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Nomenclature  

 
Table 2: Nomenclature 1 

Term Description

A Statistical Empty Weight Fraction

a Speed of Sound

AR Aspect Ratio

B Fuselage Width of Aircraft

b Wing Span

bvert Tail Length

C
Negative Exponent of Relationship

between Empty Weight and TOGW

C.G. Center of Gravity

CL Lift Coefficient

CD Drag Coefficient

CDtotal Total Drag Coefficient

CDpressure Pressure Drag Coefficient

CDfriction Friction Drag Coefficient

CDwave Wave Drag Coefficient

CM Momentum Coefficient

CDp Parasite Drag Coefficient

CDi Induced Drag Coefficient

D Drag 

d Mission Segment Range

e Aircraft Efficiency

g Gravity (= 9.8 m/s2

Kvs Variable Sweep Constant

Ks Scale Factor of Cabin Area

k Turbulent Kinetic Energy

L Lift

L/D Lift to Drag Ratio

M Mach Number

Nomenclature of Terms 
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Table 3: Nomenclature 2 
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Nseat Number of Passenger Seats

P Maximum Pressure Differential

R Range

R
Universal Gas Constant

(287.05 J/Kg/K for Air)

Re Reynolds Number

S Reference Area

Scabin Cabin Area

Sfuse Gross Wetted Area of Fuselage

Sgw Gross Wing Area

Sref Reference Area of Aircraft

Svert Vertical Tail Area

T Absolute Temperature (Kelvin)

T Engine Thrust

TOGW Take-Off Gross Weight

T/W Thrust-to-Weight Ratio

(t/c)avg Average Airfoil Thickness

u Velocity of Fluid

V Velocity

V/c Propulsion Capacity Efficiency

Wair con Air Conditioner and Anti-Icing System Weight

Wapu Auxiliary Power Unit Weight

Wcabin Cabin Weight

Wcrew Crew Weight

Wd-eng Dry Engine Weight

Welec Electrical Equipment Weight

Wempty Empty Weight

Wfuel Fuel Weight

Wfurni Furnishing Weight

Wfuse Fuselage Weight
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Table 4: Nomenclature 3 

Wgear Landing Gear Weight

Whp Hydraulics and Pneumatics Weight

Wsc Surface Control Weight

Wtakeoff Take-Off Weight

Wpayload Payload Weight

Wpro Propulsion Weight

Wvert Vertical Tail Weight

W/S Weight Loading Ratio

Wwing Wing Weight

WZFW Zero Fuel Weight

ˊ Density

ˁ Aircraft Shape Factor

ʵ Parameter of Wing Shape

˂ Taper Ratio of Wing

ɽea Swept Angle of Structural Axis

˃ Dynamic Viscosity

t˃ Turbulent Kinetic Viscosity

iɻj Kroenecker Delta

Gb

Generation of Turbulent Kinetic Energy

due to Bouyancy

Gk

Generation of Turbulent Kinetic Energy

due to Mean Velocity Gradient

Gv Production of Turbulent Viscosity

YM Contribution of Fluctuating Dilation

Yv Destruction of Turbulent Viscosity

ʴ Adiabatic Index (1.402 for Air)

˄ Kinetic Viscosity

ˉ 3.14159  
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Abstract  
 

The NASA Green Aviation student competition inspires students to design new 

aircraft for the future of the aviation industry. These new designs will contribute towards 

meeting future goals in noise reduction, fuel consumption reduction, weight reduction, 

and aerodynamic drag reduction.  

This project will focus on these goals and design a new aircraft that will work 

towards all these goals while maintaining itself as a feasible concept and design that can 

be used one day in the aviation industry. A comparative analysis was done and it was 

determined that a blended wing body design best achieves the goals stated in the NASA 

2020 metrics. An extensive aerodynamics analysis will be made in order to optimize the 

blended wing body base design to fit the requirements and constraints set forth by the 

NASA metrics.  

Table 5: NASA Subsonic Transport System Level Metrics and ERA Focus  

 

Incorporated into the blended wing body design will be a morphing wing which 

will further assist the goals of the project and will bring about an entirely new design of 

aircraft that has yet to be fully studied. A morphing wing will incorporate the advances of 

such technology into an advanced non-conventional aircraft design to produce a radical 

new design for the future of commercial aviation.  
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The morphing wing is inspired by the aerodynamic adaptability of birds. Birds 

adapt their wings to aerodynamic conditions allowing them to use less energy to maintain 

flight. This ability is a result of millions of years of evolution and should serve as an 

example of optimized flight. By introducing a morphing wing concept, aerodynamic drag 

can be reduced, which in turn reduces fuel consumption. The morphing wing will also 

reduce the number of mechanical components inside the wing thus reducing the weight of 

the aircraft. Reducing weight also reduces the thrust required to maintain the aircraft in 

equilibrium, thus reducing fuel consumption. As a result of increased fuel prices and 

environmental awareness, reducing fuel consumption is appealing to the aerospace 

industry. 

The aim is to achieve a morphing wing design that adapts to a range of flight 

conditions, thus optimizing the aerodynamics of the wing and reducing drag.  By using 

simulation software, an optimized wing shape for each assumed flight condition will be 

achieved and used in the morphing wing design.  Then structural, thermal, stress, and 

material analysis will be performed in order to attain an optimal, functional design 

capable of withstanding the different loading conditions a morphing wing would be 

subjected to.   

In addition, flow control will be used in parallel with a morphing wing in order to 

maintain the air flow attached to the wing, thus not requiring a large defection of the flaps 

when the aircraft is landing or taking off. Furthermore, such a design will contribute to 

reduction of turbulent flow and reduction of noise emissions.  

A design prototype of each of the final designs will then be tested under different 

conditions to validate simulation results.  
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1. Introduction  

1.1 Problem Statement 
 

Modern commercial aircraft feature the same basic design that has been used for 

passenger aircraft for the past 50 years. The design of a tubular fuselage with wings 

protruding from the body of the aircraft has been optimized greatly over the years; 

however the same basic aerodynamic design has not been changed. While this design has 

been in use for several years, there are several flaws in such a design. 

Since the beginning of the aviation industry, it has been well known that the 

current passenger aircraft design is not the most aerodynamic efficient design. Without 

the aid of computers, it was difficult for early aerospace engineers to properly analyze 

complicated aerospace structures in order to determine and optimize aircraft designs.  

 

Figure 1: Boeing 707 [20] 
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Pictured above in Figure 1, an early Boeing 707 commercial aircraft is shown. 

The Boeing 707 first came into production in 1958. As can be seen, modern day aircraft 

such as the Boeing 777 and 787, which been introduced into the market as early as 1993 

and as late at 2010 still feature the same basic design template that was first introduced 

nearly 50 years before.  

The first major flaw of the current commercial aircraft design is that fact that the 

demand of the airline industry is growing rapidly with the amount of customers wanting 

to fly in order to meet their travel needs. Aircraft manufacturers seek to meet this demand 

by designing larger aircraft in order to configure more passengers inside the tube designs 

that current fuselages are still based on. Modern wide-body aircraft such as the Boeing 

777 and the Airbus A380 feature wide and tall fuselages in order to accommodate the 

increase in demand for passenger and cargo space.  

 

Figure 2: Airbus A380 Double-Deck Fuselage [21] 
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Airbus met customer and airline demands of increased passenger traffic and cargo 

transportation by designing a wide-body aircraft that features a double deck fuselage in 

order to accommodate a larger number of passengers and cargo than any other passenger 

aircraft in the world. While this design does in fact add volume to the fuselage, the basic 

design is a flawed on. Basic aerodynamics tells us that such a wide and tall fuselage 

design will incur a huge amount of drag force as it flies through the air. Such a huge 

amount of drag force opposing the plane requires a greater thrust, and thus the plane is 

not as fuel efficient as it could be.  

The basic laws governing aerodynamics of flight includes the formulation 

governing aerodynamic drag, which states that the drag force of a structure greatly 

increases as your reference area increases.  

Equation 1: Drag Force 

 

Using the same principle, the drag force equation can be used as a means of 

decreasing the aerodynamic drag experience by the structure by decreasing the area that 

the air will come in contact with and counteract the thrust. This counteraction is what 

causes the need for higher thrust to overcome this negative force will decrease the fuel 

efficiency of the aircraft.  

If  the upward trend of increased demand for passenger and cargo space continues 

well into the future, aircraft manufacturers must come up with a solution to design an 

aircraft that can carry a larger amount of passengers and cargo while minimizing its area 

that is subjected to aerodynamic drag. Without this focus on drag reduction, the aircraft 

of the future will require a large amount of thrust and ticket prices will skyrocket and the 

move towards reducing fuel emissions will go in the negative direction. 
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                    Figure 3: Aircraft Growth Trends  [5] 

 

As commercial aircraft increase in size to meet demands, new solutions must be 

formulated to meet these demands. As can be seen in Figure 3, since the beginning of 

commercial aviation, passenger aircraft have continued to increase in size. These 

increases in passenger and cargo volume have been achieved thus far by simply 

extending the dimensions of the same basic aircraft design. After several decades of 

utilizing this method, the demands of passenger and cargo volume have simply outgrown 

the design of current aircraft and it is no longer the most effective and efficient design for 

the current needs of the market and the protection of the environment.  

The ever increasing size of commercial aircraft and their lack of aerodynamic 

optimization lead to the aircraft to produce a significant amount of noise emissions, most 

notably during landing and take offs. The airframe of an aircraft is a big contributor to 

overall aircraft noise during landing and take offôs.  
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Figure 4: Aircraft Noise Emission Sources [5] 

 

In addition, modern day commercial aircraft contain thousands of mechanical 

parts that are required in order to maintain control of the aircraft throughout various 

stages in its flight. Control systems such as the flaps and the elevators require numerous 

parts in order to function and are greatly subjected to fatigue and failure, thus requiring 

regular inspections.  

Modern aircraft wings are fixed and must sacrifice optimum performance of any 

single phase of flight. Wings are then designed to perform at all phases of flight, though 

at much lower performance, and are optimized to operate on the conditions in which the 

plane flies in the most, which is when the aircraft is at cruising altitude traveling at its 

cruising speed.  
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Figure 5: Performance Metrics for Aircraft Wings  [10] 

 

The wings of a commercial aircraft also contain the most movable mechanical 

parts of the entire aircraft. This large concentration of movable mechanical parts makes 

for an extremely complicated network of joints, rivets, bolts, and other parts that must 

work together to reconfigure the wings for their desired purpose. This added weight from 

all the parts on the wings reduces the performance of the aircraft and limits the wings 

from fluidly moving to its best optimized shape, such as how birds reconfigure their 

wings throughout their various stages of flight.  
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Figure 6: Control Systems of an Aircraft Wing [7] 

 

This cyclic reconfiguration leads to a decreased fatigue life and thus requiring 

more regular inspections of the aircraft to ensure its safety. Airline companies spend 

millions of dollars annually in aircraft inspections in order to ensure all these parts are in 

working order and have not been subjected to fatigue beyond their capabilities. This 

increases the annual overall operating cost of the aircraft making an airline ticket more 

expensive.  

 

Figure 7: Unit Operating Cost by Category [9] 
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Figure 8: Annual Operating Costs by Airlines [9] 

 

In addition to fatigue due to continuous cyclic loadings, such a complex networks 

of mechanical parts leads to errors and mishaps as maintenance crews have a harder time 

servicing the wings in quick turnaround times. Because of high complexity of the systems 

and the inevitable human error, current aircraft wings comprised of thousands of parts 

and connections. 

Aerodynamic performance due to manufacturing is another big problem in the 

aerospace industry. Skin friction from rough metal surfaces on the aircraft can produce 

significant drag and disrupt smooth laminar flow which in turn produces noise emissions 

that result from the airframe itself. Because of this, manufacturing aircraft parts, most 

importantly the ones that are exposed to the air flow, must be done in a very careful 

manner in such a way to maintain the surface as smooth as possible to minimize the skin 

friction experienced   
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1.2 Motivation  
 

Since the beginning of the aviation industry, it has been known that current 

designs of commercial aircraft were not the most efficient. The reason behind their 

shapes and their continued use without significant modification for the past 50 years is 

their ease of manufacturability and operation. However, if the commercial aerospace 

industry is to move forward with technology, it must seek new designs and ideas to tackle 

problems that current designs face. Problems such as operations cost, fuel burn, and noise 

emissions are all issues that engineers must fix.  

Through millions of years of evolution, birds have evolved wings to allow them to 

fly with minimal energy consumption. Birds taper their wings to achieve optimal 

aerodynamic advantage for their stage of flight. Airplanes, with their fixed wings, are 

millions of years behind in utilizing this. In order to take modern aircraft one step closer 

to optimizing flight, we must re-examine fixed wings.  

Commercial aircraft fly in dynamic conditions which constantly affect the 

aerodynamics of fl ight. During takeoff, a Boeing 737, for example, has 47,025 pounds of 

fuel in its tanks. (Boeing) After a long flight, at cruising altitude, the aircraft weighs 

thousands of pounds less and is flying thousands of miles above sea level. These 

changing conditions greatly impact the aircraftôs aerodynamics. Even with these 

conditions, most commercial aircraft have fixed wings that are only slightly adapted to 

these changes.  

The increase in fuel prices and newfound environmental responsibility has led the 

aerospace industry to develop aircraft with increased fuel efficiency.  By reducing fuel 
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consumption in commercial aircraft, commercial airliners can save on operating costs, 

thus giving this new market an increased advantage. 

Drag reduction is the main way to decrease fuel consumption in aircraft. In 

aerodynamics, drag is the opposite of thrust. By reducing drag, the amount of thrust 

needed to maintain the aircraft in equilibrium is reduced. Since the aircraftôs engines 

produce the thrust, decreased thrust translates into decreased fuel consumption.  

In general, drag is affected by the velocity and weight of the aircraft and the 

density of the air. These parameters change during different stages of flight by means of 

reduced fuel weight and altitude changes. By adapting the aerodynamic shape of the wing 

to different flight conditions, the drag is reduced. The aim of the morphing wing is to 

delay the flow transition in the wing from laminar to turbulent by moving the transition 

point close to the wingôs trailing edge. Since turbulent flow increases drag, decreasing it 

automatically increases fuel efficiency. 

Another major factor in drag is skin friction, which is the friction experienced by 

the interaction between the air flow and the aircraft surface. Such interaction causes 

significant amount of drag and turbulent air flow over the surface. In order to reduce this, 

aircraft structures that are exposed to the air must be manufactured with extreme care, 

ensuring that the roughness of the surface is kept to an absolute minimum. With the 

incorporation of a flow control method to enhance the aerodynamics of the aircraft, 

surface treatment of aircraft structures to reduce the surface roughness can be reduced or 

eliminated altogether. With the removal of surface treatments and extra care in 

machining, the cost of manufacturing aircraft structures can be significantly reduced, 

reducing the overall cost of the airplane to customers.  
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1.3 Literature  Survey 

1.3.1 Aircraft Design  

Aircraft Design has been around for many years, but some of the most significant 

developments in flight were achieved during the 19
th
 century.  Since the first flight, back 

in 1903 it is extraordinary how far aviation has come.   During World War II aircrafts 

became a crucial factor in combat, increasing the need for new designs and new 

technology to cover the needs for the war.  After the War, the new technology that was 

developed for military use was also applied to commercial aircraft, changing the concept 

of commercial aviation.  Throughout the years, we have seen a drastic change in the 

designs and the main factors to be considered for a good design for commercial and 

military purposes.   Nowadays, conditions have changed; the price of fuel has radically 

increased, becoming one of the most important aspects to consider when designing a new 

aircraft.   Some of the problems that conventional aircraft design presents are the great 

surface area and the great skin friction drag presented with the conventional designs.  The 

fact that tail surface and their engines are not integrated to the body of the aircraft present 

a drawback in terms of drag reduction and becomes one of the main problems of 

conventional designs.    Another problem presented with conventional aircrafts is that 

they contain many moving parts on their wings for the purpose of controlling the aircraft; 

this not only increases weight, but also complicates and increases maintenance costs.  

Figure 9, shows a picture of the Airbus A-380, an example of a conventional design 

aircraft which is the biggest commercial aircraft and the one utilizing the latest 

technology in aviation.  
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Since it has been proven that other new concepts of design could decrease drag by 

eliminating tail surfaces and integrating the engines into the fuselage,  it is important to 

look for other alternatives, different to the conventional parameters, in order to create 

new design concepts that meet the needs of todayôs aviation requirements. 

For the purpose of our project, airframe designs that will optimize fuel 

consumption while maintaining a low acoustic signature and cost are desired.  

 

Figure 9: Airbus A380 Undergoing Testing [21] 

 

The Canard airframe configuration is a different type of design in which the 

canard wing is smaller and located in front of the main wing in contrast to conventional 

aircraft that has a small horizontal stabilizer behind the main wing.   

The canard wing design serves different purposes and offers many advantages, 

but at the same time it presents disadvantages to consider for our design.   Some of the 

advantages that this design offers are the possibility of good stalling characteristics 

without elevator stops; synergistic use of winglets for directional stability, and for 



Virzi, Correia, Tejada, Baldeosingh 

 

22 | P a g e 

 

unstable aircraft, canard designs may have drag advantage.   Some of the disadvantages 

from this design include that the fuel center of gravity lies farther behind the aircraftôs 

center of gravity, compared to conventional designs. This means that a large center of 

gravity range is produced or that the fuel must be held somewhere else, such as the wing 

root.  Among other disadvantages, it has been found that it is really critical to define the 

size of the canard wing, since the performance of the aircraft can be affected dramatically 

by choosing the wrong canard.   . 

 

Figure 10: Royal Air Force Typhoon F2 with Canard Surfaces [20] 

 

The concept of aircraft design and its relation to the needs of the industry in the 

present has changed dramatically over the years. New concepts are required to cover all 

the desires of the military and commercial industry. The main goal when designing an 

aircraft is to offer great fuel efficiency; for instance reduction of weight, decreases in the 

levels of noise inside the cabin, and the most important aspect to consider will always be 

safety.  The blended wing body airframe, even though it is considered a new aircraft 

concept design, offers a great advantage over the conventional aircraft which has too 

many moving parts that would not adapt to different flying conditions. It also disrupts the 

smooth airflow over the flight controls, which increases drag.  The blended wing body 
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concept offers a great design advantage over other airframe models, in which it blends its 

payload, passengers, and cargo capacity into a thick airfoil shaped center, becoming an 

entire flying wing. In addition it is important to consider that this new design is tail-less, 

resulting in the reduction of surface area which at the same time reduces drag. 

Even though the blended wing body is considered a new aircraft design, it is 

important to know that this concept has been used in the past during the early days of 

aviation.  A good example of this was the design of the Northropôs XB-35 and YB-35 

which were heavy bomber aircrafts designed right after World War II by the Northrop 

Corporation.  As seen in Figure 11, the aircraft was designed by eliminating the fuselage 

and tail section and becoming a flying wing, which proved effective in drag reduction.  It 

is from this model that the ñFlying Wingò name became famous.   Even though the 

program did not succeed back in the fortyôs due to many technical difficulties with its 

reciprocating engines used at the time, studies have shown the great achievements of the 

design in terms of reducing drag and structural weight, allowing it to be a great candidate 

to be used as a bomber with great fuel capacity capabilities due to its design. 

 

Figure 11: Northrop Grumman XB -35 [22] 
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Another example of the implementation of the blended wing body design as a 

great option for the military industry is the design of the Northrop Grumman B-2 Spirit, 

also known as the ñStealth Bomberò.   This aircraft is in use by the United States Air-

Force, and it has completed many successful bomber missions, proving its great 

capability and the advantages of its design.  The importance of the blended wing body 

design for this aircraft can be seen by its combination of noise reduction, which makes it 

really difficult for the opposition to detect, reduction of leading edges, fuel efficiency, 

and great payload capacity.   Figure 9 shows the blended wing body used in the design of 

the Northrop Grumman B-2 Spirit. 

 

Figure 12: Northrop Grumman B2 Bomber [23] 

 

The blended wing body design offers many advantages over the conventional 

aircraft design, and for the purpose of our project, which is to reduce the levels of noise, 

increase fuel efficiency, and decrease noise, this design offers the best options for our 

design.   Reducing surface area by eliminating the tail of the aircraft and integrating its 

engines to the flying wing design will greatly improve reduction of surface area up to a 

33% based on research and comparison with conventional aircrafts, for instance reducing 

drag in a great amount. 

http://en.wikipedia.org/wiki/Northrop_Grumman
http://en.wikipedia.org/wiki/Northrop_Grumman


Virzi, Correia, Tejada, Baldeosingh 

 

25 | P a g e 

 

Many studies comparing conventional technology aircrafts to blended wing 

bodies have been done in the past, and as example it was important for us to consider the 

evaluation done by Boeing and its X-48 blended wing body design, compared to the 

conventional and latest design by Airbus, the A-380.   Both airplanes were compared 

with similar technological equipment, with a payload of about 400 passengers and a 

range of about 8700 nautical miles.   The Boeing X-48 showed a 32% fuel reduction per 

passenger seat over the airbus A-380, this due to its design which reduces surface area by 

not having a tail and integrating its engines to the body of the airplane.    It is also 

important to have into consideration that the material chosen for the design of the Boeing 

X-48 is composite, which greatly decreases the weight of the aircraft, in contrast to the 

material of the Airbus A-380 that uses Glare, which are different layers of aluminum and 

fiberglass. 

It is possible to consider a blended wing body design of aircraft for the 

commercial industry in the near future, this is due to the need of a new technology that 

would meet the need of savings in fuel to cut costs, the reduction of noise inside the 

cabin, to offer a comfortable environment inside the plane, and the most important detail 

to consider will be to offer all this advantage before mention with the greatest safety for 

the passengers. 

 

 

 

 



Virzi, Correia, Tejada, Baldeosingh 

 

26 | P a g e 

 

1.3.2 Morphing Wing  

 

The idea of having morphing wings on aircraft is a concept that has been in the 

mind of aerospace engineers for many years. Aerodynamic experts have always known 

that a fixed wing could not compensate for all the different flight stages without some 

sort of movement. A fixed wing with several control surfaces requires engineers to pack 

the wings with tons of mechanical and electrical systems in order to operate such control 

surfaces. In addition, all these systems adds to the weight of the aircraft and further 

complicates the system as it adds hundreds of parts that make the maintenance of the 

wings a complicated and delicate job.  

 Control surfaces that current aircraft use have an innate design flaw, and that is 

that as control surfaces such as the flaps or slaps extend out, they leave a gap between 

themselves and the wing. This gap allows the air to flow through it creating turbulent 

regions where airflow starts to re-circulate. Veins are placed in between the flaps and the 

wing surface in order to cover this gap and help to keep the flow attached to the upper 

surface of the wing as long as possible. These veins and their corresponding actuators 

contribute to the total weight of the wing and introduce additional mechanisms to run the 

actuations.  

 

Figure 13: Undercarriage of Commercial Aircraft  [22] 
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Morphing wings, in contrast to current fixed wings, offer the ability for the wing 

to change its shape, or morph, into smooth curved structures that allow for the flow to 

pass smoothly along the airfoil without disturbance or discontinuations of the surface. 

This will allow for less turbulent flow which in turn will decrease the drag coefficient 

experience by the wing.  

 

Figure 14: NASA Morphing Wing Concept Research Plane [14] 

 

 NASAôs Langley Research Center has been working for the past decade to design 

an aircraft that uses composite materials, actuators, and sensors to design a wing that can 

morph and adjust itself in flight in order to optimize it for the best flying conditions. This 

design is still very primitive as it attempts to make the wing ñsmartò, thus the wing will 

be able to respond to different flight conditions and change the wing shape accordingly.  

 NASAôs Dryden Flight Center has been working in conjunction with the U.S. Air 

Force, the Boeing Corporation, Lockheed Martin, and BAE Systems to develop an aero-
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elastic wing for an F/A-18 fighter jet, which would replace the fixed control surfaces in 

its original configuration.  

 The program began in 1996 and was completed in 2005. Throughout its course, 

NASA obtained a retired F/A-18 fighter jet from the U.S. Navy and heavily modified it 

for its testing purposes. The goal of the program was to demonstrate improved roll 

performance through a twisting wing and to induce curvature in the wing to replace the 

flaps and slaps from its original configuration.  

 

Figure 15: NASA Aero-Elastic Wing Research F/A-18 Fighter Jet [13] 

 

The purpose of the morphing wing design is to provide optimized performance for 

several different flight roles. In order to achieve this, a wide range of performance points 

describing flight conditions that are to be encountered by the aircraft through an entire 

flight mission is used to provide a basis for comparison. 

The American Institute of Aeronautics and Astronautics chose eleven 

performance points assuming US standard atmosphere conditions to compare fixed wing 

performance and morphing wing performance at each point. In designing a fixed wing 

aircraft, these eleven performance points will be used to develop a constraint diagram 
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liking together a geometry that works through these flight conditions but is sub-optimal 

for any given point. A morphing wing design, however, allows for near-optimal 

performance for a variety of flight conditions [2]. 

A ñspider plotò was then used to graphically examine the impact of the morphing 

wing geometry in comparison to fixed wing geometry. In a ñspider plotò, the outer radius 

indicates the best possible performance. By superimposing the morphing and fixed wing 

configurations, the performance of various wing morphing strategies can be compared 

[3]. 

This method was used to analyze a Firebee aircraft through the eleven phases of 

flight. The fixed geometry Firebee is shown as the innermost geometry in tan. In yellow, 

the Firebee can morph the airfoil to a shape better suited for each performance point 

flight condition. The outermost zone, shown in teal, shows a morphing wing capable of 

telescoping, chord extension, and variable sweep morphing. This platform morphing 

significantly improves the aircraft performance as compared to morphing the airfoil alone 

[4]. 
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Figure 7: Comparison of Morphing Wing Strategies Based on Aircraft Performance Impact [3] 

 

A smart mechanism must be employed within the wing in order to allow the wing 

to morph through various configurations. Some of the mechanisms already being 

researched for use in morphing wings are; the piezoelectric motor, shape memory alloy, 

and pneumatic artificial muscles. 

Piezoelectric motors use the converse piezoelectric effect whereby the material 

used produces acoustic or ultrasonic vibrations in order to produce a linear or rotary 

motion. The motors use elongation in a single plane by making stretches and position 

holds, similar to the way a caterpillar moves. There are many advantages to using 

piezoelectric motors as the primary mechanism in a morphing wing design. The actuators 

can produce large forces, they have almost unlimited resolution, and they are high 

efficiency and fast response. The disadvantages of the system are; hysteresis behavior, 

drift in time, and temperature dependence [7]. 
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Figure 8: Piezoelectric Motor [11] 

 

Another option is the use of shape memory alloy for the actuating mechanism in 

morphing wing design. Among shape memory alloy materials, the smart material Nitinol 

is actuated through heat and twists to different shapes thus making it useful as an 

actuating mechanism in a morphing wing design. Nitinol is most efficient in withstanding 

repeated cycles of heating and cooling with minor fatigue. The disadvantage of using 

smart memory alloys is the temperature dependence [5].  
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Figure 9: Transitions of Nitinol [15] 

 

 

  

Figure 10: Nitinol [16] 

 

The most innovative technology in morphing wing application is the use of 

pneumatic artificial muscles. Pneumatic artificial muscles are inspired by the way organic 

muscles contract and retract in order to provide force and make movement. These 

lightweight mechanisms utilize pressurized air to cause extension depending on the 
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tightness of the weave. One of the major advantages of pneumatic artificial muscles is 

that it is a versatile mechanism that can be adapted to provide a full range of wing 

deformations [2]. 

  In pneumatic artificial muscles (PAMs) the force is not only dependent on 

pressure but also on their state of inflation. This is one of the major disadvantages, 

because the mathematical model that supports the PAMs functionality is a non-linear 

system. Another disadvantage is that since gas is compressible, a PAM that uses long 

tubes must have a control system to counterbalance the delay between the movement 

control signal and the effective muscle action. A PAM actuator system needs electric 

valves and a compressed air generator, which are neither light nor small. Given the 

application, a single compressor may provide enough pressure to power the mechanism. 

Further investigation is need in the use of pneumatic artificial muscles in aircraft 

applications.  

 

Figure 11: Pneumatic Artificial  Muscles [12] 

 

 Another option for morphing a wing can be to use hydraulic or pneumatic 

actuators to mechanically change the configuration of the airfoil. This option removes the 

complexities of advanced materials and allows for larger changes in the configuration of 

the airfoil since hydraulic or pneumatic actuators can provide a lot more force than other 

methods of actuation.  
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 Hydraulic and pneumatic actuators come with their own problems for use in an 

airplane wing. If hydraulic actuators are used, a feeding system for the hydraulic fluid 

must be designed to run into the wing to feed these actuators. In addition, safety issues 

must be addressed to ensure these actuators do not fail or freeze over out in the wing. 

Pneumatic actuators on the other hand, remove the need for hydraulic fluid and replace it 

with air, which is extremely abundant 30,000 feet in the air. The drawback is figuring out 

how much air pressure is required for the actuators and ensuring that it does not require a 

high amount of air pressure to be fed through the wing and actuators. Such a system 

would introduce safety concerns and further complicate the system and implementation.  

 

Figure 16: Bimba Air Cylinder  [5] 

 

 Figure 16 shows a Bimba air cylinder, which can be as small as 3 inches long and 

provide significant push/pull force. Such actuators can be used when the space within the 

airfoil is limited but still requires a significant amount of force.  
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Figure 17: TRD Manufacturing Pneumatic Actuators [5] 

 

 

Figure 18: Internal View of TRD Manufacturing Pneumatic Actuator  [5] 

 

 Figure 17 shows a variety of pneumatic actuators that are available from TRD 

Manufacturing. TRD Manufacturing is a company that makes actuators for a wide array 

of applications. They are much bigger than the Bimba actuators and can provide 

significantly higher push/pull forces. These types of actuators provide the kind of force 

that would be required to change the thickness of an airfoil given that wings are made of 

metal with substantial thickness.  
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Figure 19: Hydo-Lek Hydraulic Actuators  [5] 

 

 

Figure 20: Large Scale Hydraulic Actuators [5] 

 

In order to incorporate this method as the actuation control for the morphing 

wing, the internal structure of the wing must be redesigned to accommodate such as 

system. With this redesign, the wing must still be able to handle 150% of typical wing 

loads encountered by commercial aircraft as defined by FAA regulation part FAR. 25.  
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1.3.3 Flow Control  

In order to achieve high performance in aircraft design, engineers and designers 

have a variety of tools they can use in order to achieve the required performance for their 

aircraft. Current research being conducted at universities is looking into flow suction at 

the trailing edge of the wings in order to maintain the airflow attached to the surface of 

the wing longer. Maintaining a longer attached flow translates into increased performance 

for lift, drag, and stall characteristics.  

Such methods of optimization are referred to in the aerospace industry as flow 

control. Flow control deals with the attempt to design how the airflow behaves over the 

airfoil in order to achieve high performance in lift and drag. Flow control is a technique 

that has been studied for the past few years at several universities and institutions such as 

NASA. Their studies have included several methods that have been tested in order to 

maintain flow attachment and reduce turbulent flow experienced at the trailing edge of 

the wing.  

Such methods include a rotating cylinder at the leading or trailing edge of the 

wing, circulation control at the leading or trailing edge, multi-element airfoils, pulsed jet 

separation control and co-flow jet. Currently, flow control methods that have been 

developed come with a drawback. Any flow control technique must try to achieve three 

important characteristics for it to be an effective method. The first is effectiveness of the 

system. The flow control method must offer some aerodynamic advantage over 

conventional wings for it to have a purpose. The second characteristic is energy 

efficiency. The flow control system must be able to operate without demanding too much 

energy, especially from the engines, or else the energy loss due to operation of the flow 



Virzi, Correia, Tejada, Baldeosingh 

 

38 | P a g e 

 

control system will become greater than the aerodynamic advantage. In addition, if the 

flow control system is too heavy and adds significant weight to the aircraft and wings, it 

will counter the effects the system itself is trying to overcome. The third characteristic is 

the ease of implementation. The flow control method should be simple to install on a 

wing and should not use a complicated system to increase to work load of maintenance 

crews. Another important aspect of flow control is safety. As with many systems on an 

aircraft, redundant systems are often implemented as backup systems in case primary 

systems fail. Some flow control techniques such as the ones that feature suction at the 

trailing edge will probably require some sort of secondary system to ensure the 

aerodynamics of the aircraft are not suddenly affected should a foreign object become 

lodged at the suction point.  

The rotating cylinder flow control technique is a method that was developed 

several years ago and is most effective when the leading or trailing edge of the airfoil is 

thick. This limits the use of a rotating cylinder to low speed aircraft. In addition, a 

mechanical system is required for rotation and this will generally lead to an increase in 

weight. 

 

Figure 21: Rotating Cylinder Flow Control Method  [14] 
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Multi -element airfoils are the most widely used method for flow control today, 

especially in commercial aircraft. While multi-element can generate high lift, it is 

coupled with a large drag force and increased weight onto the wing. In addition, 

discontinuity in the air flow around multi-element airfoils significantly increases the 

acoustic signature of the aircraft.  

 

Figure 22: Multi -Element Wings on a Boeing 747 [11] 

 

Pulsed jet separation control can be used with open or closed feedback control in 

order to avoid the jet mass flow rate due to blowing. This method however requires a jet 

generation system, sensor systems, and complicated actuation system which will greatly 

complicate the overall flow control system and add significant weight so the aircraft 

which will greatly counter the purpose of the flow control system if it is not carefully 

designed.  
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A more favorable flow controls technique, though which comes with its own 

consequences, is circulation control. A circulation control airfoil relies heavily on the 

Coanda Effect which states that a liquid or gas will always be attracted to moving about a 

nearby surface. A penalty however of this type of flow control is that it requires a blunt 

trailing edge, which thus increases the amount of drag force. A movable flap can be 

added to the trailing edge of the wing; however this will add weight to the aircraft as well 

as increase turbulence and noise emissions. 

 

Figure 23: The Coanda Effect [17] 

 

Of multiple studies into boundary layer control, a new innovative technique 

known as co-flow jet shows great promise for maintaining the air flow attached to the 

wing and greatly improving its coefficient of lift even at high angles of attack. Flow 

attachment at high angles of attack serves to increase the performance of the aircraft in 

landing take off situations (LTO). In a conventional wing, when the system experiences a 

high angle of attack, the flow separates closer to the leading edge of the wing thus a 

greater amount of turbulent flow is generated just after the flow separation point. This 

increases the turbulence experienced during landing and takeoff situations and severely 

hampers the potential lift and drag that can be optimized. 
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Co-flow jet is a system where a secondary jet stream is introduced in order to 

influence the air flow around the airfoil. Suction is introduced at the trailing edge of the 

wing and a flow inlet is introduced at the leading edge of the wing. Using a pump to 

pump air over the surface of the wing will influence the surrounding air flow, causing the 

flow to remain attached throughout the surface of the airfoil.  

 
Figure 24: Wing Cross Section With and Without CFJ [25] 

 

 

Figure 25: Co-Flow Jet Wing Setup [25] 

 

 The University of Miami has been conduction innovative research on co-flow jet 

and its potential use in commercial and military aircraft. Among the tests being 

conducted was a study on the limits of introducing a new air flow around the surface of 

the wing. It was found that introducing too much air flow over the surface of the wing 

can decompose the flow field above the wing and cause a big separation.  
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1.3.4 Wing Structure and Wing Box  

 

The wing box of an aircraft is the part of the plane that supports the wing structure 

and acts like the base of a cantilever beam. The wing box is typically designed to be built 

immediately underneath the passenger cabin and is directly connected to both wings. The 

design of a wing box is not as standard as other parts of the airplane, and therefore, 

methods of design and analysis are much more proprietary to companies such as Boeing 

and Airbus. The wing box is instead custom-designed for each aircraft depending on the 

loads the aircraft is expected to encounter and how the wing structure will redistribute 

these loads onto the wing box.  

 

Figure 26: Wing Cut -Off Exposing Wing Box [12] 
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 Wing box designs are relatively similar since aircraft designs have remained 

relatively the same since the beginning of aviation. The location of the wing box varies 

depending on the location of the wing on the aircraft. Typical commercial aircraft are 

designed as low-wing aircraft and thus the wing box is located underneath the passenger 

cabin in the fuselage. Some military aircraft such as the C-17 Globemaster III are 

designed as high-wing aircraft because of the large payload they are meant to carry. A 

slight modification to the wing box must be made to accommodate the forces and the box 

is placed above the passenger cabin in the fuselage.  

 

 

Figure 27: Boeing C-17 Globemaster III Military Cargo Plane [23] 
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Figure 28: Fuselage Cross Section [13]  

 Figure 28 shows the cross section of a fuselage which shows the extrusion of the 

wing box on the side of the fuselage. As can be seen, wing boxes are placed within the 

lower half of the fuselage below the passenger cabin and are set at a preset angle of attack 

accordingly with the preset angle of attack desired for the wing.  

 

Figure 29: Commercial Aircraft Wing Box  [12] 

 

 Figure 29 shows a typical wing box that is used in a commercial aircraft. The 

length of the box is placed along the width of the fuselage and the ends attach to the 

wings of the aircraft. 
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Figure 30: Boeing 787 Wing Box Under Construction [14] 

 

 

Figure 31: Wing, Fuselage, and Wing Box Attachment Assembly Phase [14] 

 

 Figure 31 shows the assembly process in which the wing box construction takes 

place and is then added to the fuselage and wings of the aircraft. As can be seen, the wing 

box is one of the most important parts of the aircraft as they insure the integrity of the 

wing structure and maintain the loads that are redistributed from the wing to the wing 

box.  
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 The wing structure of the aircraft is another major important component of the 

plane. The structure must be designed carefully in order to handle and distribute the 

expected loads encountered in flight and to insure that the structural integrity is not 

compromised. Wing structures can be designed in several ways and as with many 

components of an aircraft, their methods and structural analysis techniques are considered 

proprietary by aircraft manufacturers such as Boeing and Airbus.  

 The structure of a wing is basically made up of spars and ribs encased by the skin 

of the wing, which can typically be aluminum sheet metal. Ribs run parallel to the aircraft 

and can be placed at certain distances along the span of the wing. These ribs help the 

length of the wing maintain the airfoil-li ke shape of the wing, thus ribs are basically 

shaped in the specific airfoil shape of that particular location. In some locations along the 

span of the wing, it may be necessary to place ribs more frequently and close together, 

while in some other locations they can placed more spread apart. This is due to the 

specific loads that are encountered at different locations on the wing.  

 

Figure 32: Wing Structure  [15] 
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 The spars of the wing structure run perpendicular to the ribs and act as a structural 

connection and provide span-wise strength to the wing. Depending on the type of aircraft 

and the environment it is to be designed for, a wing can have a main spar running span-

wise through the center of the ribs, or it can have forward and rear spars that provide 

support from the front and rear of the ribs. It is also common for a wing structure to 

feature a combination of all three accordingly in order to provide the necessary strength 

and load distribution as needed.  

 

Figure 33: Reinforced Wing Structure [16] 

 

 

Figure 34: Blended Wing Body Wing Structure [16] 


















































































































































































































































































































































































































































































































































































































































































