARTINS; CATALANO, 2003). Performance improvement due
to camber morphing wing concept proposed by Martins e Catalano (2003) was confirmed
by experimental results obtained by Cosin et al. (2010), that used a genetic algorithm
(GA) for optimizing wing sections camber with wind tunnel on loop.

Great performance improvement is obtained using morphing wing concepts. How-
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ever, safety is an important issue for these devices. Wing morphing system failures would be
critical, possible compromising flight safety. This makes certification of such devices really
difficult. Yet, morphing structures concept can be applied to other aircraft components
that do not compromise flight in case of failure.

Wing tip devices have great potential for morphing applications, once they can
greatly improve aircraft performance by changing their shape without affection flight
safety. A variable cant angle winglet was tested as an auxiliary control surface (BOURDIN;
GATTO; FRISWELL, 2008). Computational and experimental results showed that this
winglet concept can be used for control on certain conditions, but can not ensure substitute
all conventional control surfaces for a full control envelop.

Performance increase using variable geometry wing tip devices were also analysed.
A multidisciplinary optimization (MDO), using a genetic algorithm, of morphing winglet
(MORPHLET project) concept capable of changing section dihedral showed increase of
3.5 to 5.2% on specific air range (URSACHE et al., 2007). Further investigations on
the MORPHLET project confirmed the calculated specific air range increase and 3.1%
improvement on CL

CD
at climb (SMITH et al., 2012). It determined take-off and landing

maximum lift increase of 13.8%, reducing the take-off and landing distances by 7% and
7.8%, respectively. Study of a morphing winglet concept based on unsymmetrical stiffness
by citeonlinewang2016morphingwinglet presented CL

CD
increase of 5% with a weight increase

of 3.5%, showing both positive and negative effects of this technology.

Great possibilities for performance improvement are expected from applying mor-
phing technologies on wing tip devices. However, no investigation on application of a
camber morphing winglet was found on literature. In this context, the camber morphing
winglet investigation contributes for further advance on morphing aircraft and performance
improvement.
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3 CAMBER MORPHING WINGLET NUMERICAL EVALUATION

3.1 Camber morphing concept

The morphing concept developed by Martins e Catalano (2003) enables camber
changes on airfoil section by moving both the leading and trailing edges (Fig. 10). The
wing central section (0.25 < x

c
< 0.75) is held fixed in order to preserve the wing structural

box integrity. Leading and trailing edges plugs are used to ensure feasible geometries,
avoiding geometries with no physical or aerodynamic meaning. These characteristics make
this system an attractive option for the camber morphing winglet application, attending
the highlighted safety and feasibility goals for the device.

Figure 10: Morphing system representation

(a) Airfoil before morphing

LE Plug TE Plug

0.25c 0.25c

Fixed section

(b) Airfoil after morphing
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δx TEδx LE

δz LE

rotation = slope rotation = slope

Source: Martins e Catalano (2003)

Two parameters defined the morphed section geometry, setting the leading (Ple)
and trailing (Pte) edge deflections. The parameters were limited on interval that produced
feasible geometries, as:

−2.45 ≤ Ple ≤ 1.3 (3.1)

−0.1 ≤ Pte ≤ 0.05 (3.2)

Based on these parameters, the camber line equation is calculated using Eq. 3.3 to
3.7. The airfoil surface and camber line are interpolated using cubic splines to ensure their
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smoothness. The presented camber morphing system was used for studying the camber
morphing winglet application.
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3.2 Aircraft geometry

In order to demonstrate the camber morphing winglet technology benefits, a midsize
business jet was selected as reference aircraft (Fig. 11). Typical business jets have a low
wing configuration, T-tail and nacelle installed on fuselage. Winglets are widely used on
these jets, both for performance and aesthetic reasons.
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Figure 11: Generic midsize business jet geometry
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Figure 12 shows the winglet close up, detailing the variable camber sections position.
The same airfoil (Fig. 13) was used on the five sections, being the camber variation the
only difference between them. The surfaces between the camber variable sections are
interpolated using the BLWF code geometry construction function.

Figure 12: Winglet geometry and camber adaptable sections
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Source: The author

Figure 13: Airfoil used on the winglet sections for the morphing optimization

Source: The author
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3.3 Aircraft performance model

A performance model was used to simulated aircraft flight on a typical mission and
the camber morphing winglet fuel consumption improvements evaluation. The aircraft
typical mission was defined based on the instrument flight rules (IFR) which includes
takeoff, climb, cruise, descent and landing phases (Fig. 14) having fuel enough for flying to
an alternative airport 200 NM away and 30 minute loiter after arriving at the destination
from the Federal Aviation Administration (1978, 1997).

Embraer’s Legacy 500 was selected as benchmark for the simulation airspeeds
for each phase (AGÊNCIA NACIONAL DE AVIAÇÃO CIVIL, 2014), aircraft weights,
range, engine parameters and mission fuel consumption (BUSINESS & COMMERCIAL
AVIATION, 2015). These values were used for performance model calibration.

Figure 14: Mission profile
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(a) Engine start, warm up,taxi, take-off and climb to 1500 ft . It is considered a weight
at the end of this phase as Wto = 0.98TOW (ROSKAM, 2015)

(b) Acceleration from Mach = 0.3 to IAS = 154m
s
at h = 1500ft

(c) Climb at constant IAS = 154m
s
from 1500 ft to 10000 ft

(d) Acceleration from IAS = 154m
s
to IAS = 165m

s
at h = 10000ft.

(e) Climb at constant IAS = 165m
s
from 10000 ft until Mach = 0.8

(f) Climb at constant Mach = 0.8 to h = 43000ft

(g) Cruise at Mach = 0.8 and h = 43000ft
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(h) Acceleration from Mach = 0.8 to Mach = 0.8124 at h = 43000ft

(i) Cruise at Mach = 0.8124 and h = 43000ft

(j) Climb from h = 43000ft to h = 45000ft at M = 0.8124

(k) Cruise at Mach = 0.8124 and h = 45000ft

(l) Descent from h = 45000ft at constant M = 0.8 until IAS = 165m
s

(m) Descent to h = 10000ft at constant IAS = 165m
s

(n) Descent to h = 5000ft at constant IAS = 154m
s

(o) Loiter at h = 5000ft for tloit = 30min

(p) Descent from h = 5000ft to h = 1500ft at constant IAS = 154m
s

(q) Landing from 1500 ft, taxi and engine shut down. It is considered a weight at the
end of the taxi as Wld = 0.992Wi (ROSKAM, 2015)

Roskam e Lan (2016) presented a methodology to represent the aircraft dynamics
during flight, allowing the calculation of the velocity, altitude and weight variations
throughout the mission. The mission was divided into time steps during which the forces
acting on the aircraft are considered constant. Sections 3.3.1 to 3.3.3 describe each flight
phase and show their dynamics equations.

3.3.1 Climb equations

The forces acting on the airplane during climb are shown on Figure 15. Roskam e
Lan (2016) defines, assuming constant small climbing angles (φc < 15◦) and considering
engine thrust aligned with flight path (φt = 0), the climb dynamics equations as:

Figure 15: Forces acting on plane during climb
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Source: The author

• Normal to the flight path
L = W (3.8)
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• Along the flight path
T −D − W

g

dV

dt
= W sinφc (3.9)

Since we have that the rate of climb (RoC) is:

RoC = dh

dt
= V sinφc (3.10)

It can be deduced from Equations 3.8 to 3.10 that:

RoC =
(T−D)V

W

1 + V
g
dV
dh

(3.11)

dV
dh

is calculated based on climb condition:

• For constant IAS climb
dV

dh
= 0.567M2 (3.12)

• For constant Mach climb
dV

dh
= −0.133M2 (3.13)

Business jets need to climb to cruise flight level as fast as possible in order to
minimize flight time and fuel consumption. This way, the optimization has the objective is
set to maximize the rate of climb RoC. Equation 3.11 shows that RoC is proportional to
thrust (T ) and lift to drag ratio ( L

D
), being maximum RoC obtained by maximizing these

two parameters. The engine maximum continuous thrust (T = Tmaxcont = 0.625Tmaxav)
is used during all the climb, in order to maximize the RoC. The maximum continuous
thrust depends only on the flight height (Section 3.3.5), being independent of geometries
variations due to the morphing winglet. This way, the optimization algorithm will look for
a maximum L

D
configuration, maximizing the genetic algorithm objective function (Eq.

3.14), resulting on maximum RoC, minimum fuel consumption and time to climb.

Fclimb = 10CL
CD

(3.14)

3.3.2 Cruise equations

The forces acting on the aircraft on constant Mach number and altitude cruise are
shown on Figure 16. The dynamics equations for are:
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Figure 16: Forces acting on plane during cruise
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• Normal to the flight path
L = W (3.15)

• Along the flight path
T = D (3.16)

From the engine model shown on Section 3.3.5, weight variation is determined by:

dW = −TSFC × T × dt (3.17)

From Equations 3.15 to 3.17 we have that:

T = D = W
CL
CD

(3.18)

R = − V CL
TSFCCD

∫ Wfinal

Winitial

dW

W
= V

TSFC

CL
CD

ln Winitial

Wfinal

(3.19)

So, the maximum range is obtained by maximizing V CL
CD

. The cruise speed must
avoid to exceed the drag-divergence Mach when maximizing V CL

CD
. The air speed can be

related to the Mach number using the relation:

V = M

√
τ

τ0
a0 (3.20)

Substituting the velocity relation from Equation 3.20 at Equation 3.19 results:

R =
a0
√

τ
τ0

TSFC
M
CL
CD

ln Winitial

Wfinal

(3.21)
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For a fixed range, final weight can be calculated using Eq. 3.21 as:

R =
a0
√

τ
τ0

TSFC
M
CL
CD

ln Winitial

Wfinal

⇒ Wfinal = Winitial −
R× TSFC
a0
√

τ
τ0
M CL

CD

(3.22)

From Eq. 3.22, the minimum fuel consumption is obtained by increasing M CL
CD

or
reducing the TSFC. The TSFC depends on the engine efficiency only and is not affected
by the camber morphing winglet geometries changes. Also, the mission profile defines a
constant height and Mach number cruise (M = cte). This way, CL

CD
must be reduced in

order to reduce aircraft fuel consumption on cruise. So, the objective function is:

Fcruise = 10CL
CD

(3.23)

The optimization maximizes the objective function, finding the winglet geometry
that minimizes fuel consumption on cruise.

3.3.3 Descent equations

Forces acting on the airplane on descent are shown on Figure 17. The rate of
descent (RoD) is similar to the RoC equation, being calculated as:

Figure 17: Forces acting on plane during descent
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RoD =
(T−D)V

W

1 + V
g
dV
dh

(3.24)

The dV
dh

is calculated using Equations 3.12 and 3.13, according to descent condition.
Similarly to climb, the objective is to minimize time of descent, flight time and aircraft fuel
consumption on descent. Equation 3.24 shows that RoD is proportional to thrust (T ) and
lift to drag ratio ( L

D
), being maximum RoD obtained by maximizing these two parameters.
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Once the aircraft thrust (T ) is fixed at a minimal (Tidle = 0.06Tmaxav), the maximum RoD

is obtained by maximizing L
D
. This way, the optimization objective function for descent is:

Fdescent = 10CL
CD

(3.25)

3.3.4 Loiter equations

Loiter is defined as constant speed and height flight condition, being the dynamics
equations similar to cruise equations. This way, objective function for loiter defined as:

Floiter = 10CL
CD

(3.26)

3.3.5 Engine model

The engine thrust and fuel consumption is modelled based on the Legacy 500
propulsion system and fuel consumption information (BUSINESS & COMMERCIAL
AVIATION, 2015). The variation on maximum thrust (Tmaxav) and thrust specific fuel
consumption (TSFC) with altitude and speed are based on engine models presented by
Eshelby (2000), Mair e Birdsall (1996) and Ojha (1995). The used equations are:

Tmaxav = Tmax

(
ρ

ρ0

)0.7

(3.27)

TSFC = TSFC0

√
T

T0
M0.48 (3.28)

Aircraft weight variation during flight is calculates using Equation 3.29, where dt
is the time step used on simulation.

∆W = −TSFC × T × dt (3.29)

Engine parameters Tmax, TSFC0, Tmaxcont and Tidle were determined by simulating
two missions, using ranges, BOW, payload and fuel weights of a Legacy 500 (BUSINESS
& COMMERCIAL AVIATION, 2015). The model values are adjusted to match Legacy
500 fuel consumption, climb and cruise durations, resulting on the parameters shown on
Table 2.
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Table 2: Engine performance parameters

Tmax [N] Tmaxcont [-] Tidle [-] TSFC0 [ kgNs ]
62600 0.625Tmaxav 0.06Tmaxav 1.859× 10−5

Source: The author

Simulation fuel consumption error was smaller than 0.5% compared to aircraft fuel
consumption listed on Business & Commercial Aviation (2015) and shown on Table 3.

Table 3: Engine model validation

Range [NM] Fuel consumption [kg] Simulation fuel consumption [kg] Error [%]
3125 5103 5127 0.3
1000 1701 1680 0.5

Source: Business & Commercial Aviation (2015)

3.4 Optimization algorithm

The camber morphing winglet optimization problem consists of a non-linear objec-
tive function problem of unknown shape with multiple variables. This way, gradient-based
algorithms are not suitable for this application. The genetic algorithm (GA) is a gradient
independent evolutionary optimization method based on the natural selection process.
It is useful for multidisciplinary problems with unknown non-linear objective functions,
being already used on wing geometry optimizations problems (CAYIROGLU; KILIC,
2017; COSIN et al., 2010; OYAMA et al., 1997). Good results were found using GA
for aerodynamics optimization problem. This makes the GA an attractive optimization
algorithm for the camber morphing winglet optimization problem.

The GA is a stochastic optimization method that starts from a random initial
population and by means of algorithm operators, which mimics the natural evolution
process, moves towards the optimum solution. The population is composed of individuals
represented by binary chromosomes. Each gen in the chromosome is a four-digit binary
number that defines a variable that defines the leading (Ple) and trailing (Pte) edge
parameters of the five winglet camber variable sections (Fig. 18).



55

Figure 18: Gen representation on the winglet optimization
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The Ple and Pte are calculated as function of the variables (V ari):

Plei = 0.25V ari − 2.45 i = 2, 4, 6, 8, 10 (3.30)

Ptei = 0.01V ari − 0.1 i = 1, 3, 5, 7, 9 (3.31)

This results on a chromosome 40 bits long composed by 10 variables. The Ple and
Pte parameters are defined on the intervals showed on Eq. 3.1 and 3.2, with variations of
∆Ple = 0.25 and ∆Pte = 0.01. The variations on the section camber as function of Ple and
Pte are shown on Eq. 3.3 to 3.7. In order to guarantee that only feasible geometries are
generated, a constraint on both leading and trailing angles of all sections was set. The
limitations defined that the angles of a section can only be equal or bigger than the angles
of the previous section, avoiding alternating camber direction changes from winglet root
to tip. These constrain is defined on Ple and Pte parameters as:

Plei = max(0.25V ari − 2.45, Plei−2) i = 4, 6, 8, 1 (3.32)

Ptei = max(0.01V ari − 0.1, Ptei−2) i = 3, 5, 7, 9 (3.33)

The population individual’s chromosomes define winglet geometries that differ
sections camber only. Each individual fitness is calculated using the aerodynamic coefficients
obtained from BLWF simulation (Section 3.5) and the objective functions defined on
Eq. 3.14 to 3.26. Goldberg (1989) recommends a fitness scaling before the individual’s
selection process for reproduction is done. Fitness scaling avoids population dominance by
exceptional individuals on first generations, which would cause premature convergence.
Fitness scaling is defined in Eq. 3.34. The parameters k1 and k2 are calculated from the
Eq. 3.35 and 3.37.

F ′ = k1F + k2 (3.34)
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k1 = Fmean
(Fmax − Fmean) (3.35)

k2 = (2− k1)Fmean (3.36)

No individual may have F ′ ≤ 0, so if F ′min = k1Fmin + k2 ≤ 0 then the scaling
parameters k1 and k2 are recalculated using Eq. 3.36 and 3.38. Finally the individual
selection probability is defined by Eq. 3.39.

k1 = Fmean
(Fmean − Fmin) (3.37)

k2 = −k1Fmin (3.38)

Pind = F ′

sum(F ′)pop
(3.39)

The GA uses principles of selection of the fittest to move towards optimum solution
from the initial population. The individual selection process for reproduction is based on
two methods:

• Elitism: individuals with the best fitness are selected and added to the next genera-
tion population. These best individuals direct selection process is used to ensure that
at least a percentage of the best individuals in each generation will be selected for
matting. A typical elitism percentage (pe) of 5% was used on the morphing winglet
optimization.

• Roulette wheel selection: next population remaining individuals are selected
using fitness proportionate selection. Each individual has a selection probability
proportional to its fitness, so fittest individuals have greater chances of being selected.
A random selection is made based on the probabilities, defining the individuals that
will be matted. The method is similar to a roulette wheel in a casino, where a ball is
randomly spun and has a chance to stop on the roulette numbers.

The selected individuals are paired and undergo the crossover process. This process
is responsible for the evolution and optimum-wise movement of the solution. Crossover
consists of a random chromosome parts exchange between selected couples. The crossover
point is randomly selected and all chromosome information after this point is exchanged
between the matted individuals, generating the next generation population. Figure 19
illustrates the crossover process.
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Figure 19: Crossover process example
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These new individuals are then subjected to a mutation process. Mutation process
consists of random change on chromosome information that occurs with a certain probability.
This process is responsible for inserting genetic variability on the population, avoiding
premature and local optimal convergence. However, high mutation probability (pm) can
insert bad individuals on the population, delaying convergence. The pm was selected by
testing values and analysing solution convergence on a fixed condition camber morphing
winglet problem, being pm = 0.25% chosen as final value. Figure 20 illustrates the mutation
process.

Figure 20: Crossover process example
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A new population is defined after mutation. The individuals of the new generation
are evaluated, selected, subjected to crossover and mutation like the previous generation,
defining a new generation. This process is repeated until the convergence criterion is
reached. Figure 21 shows a representation of the GA used in this study.

The GA solution quality is very sensitive to population size and number of genera-
tions for convergence. Thierens e Goldberg (1994) suggested that the minimum population
size (nmin) and minimum number of generations (gconvmin) for convergence to a global
optimum are nmin = 2l and gconvmin = π

2
2
√
πl, where l is the chromosome length. An

analysis on the influence of n and gconv was done to validate the minimum values suggested
by Thierens e Goldberg (1994).

According to the method presented by Thierens e Goldberg (1994), an estimative
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on the minimal population size and generations can be made from the chromosome length.
The camber morphing winglet optimization chromosome has l = 40, then calculated
values are nmin = 80 and gconvmin = 18. In order to check convergence, populations of size
n = 10gconv were tested on a camber morphing winglet optimization for climb condition.
The best fitness after gconv was compared for the different population sizes. The results
show that n = 300 and gconv = 30 are the minimum population size and number of
generations required to ensure convergence (Fig. 22).

Figure 21: Genetic algorithm optimization process block diagram
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After the GA code validation and parameters analysis, the camber morphing
winglet GA optimization parameters were selected as shown in Table 4. A maximum of
30 generations was chosen as stop criterion, ensuring convergence according to available
computing resources. These parameters were used on both the single point and full mission
optimizations.
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Figure 22: Population size and number of generations influence on optimum individual
fitness
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Table 4: GA parameters used on the camber morphing winglet optimization

n [-] gconv [-] l [-] N◦ Variables pm [%] pe [%]
300 30 40 10 0.25 5

Source: The author

Four test functions, base on De Jong (1975) proposition, were used to check GA
capability to find optimum using the set of parameters on Table 4. This validation functions
equations are shown on Table 5 . The GA was able to find an optimal solution for all
cases, being tested for a total of 50 random initial populations tested for every function
(Fig. 23 to 26). Table 6 shows function maximum compared to GA found optimum value,
showing that the select GA parameters ensure convergence towards the global optimum.

Table 5: Test functions for GA validation

Function (f) Limits
f1(x1, x2) = 60−

∑2
i=1 x2

i −5.12 ≤ xi ≤ 5.12
f2(x1, x2) = 4000− 100(x2

1 − x2).2 − (1− x2
1) −2.048 ≤ xi ≤ 2.048

f3(x1, x2) = 60−
∑2
i=1 floor(xi) −5.12 ≤ xi ≤ 5.12

f4(x1, x2) = 1250−
∑2
i=1 ix2

i −1.28 ≤ xi ≤ 1.28

Source: The author
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Figure 23: f1 surface and maximum compared to GA optimum points

Source: The author

Figure 24: f2 surface and maximum compared to GA optimum points

Source: The author
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Figure 25: f3 surface and maximum compared to GA optimum points

Source: The author

Figure 26: f4 surface and maximum compared to GA optimum points
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Table 6: GA validation results

Function (f) fmax GA max GA error [%]
f1 60 59.99 0.02
f2 4000 3999 0.25
f3 10 10 0
f4 1250 1250 0

Source: The author

3.5 Aerodynamic Model

Business jet flight envelop includes subsonic and transonic conditions at a great
range of Reynolds (Re) and Mach numbers (M). The chosen aerodynamic evaluation
software must simulate Reynolds variation and transonic effects, calculating influence on
lift and drag with reasonable precision so different winglets geometries can be compared.

The lifting-line and vortex-latex methods do not simulate transonic effects, making
then not proper for this work. CFD codes are capable of simulating both viscous and
transonic effects making them a possible choice for the aerodynamic analysis. However, the
GA is an evolutionary algorithm, based on the analysis of a population of individuals for
some generations. These individuals must be simulated so they can be evaluated at every
generation. Using a CFD code for aerodynamic simulation would be very time consuming,
being a faster solver needed.

BLWF code is a fast aerodynamic evaluation tool, capable of performing preliminary
aerodynamic analysis on transonic transport aircraft configurations. The German Aerospace
Center (DLR) compared wing-fuselage configuration BLWF simulation with wind tunnel
experiments results, analysing the code lift and drag estimation accuracy (ZHANG;
HEPPERLE, 2010). BLWF was able to estimate with reasonable accuracy lift, drag and
lift to drag ratio for Mach numbers smaller than model drag divergence Mach number,
finding good results for Mach up to m = 0.9. The simulation accuracy increases the smaller
the Mach number. The results showed that the BLWF code is well suitable subsonic
and transonic aerodynamic tool for a preliminary analysis of transonic transport aircraft
configurations, as a business jet.

The BLWF (KARAS; KOVALEV, 2004) code adopts the full potential governing
equations coupled with a integral boundary layer subroutine. Jameson e Caughey (1977)
presents the full potential model equations and conditions. Air density (ρ) is not considered
constant on mass conservation equation (Eq. 3.40) and is calculated using the isentropic
formula (Eq. 3.42). Velocities components (u,v,w) are calculated from velocity potential
(Φ) as shown on Eq. 3.41. The pressure (p) and air speed (V ) are normalized on the far
field as p = 1 and V = 1. This way the pressure (p) and speed of sound (a) are calculated
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using Eq. 3.43 and 3.44.

∂(ρu)
∂x

+ ∂(ρv)
∂y

+ ∂(ρw)
∂z

= 0 (3.40)

u = ∂Φ
∂x

v = ∂Φ
∂y
w = ∂Φ

∂z
(3.41)

ρ =
(
1 + γ−1

2 M2
∞(1− V 2)

) 1
γ−1 where V 2 = u2 + v2 + w2 (3.42)

p = ργ

γM2
∞

(3.43)

a2 = ργ−1

M2
∞

(3.44)

Airspeed on far field is defined as constant and equal to M∞ and normal velocity
(un) is equal zero on body surface. Additionally, it is considered continuity of Φ and ρun
on shock jump. Wave drag is calculated from the variation of normal velocity through
shock wave under the isentropic assumption.

Jameson e Caughey (1977) describes the finite volume method used for solving
the full potential equations on BLWF. The integral boundary layer subroutine method
used on the software is described by Mclean e Randall (1978). BLWF also includes a mesh
generator for all surfaces, as described by Yu (1980). BLWF generates an initial mesh that
is used for aircraft simulation. A second mesh is generated by refining the first mesh using
the results from the first simulation and another solution is calculated using the new mesh.

Geometry information and conditions for calculations are given using a text doc-
ument as defined on the software manual (KARAS; KOVALEV, 2004). An example of
the input file is given in Appendix A. The aerodynamic simulations are performed at
every optimization point, with fixed CL, M and Re. The program outputs aircraft’s parts
individual CL; CD components and lift distribution over lifting surfaces. These coefficients
are used to evaluate aircraft performance at each condition during the optimization process.

3.6 Single point optimization

3.6.1 Optimization structure

The single point optimization consisted of optimizing winglet sections camber using
the genetic algorithm for a fixed flight condition. A wing, winglet and fuselage configuration
was used on the single point optimization, being defined four conditions similar to flight
phases in a business jet envelop. All four conditions are fixed, so no weight variations were
considered throughout the optimization process.
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The climb condition was chosen for the camber morphing winglet single point
optimization for demanding higher values of CL, implying in high induced drag. Adapting
the winglet geometry to an optimum configuration can have great impact on time to
climb and mission fuel consumption, making an investigation on camber morphing winglet
effectiveness on climb necessary.

During the cruise phase, the lift coefficient is smaller than on climb due to the high
flight speed. However, most of the flight time is spent on cruise and weight has considerable
variation during this phase, and so does lift coefficient. This way, the camber morphing
winglet could adjust the winglet geometry to maximize the performance of the aircraft
during cruise, having a great impact on fuel consumption. Three cruise corresponding to
cruise right after finishing climb (heavy cruise), at the middle of the mission (mid cruise)
and right before descent (light cruise) were selected for single point optimization.

The conditions are defined according to its lift, Reynolds and Mach numbers as
shown in Table 7. The lift coefficient for the flight conditions was determined using basic
operating weight (BOW), payload, flight speeds and fuel capacity averages for midsize
business jet category (BUSINESS & COMMERCIAL AVIATION, 2015) and using the
fuel-fraction method presented by Roskam (2015).

Table 7: Parameters of conditions on camber morphing winglet optimization

Flight condition Re[−] M [−] CL[−]
Climb 14.8× 106 0.6 0.5150

Heavy cruise 9.75× 106 0.75 0.4885
Mid cruise 9.75× 106 0.75 0.4525
Light cruise 9.75× 106 0.75 0.4165

Source: The author

3.6.2 Results

The GA optimization (Section 3.4) was performed adopting the flight conditions
described on Section 3.6.1. An analysis of the population fitness and winglets geometry
evolution throughout generations was made to investigate solution behavior.

Population best, the worst and mean individuals fitness evolution for each condition
are shown in Fig. 27 to 34. The best individuals show fitness improvement until around the
15th generation, showing that the generation number was overestimated. Steps on fitness
increase are seen for all cases, showing that the GA finds locally optimum geometries and
is able to avoid getting stuck at them. However, fitness variation from first generation best
individual to optimum is small. This can be caused by population size bigger than the
necessary for optimization, generating well-fitted individuals on first generations.
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Analysing the fitness evolution of the mean and worst individuals throughout
generations, a clear convergence to an optimum can be seen after 30 generations. Both
mean and worst individuals fitness move towards the best individual fitness, despite
oscillations on worst individual fitness due to random bad individuals generation caused
by the mutation process.

Figure 27: Best evolution through the generations for climb condition
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Figure 28: Best, worst and mean individual fitness evolution through the generations for
climb condition
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Figure 29: Best individual fitness evolution through the generations for heavy cruise
condition
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Figure 30: Best, worst and mean individual fitness evolution through the generations for
heavy cruise condition
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Figure 31: Best individual fitness evolution through the generations for mid cruise condition
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Figure 32: Best, worst and mean individual fitness evolution through the generations for
mid cruise condition
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Figure 33: Best individual fitness evolution through the generations for light cruise condition
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Figure 34: Best, worst and mean individual fitness evolution through the generations for
light cruise condition
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An investigation on camber variation throughout winglet span and optimization
generations (Figures 35 to 38) was made to check if the results correspond to the expected
camber variation tendencies. The original airfoil is shown on figures to help to understand
the differences of the optimized sections.

The climb configuration root section exhibits a great angle on both leading and
trailing edge, resulting in a very cambered airfoil. Following sections still have great trailing
edge angles but presents almost no leading edge angle. The same trend is seen on the
leading edge of all cruise configurations. Cerón-Muñoz e Catalano (2006) measurements
show that that lateral flow angle on winglet reduces on winglet spanwise direction, requiring
more camber on the root section than on others. The optimization camber variation on
the spanwise direction is in accordance with these experimental results.

Smaller CL implies less induced drag and smaller induced angles on winglet sections,
resulting in less cambered sections. Optimization section evolution shows a leading and
trailing edge deflections decrease with CL reduction, meting the literature expectations.
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Figure 35: Evolution of sections airfoil of the best and worst individual through the
generations for climb condition
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Figure 36: Evolution of sections airfoil of the best and worst individual through the
generations for heavy cruise condition
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Figure 37: Evolution of sections airfoil of the best and worst individual through the
generations for mid cruise condition
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Figure 38: Evolution of sections airfoil of the best and worst individual through the
generations for light cruise condition
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Table 8 and 9 show the total and induced drag components for the four flight
conditions, comparing optimized geometry with baseline fixed geometry winglet. Both
total and induce drag are reduced with the morphing winglet, however, the reduction on
total drag is bigger than induced drag reduction at three of them. This shows that the
camber morphing was able to reduce other lift independent drag components. The heavy
cruise geometry was the only one that induced drag reduction was bigger than total drag
reduction.

Table 8: Total drag comparison between baseline and optimized camber morphing winglets

CDtotal(×10−4) [-] CDinduced(×10−4) [-]
Condition Baseline Optimized ∆CD %∆CD

Climb 377.4 375.2 -2.2 -0.58
Heavy cruise 362.6 362.5 -0.1 -0.03
Mid cruise 343.2 342.7 -0.5 -0.15
Light cruise 321.8 321.3 -0.5 -0.16

Source: The author
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Table 9: Induced drag comparison between fixed geometry and optimized camber morphing
winglets

CDtotal(×10−4) [-] CDinduced(×10−4) [-]
Condition Baseline Optimized ∆CD %∆CD

Climb 75.0 74.2 -0.8 -1.1
Heavy cruise 66.5 66.1 -0.4 -0.6
Mid cruise 58.6 58.2 -0.4 -0.7
Light cruise 49.9 49.6 -0.3 -0.6

Source: The author

3.7 Mission optimization

Mission optimization was performed using the typical business jet mission profile,
which was dived by time steps of different sizes resulting on 19 optimization points including
climb, cruise and descent conditions. The full configuration (wing, fuselage, winglet, nacelle
and tail) was used on the mission optimization.

Aircraft take off weights are based on Legacy 500 values (BUSINESS & COMMER-
CIAL AVIATION, 2015). Lift was calculated based on calculated aircraft weights, lift,
speed and altitude at every selected point as defined on Section 3.3. Based on calculated
CL, Re and M , BLWF code simulations were performed for estimating winglets geometries
CD (Section 3.5). The simulations results are used at the GA (Section 3.4 for finding
the best configuration for the given condition. The optimum configuration aerodynamic
coefficients are used on the presented performance equations for calculation of aircraft
acceleration, RoC, required thrust, RoD and fuel consumption. After these calculations,
the next condition is defined based on weight, height and speed variations. Take off and
landing phases are exceptions aircraft weight variation is calculated using the weight
fraction method (ROSKAM, 2015) due the difficult to simulated these conditions without
flap and slats information. No control surface deflections were applied and no stability
calculations were performed during the mission simulation. Tables 10 and 11 show at
mission optimization points parameters for the two mission simulations.
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Table 10: Maximum range mission optimization points parameters

Range = 3125 NM TOW = 16100 kg
Condition W [kg] h [ft] V [ms ] CL [-] M [-] Re [6]

15775 1500 102 0.60 0.30 17.1
15760 1500 157 0.25 0.47 26.5
15736 6540 170 0.25 0.51 25.3
15713 10000 182 0.24 0.55 24.8

Climb 15688 10000 192 0.22 0.58 26.2
15626 22300 235 0.22 0.75 23.1
15573 29400 243 0.26 0.80 19.4
15521 38000 236 0.39 0.80 14.1
15478 43000 236 0.49 0.80 11.1
15437 43000 236 0.49 0.80 11.1
14954 43000 236 0.47 0.80 11.1
14441 43000 240 0.44 0.81 11.2
13941 43000 240 0.43 0.81 11.2

Cruise 13633 43000 240 0.42 0.81 11.2
13161 43000 240 0.40 0.81 11.2
12714 43000 240 0.39 0.81 11.2
12278 43000 240 0.38 0.81 11.2
12061 45000 240 0.41 0.81 10.2

Descent 12057 35300 241 0.26 0.81 16.1

Source: The author

Table 11: 1000 NM mission optimization points parameters

Range = 1000 NM TOW = 12700 kg
Condition W [kg] h [ft] V [ms ] CL [-] M [-] Re [6]

12441 1500 102 0.47 0.30 17.1
12426 1500 157 0.20 0.47 26.5
12403 8100 174 0.19 0.53 24.2

Climb 12381 10000 190 0.17 0.58 24.8
12356 10000 192 0.17 0.58 26.2
12299 26200 247 0.16 0.80 20.4
12246 37700 236 0.22 0.80 14.2
12210 43000 236 0.30 0.80 11.1
11953 43000 240 0.37 0.81 11.1
11844 45000 240 0.36 0.81 10.1
11742 45000 240 0.36 0.81 10.1

Cruise 11639 45000 240 0.36 0.81 10.2
11542 45000 240 0.35 0.81 10.2
11442 45000 240 0.35 0.81 10.2
11342 45000 240 0.35 0.81 10.2
11245 45000 240 0.35 0.81 10.2
11242 35460 240 0.34 0.81 16.0

Descent 11236 30000 253 0.34 0.83 19.4
11233 12000 198 0.35 0.61 34.3

Source: The author
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Table 12 presents the comparison of the simulation results from the original fixed
geometry and camber morphing winglet.

Table 12: Mission simulation results

Range = 3125 NM
Original winglet Camber morphing winglet ∆ [%]

Time to climb (@ 430 FL) [min] 18 18 0.0
Climb fuel consumption [kg] 314 314 0.0

Cruise time [h] 6.67 6.67 0.0
Cruise fuel consumption [kg] 3755 3673 -2.2
Mission fuel consumption [kg] 4770 4565 -4.3

Range = 1000 NM
Original winglet Camber morphing winglet ∆ [%]

Time to climb (@ 430 FL) [min] 9.7 9.7 0.0
Climb fuel consumption [kg] 252 248 -1.6

Cruise time [h] 2.08 2.08 0.0
Cruise fuel consumption [kg] 1036 1027 -0.9
Mission fuel consumption [kg] 1912 1777 -7.0

Source: The author

Figure 39: Fuel consumption for max range mission with additional weight
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The camber morphing winglet achieved the same time to climb as the baseline
winglet for both missions, even reducing aircraft fuel consumption on this phase for 1000
NM mission. The most of mission time is spent on cruise condition, so small improvements
on this phase can result in great aircraft fuel consumption reduction. Fuel consumption on
cruise was reduced for both cases and direct relation with mission length can be seen. The
reduction is greater the mission range, once camber morphing winglet adapts its geometry
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for best configuration at flight conditions that the baseline winglet works on a sub-optimal
regime. Aircraft total fuel consumption reduction can reach up to 7%.

A weight sensitiveness analysis is performed by simulating mission flight with
additional weight, in order to check if fuel consumption reduction persists when considering
the morphing system weight. The morphing winglet allows the addition of 900 kg for
the max range mission consuming the same fuel as the original winglet (Figure 39). This
additional load can include the camber morphing system weight and additional payload,
showing that the concept brings performance improvements even when its negative effects
are considered.
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4 WIND TUNNEL EXPERIMENT

After the camber morphing winglet numerical evaluation, a couple of wind tunnel
experiments were made to validate and investigate the concept effects on the wing aero-
dynamics. The wind tunnel experiments were carried out on a rectangular closed circuit
and test section, with dimensions 1.68m× 1.3m× 3m, at the Experimental Aerodynamics
Laboratory (LAE) at São Carlos School of Engineering (EESC-USP). The wind tunnel
circuit is shown in Fig. 40. This tunnel is equipped with a 110 Hp fan capable of reaching
wind speeds of 50 m/s with flow turbulence level of 0.25 %.

Figure 40: Wind tunnel circuit drawing

Source: The author

The wing model corresponds to the wing tip part of the aircraft described on
Subsection 3.2 on a 1:7.37 scale of the real wing. The model geometry and dimensions
are shown in Fig. 41 and Table 13. The model tip allows the installation of different
winglet models, being the optimized winglets geometries for the climb; heavy, mid and
light cruise conditions, obtained on the single point optimization (Section 3.6 ), used on
the experiment.

Table 13: Midsize business jet main dimensions

cref [m] Sref [m2]
0.174± 0.0005 0.0595± 0.00026

Source: The author
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Figure 41: Wing model dimensions and tunnel coordinate system

Source: The author

The wing and winglets models were prototyped using an ABS M30 fuse depositing
modeling technique (FDM) on Stratasys Fortus 360MC with a layer thickness of 0.1778
and geometry tolerance of ±0.127 mm (Fig. 42). Prototyped surfaces were smoothed using
a primer application followed by a water sanding, being this process repeated twice. A
final layer of black paint was applied to increase the model’s visibility in the test section
(Fig. 43).

Figure 42: Prototyped winglet model before surface smoothing and painting

Source: The author
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Figure 43: Winglet models used on experiment

Source: The author

A round plate of diameter of 600 mm is fixed on wing root to reduce tip effects
and move the model away from the tunnel walls boundary layer (Fig. 44).

Figure 44: Wing model inside the test section
(a) Model without winglet (b) Model with light cruise

winglet

Source: The author

4.1 Aerodynamic forces measurement

4.1.1 Methodology

The wind tunnel is equipped with an aerodynamic balance capable of measuring
the model lift, drag and pitching moment. Only the lift and drag forces are measured on
winglets experiment using a complete bridge with strain gauges assuming independence of
the lift and drag measurements.

Both lift and drag are calibrated using a set of known weights to produce a force
on these aerodynamic forces directions, reading the voltage output on the acquisition
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board and relating the force and voltage output data. The linear regression from Matlab is
used to find the relation between applied forces and voltage output with 95 % confidence
bounds relation shown in Fig. 45 and 46.

Figure 45: Lift force balance calibration
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Figure 46: Drag force balance calibration
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The dynamic pressure is measured using a TSI Model 8705 DEP-CALC micro-
manometer with a precision of 1% of reading or ±1 Pa.
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4.1.2 Results

The force measurement was performed on a flow with Re = 2.5× 105, M = 0.07
and U∞ = 25m

s
. The wing was tested at a flow incidence angle (α) ranging from −6◦ to

25◦ with angle variations (∆α) of 1◦, using a total of 10000 samples during 10 seconds for
every measurement. The winglets had a forced transition at 10% of chord with roughness
strip and plate drag is removed from all drag data points.

The measurement uncertainty is calculated using the pressure and area measuring
tools uncertainty and voltage output measurement variance from the lift and drag bridges
applied to the lift and drag coefficients; and lift to drag ratio equations:

CL ±∆CL =
5.469×

[
OL(V )± σ√

nsample

]
(q∞ ±∆q∞) (Sref ±∆Sref )

(4.1)

CD ±∆CD =
5.981×

[
OD(V )± σ√

nsample

]
(q∞ ±∆q∞) (Sref ±∆Sref ) (4.2)

CL
CD
±∆CL

CD
=

5.469×
[
OL(V )± σL√

nsample

]
5.981×

[
OD(V )± σD√

nsample

] (4.3)

Propagation of uncertainty is made using multiplication and division equations:

(A±∆A)× (B ±∆B) = AB ± A∆B ±B∆A (4.4)

A+ ∆A
B + ∆B = A

B
± A∆B +B∆A

B2 (4.5)

The model frontal area corresponds to less than 8% of test section area, implying
negligible alpha, lift and drag variations due to the wind tunnel closed section (LAI et al.,
2012). Figures 47 to 49 shows the comparison of the lift and drag coefficients; and lift to
drag ratio of the four winglets and wing with no winglet.
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Figure 47: Lift coefficient comparison for Re = 2.5× 105 and M = 0.07
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Figure 48: Drag coefficient comparison for Re = 2.5× 105 and M = 0.07
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Figure 49: Lift to drag ratio comparison for Re = 2.5× 105 and M = 0.07
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The winglets increased the CLmax and L
D

for CL ≥ 0.6. Looking inside the optimiza-
tion region (0.4 ≤ CL ≤ 0.6), L

D
was reduced with winglet installed compared to no winglet

configuration (Table 14). This can be explained by the fact the winglets geometries are
optimized for a transonic (M ≥ 0.6) and high Re flow, different from low M and Re flow
on wind tunnel experiment. This impact on flow separation, which increases the winglet
pressure drag. Also, airfoils with great camber are a problem at transonic conditions, once
the camber produces high-speed regions that can produce shock waves and wave drag as
consequence. So the optimized winglets did not show the expected performance inside the
optimization region at low M and Re.

Table 14: Lift coefficient and lift to drag ratio maximum values

CLmax [-] ∆CLmax [%] CL
CDmax

∆CL
CDmax

[%]
No tip 1.10± 0.0011 - 13.19± 0.003 -

Climb winglet 1.12± 0.0003 1.82± 0.08 11.48± 0.005 −13.00± 0.16
Heavy cruise winglet 1.11± 0.001 0.91± 0.12 11.91± 0.002 −9.69± 0.03
Mid cruise winglet 1.11± 0.001 0.91± 0.25 12.31± 0.003 −6.67± 0.34
Light cruise winglet 1.11± 0.001 0.91± 0.26 11.95± 0.003 −9.39± 0.38

Source: The author

In addition, operating outside its optimal point results on a configuration which
parasite drag increase due winglet installation is greater than induced drag reduction
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(Figure 9). The wing equipped with the winglets presents less drag at higher lift coefficients,
when induced drag is greater than the parasite drag. The winglet optimized for mid cruise
condition presented the maximum lift to drag ratio, being considered the best configuration.

4.2 Wake mapping

4.2.1 Methodology

In order to get further insight on winglet effect on wing tip flow and induced drag,
a seven-hole probe was used to measure the velocities components on a plane behind the
wing tip trailing edge.

Seven-hole probe flow mapping technique consists of using seven holes on the
probe (Fig. 50) to measure pressure on the model wake. A relation between these pressure
measurements and flow incidence angles are established using a previous probe calibration.

The seven-hole probe calibration for low flow incidence angles (αp, βp ≤ 30◦) is
performed by measuring all the holes total pressures (Ptotali) at known probe positions on
a uniform flow (ZILLIAC, 1993). The probe is positioned using two protractors, defining
probe angle relative to wind tunnel Y direction (αp) and Z direction (βp). Three pressure
coefficients are calculated as shown in Eq. 4.6, where Ptotalm is the mean of all pressures
measured by all probe holes.

Cpi = Ptotali−Ptotali+3
Ptotal7−Ptotalm

i = 1, 2, 3 (4.6)

Figure 50: Seven-hole drawing with wind tunnel coordinates
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Figure 51: Wake mapping mesh positioning in relation to the tunnel walls
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The holes numbers (i) are referred to the probe presented on Fig. 50 and wind
tunnel coordinates system is shown in Fig. 51. A database was created to store the groups
[αp, βp, Cp1 , Cp2 , Cp3 ] that relate the flow angle with the pressure on the probe holes. A
neural network was trained using pressure for incidence angle data varying 1◦ in relation
to both Y and Z directions. This network is used to find flow incidence angles αp and βp
that corresponds to measured values of Cpi . The velocity components intensity is calculate
using Eq. 4.8 using the total pressure and incidence angles data.

V

U∞
=

√√√√max(Ptotali − Ptotal∞
q∞

)
+ 1 =

√
Cpmax + 1 (4.7)

[ū, v̄, w̄] = [cos (αp)× cos (βp) ,− sin (αp) , sin (βp)]×
V

U∞
(4.8)

The system used on the experiment consists of a Pitot tube upstream the model
to measure the total and dynamic pressures; an Aeroprobe L-shaped seven-hole probe;
Aeroprobe differential pressure data acquisition hardware (DAQ) and a Dantec traverse
system for probe positioning.

The pressure sensors on the DAQ measure the relation between the probe pressure
and the Pitot tube total pressure divided by the Pitot tube dynamic pressure. The flow
velocity is calculated using Eq. 4.7 from DAQ output.

Wake mapping was performed at a distance of cref behind wing tip trailing edge
using a mesh points positions ranging from −250 ≤ Z ≤ 100 mm and 0 ≤ Y ≤ 240 mm
with variations of 15 mm on both directions. The mesh points and positioning in relation
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to the tunnel walls are shown in Fig. 51. The probe is stopped for 5 seconds on every mesh
node to acquire the pressure data.

The wing incidence angle is fixed at 12◦ at all measurements, resulting in a CL = 0.8
to aerodynamic balance results. This condition was selected for representing a condition
where wing equipped with winglets present higher L

D
than the one with no winglet. Also,

at higher CL the vortex size and strength are greater and easier to measure and analyse.

4.2.2 Results

The velocity vector field and vorticity map obtained from the seven-hole probe
mapping are shown on Fig. 52 to 56. Vortex and wake regions present great variation
on velocity direction and intensity, resulting on −→ω 6= 0. Vorticity is a indicative of the
presence of vortex and wake, once it is defined as:

−→ω = ∇×−→u (4.9)

This way, vorticity maps are a useful method to identify these regions. The induced
drag is a function of vorticity, as can be seen from Maskell’s equation:

CDi =
∫ ∫

wake ω̄xΨ̄ds
Sref

(4.10)

This means that regions with great | ωx | are related to induced drag production.
Observing the measured vorticity maps it is visible that the winglets reduced wing tip
vortex size and strength, resulting in a lift-induced drag reduction. The velocity vectors
show the rotation around the wing tip due to pressure differences from pressure and suction
regions.
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Figure 52: Vector field and ω̄x on plane at cref behind the wing tip trailing edge at α = 12◦,
M = 0.07 and Re = 2.5× 105 for no tip configuration
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Figure 53: Vector field and ω̄x on plane at cref behind the wing tip trailing edge at α = 12◦,
M = 0.07 and Re = 2.5× 105 for climb configuration
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Figure 54: Vector field and ω̄x on plane at cref behind the wing tip trailing edge at α = 12◦,
M = 0.07 and Re = 2.5× 105 for heavy cruise configuration
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Figure 55: Vector field and ω̄x on plane at cref behind the wing tip trailing edge at α = 12◦,
M = 0.07 and Re = 2.5× 105 for mid cruise configuration
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Source: The author
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Figure 56: Vector field and ω̄x on plane at cref behind the wing tip trailing edge at α = 12◦,
M = 0.07 and Re = 2.5× 105 for light cruise configuration
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An estimative of induced drag can be obtained using Maskell’s equations (Eq. 4.15)
and is presented in the next section.

4.3 Induced drag calculation

Winglets are used to reduce wing drag by using the vortex size and moving it
away from tip. They also use the wing tip rotating flow to produce a force that has a
component aligned with the flight path. Knowing this, winglets greatly affect wing induced
drag. Two methodologies were used to calculate induced drag force measurements and
flow mapping results in order to get a deeper look at the effect of different optimized
winglets geometries on induced drag and further conclusions on the camber morphing
winglet impact on performance.

4.3.1 Drag polar method

Using the drag polar theory presented at (ROSKAM; LAN, 2016), the balance
drag data was fitted to a parabolic equation as:

CD = CD0 + kC2
L (4.11)

CD0 corresponds to the zero lift coefficient and k = 1
πARe

is the drag coefficient
derivative in relation to lift coefficient squared. A polynomial fit was performed using the
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MatLab fitting function. The induced drag is calculated as:

CDi = kC2
L = C2

L

πARe
(4.12)

The e of the wing with no tip is calculated from the e = 1
kπAR

and AR = b2

Sw
. It

is assumed constant and is used to calculate the AReff of configurations with winglets
installed. Table 15 shows the calculated values of CD0 , k and AReff for different configu-
rations. All winglets showed a reduction on k when compared to no winglet configuration,
presenting an expected increase on wing effective aspect ratio (AReff ) and induced drag
reduction. The CD0 increased is due the additional model wetted area added by winglet,
resulting on additional parasite drag. These results agree with the winglet design theory
and examples in literature.

Table 15: Coefficients of parabolic drag polar fit

Winglet configuration k [-] CD0 [-] AReff

No winglet 0.1090 0.01308 4.73
Climb configuration 0.0904 0.02098 5.67

Heavy cruise configuration 0.0872 0.02095 5.87
Mid cruise configuration 0.0859 0.02114 5.96
Light cruise configuration 0.0886 0.01995 5.78

Source: The author

Analysing induced drag at M = 0.07, Re = 2.5× 105 and α = 12◦, corresponding
around CL = 0.8, it is possible to see that all configurations, except climb configuration
reduced induced drag as expected (Table 16). Mid cruise optimized winglet showed the
greatest induced drag reduction.

Table 16: Induced drag atM = 0.07, Re = 2.5×105 and α = 12◦ calculated using parabolic
drag polar fit

Winglet configuration CDi [-] ∆CDi [%]
No winglet 0.0679 -

Climb configuration 0.0669 0.90
Heavy cruise configuration 0.0615 -7.24
Mid cruise configuration 0.0609 -8.14
Light cruise configuration 0.0610 -7.99

Source: The author

4.3.2 Maskell’s equation method

The induced drag was calculated using the Maskell’s equation (Eq. 4.15) from wake
mapping data (GANZEVLES; BRUIN; PUFFERT-MEIßNER, 2002). This method consists
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on calculating the mapped flow stream function (Ψ̄) by solving a Poisson’s equation (Eq.
4.13) setting Ψ̄ = 0 at tunnel walls (Fig. 57) as boundary condition.

∂2Ψ
∂z2 + ∂2Ψ

∂y2 = −ω̄x (4.13)

Figure 57: Stream function boundary conditions

Source: Ganzevles, Bruin e Puffert-Meißner (2002)

Flow vorticity is calculated using flow velocities components as:

−→ω = ∇×−→u (4.14)

Equations 4.13 and 4.14 are solved using a second order finite difference scheme.
The Maskell’s equation uses the vorticity and stream function to calculate the induced
drag as:

CDi =
∫ ∫

wake ω̄xΨ̄ds
Sref

(4.15)

This methodology assumes that the vorticity is zero outside the wake region,
limiting the integration only to the wake region. The measured vorticity maps (Fig. 52
to 56 shows that the zero vorticity outside wake region is plausible and can be used for
that case. Applying the presented methodology, wing induced drag was calculated for
M = 0.07, Re = 2.5 × 105 and α = 12◦, corresponding around CL = 0.8. resulting in a
lift-induced drag reduction as shown on Maskell’s equation (Eq. 4.15). Table ?? shows
CDi calculated using Maskell’s equation, showing a lift-induced drag reduction for all
configurations reaching up to 4.71 %. The winglet optimized for the light cruise condition
shows the induced drag reduction.
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Table 17: Induced drag calculation methods comparison

Winglet configuration CDi [-] ∆CDi [%]
No winglet 0.0679 -

Climb configuration 0.0650 -4.27
Heavy cruise configuration 0.0678 -0.15
Mid cruise configuration 0.0667 -1.77
Light cruise configuration 0.0647 -4.71

Source: The author

4.3.3 Methodology comparison

Parabolic equation and Maskell’s equation induced drag methods were compared
in order to check if the obtained results are similar. Table 18 summarizes the induced drag
calculate at Induced drag calculation methods comparison at M = 0.07, Re = 2.5× 105

and α = 12◦ using wind tunnel force measuring and flow mapping results.

Table 18: Induced drag calculation methods comparison at M = 0.07, Re = 2.5× 105 and
α = 12◦

Maskell’s equation Parabolic drag equation
Winglet configuration CDi [-] ∆CDi [%] CDi [-] ∆CDi [%]

No winglet 0.0679 - 0.0663 -
Climb configuration 0.0650 -4.27 0.0669 0.90

Heavy cruise configuration 0.0678 -0.15 0.0615 -7.24
Mid cruise configuration 0.0667 -1.77 0.0609 -8.14
Light cruise configuration 0.0647 -4.71 0.0610 -7.99

Source: The author

The induced drag calculated using Maskell’s equation seems to be greater than
values calculated using parabolic drag equation. However, the results for climb configuration
are contradictory, once Maskell’s equation shows that this configuration reaches the second
best induced drag reduction while parabolic equation results show a lift-induced drag
increase.

Maskell’s equation method result quality highly depends on mapping mesh size
and pressure sensors precision, while the parabolic equation method result quality depends
on balance sensitivity and precision, and fit algorithm quality. Both are good methods for
drag components estimation and computational simulations can be used to analyse which
of them is more accurate.
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5 CONCLUSIONS

This study presented an investigation of the impact of using a camber morphing
winglet using numerical simulation and wind tunnel experiments.

The genetic algorithm optimization results showed that the camber morphing
winglet concept described improved the original winglet reduced total drag by up to 0.58%
at climb and heavy, mid and light cruise conditions. A reduction on lift independent drag
components occurred for climb, mid and light cruise conditions, showing the concept
capability of affecting the total drag in different ways. The winglet airfoil sections evolution
showed an expected tendency of reducing the sections camber as the aircraft lift is reduced,
being in accordance with the experiments presented by Cerón-Muñoz e Catalano (2006).

The camber morphing winglet mission optimization showed mission fuel consump-
tion reduction of by 4.3% and 7% in comparison with the original winglet for a maximum
range (3100 NM) and 1000 NM mission, respectively. A weight sensitiveness analysis
revealed that the camber morphing winglet allowed 900 Kg additional load to be carried,
having the same fuel consumption as the original winglet. This additional load can be
comprised of morphing system weight and extra payload. This shows a performance
improvement even when morphing system’s negative effects are considered on analysis.

Wind tunnel experiments with winglets optimized geometries gave a deep under-
standing of this device effects on forces acting on the wing and wing tip vortex structure.
The winglets increased wing effective aspect ratio (AReff), reducing induced drag. This
increase on the AReff was pointed out by wing tip vortex size and strength reduction seen
on the flow mapping. Results showed that the winglets increased maximum lift coefficient
(CLmax), however reduced maximum lift to drag ratio ( L

Dmax
) on optimization region

(0.4 ≤ CL ≤ 0.6). This efficiency reduction can be explained by the fact that winglets
geometries were optimized for flow conditions different from wind tunnel experiments,
operating outside their optimal point. As a result the parasite drag increase due winglet
installation is greater than induced drag reduction at the optimization region. At higher
CL values, winglet configurations efficiency was greater than no winglet configuration.

Induced drag calculations methods comparison showed that parabolic drag polar
method calculated values are smaller than the ones calculated using Maskell’s equation. A
great difference is seen for climb optimized configuration, the case that Maskell’s method
found a lift-induced drag reduction and parabolic drag polar found a lift-induced drag
increase. Both methods can be used to get insight on how winglet geometry affects drag
components and further investigation is necessary to define which one is more accurate.

The concept of the camber morphing winglet proved its capability to improve
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aircraft performance. The present analysis brings a potential indication of even better
results for concept application on a bigger commercial jet. Investigations are limited only
by aerodynamic and performance tools accuracy. Future work can use computational
fluid dynamics (CFD) simulations and wind tunnel experiments with a functional camber
morphing system at flow conditions closer to real flight, giving a further evaluation of the
concept. Also, the optimization process developed in this work is useful to design a winglet
for a new aircraft project.

The presented concept shows performance improvement potential using a feasible
device. Further analysis must be done for application on the aeronautical industry, but
the camber morphing winglet system feasibility and greater certification ease than other
morphing structures concepts, once the failure of this system would not compromise the
aircraft operation, makes it an interesting research topic. Overall, this work presented a
contribution to improving aircraft efficiency and making aviation more sustainable.
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APPENDIX A – BLWF INPUT FILE EXAMPLE

This appendix shows the input file for the BLWF code. It contains all the flow
parameters and geometry information used in this work. The geometry data is proprietary
classified. Check Karas e Kovalev (2004) for further information on the input file format
and parameters.
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