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Nomenclature

Table 2: Nomenclature 1

Nomenclature of Terms

Description
A Statistical Empty Weight Fraction
a Speed of Sou-nd
AR Aspect Ratio
B Fuselage Width of Aircraft
b ;Ning_; Span
byert Tail Length
c Negative Exponent of Relationship
between Empty Weight and TOGW
C.G. Center of Gravity
G Lift Coefficient
G Drag Coefficient
Gortotal Total Drag Coefficient
Copressure Pressure Drag Coefficient
Gofriction Friction Drag Coefficient
Gowave Wave Drag Coefficient
CGu Momentum Coefficient
Gop Parasite Drag Coefficient
G Induced Drag Coefficient
D Drag
d Mission Segment Range
e Aircraft Efficiency ]
g Gravity (= 9.8 mfs
Kis Variable Sweep Constant
K Scale Factor of Cabin Area
k Turbulent Kinetic Energy
L Lift ]
L/D Lift to Drag Ratio
M Mach Number
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M Mach Number
Nyt Ultimate Load Factor
Nseat Number of Passenger Seats
P Maximum Pressure Differential
R Range
R Universal Gas Constgnt
(287.05 J/Kg/K for Air)
Re Reynolds Number
S Reference Area
Seabin Cabin Area
Suse Gross Wetted Area of Fuselage
Sw Gross Wing Area
Set Reference Area of Aircraft
Sert Vertical Tail Area
T Absolute Temperature (Kelvin)
T Engine Thrust
TOGW Take-Off Gross Weight
T/W Thrust—to—Weig_)ht Ra;io
(/C) avg Average Airfoil Thickness
u Velocity of Fluid
V Velocity
Vic Propulsion Capacity Efficiency
Wair con Air Conditioner and Anti-lcing System Wei
Wapu Auxiliary Power Unit Weight
Weabin Cabin Weight
Werew Crew Weight
Wi-eng Dry Engine Weight
Waiee Electrical Equipment Weight
Wempty Empty Weight
Wiyel Fuel Weight
Weymi Furnishing Weight
Whyse Fuselage Weight
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Wyear Landing Gear Weight
Wip Hydraulics and Pneumatics Weight
Wy Surface Control Weight
Wiakeoft Take-Off Weight
Woayload Payload Weight
Woro Propulsion Weight
Wiert Vertical Tail Weight
W/S Weight Loading Ratio
Wiing Wing Weight
Woew Zero Fuel Weight
’ Density
¢ Aircraft Shape Factor
1 Parameter of Wing Shape
< Taper Ratio of \-/Ving
[ ea Swept Angle of Structural Axis
Dynamic Viscosity
> Turbulent Kinetic Viscosity
L Kroenecker Delta
G Generation of Turbulent Kinetic Energy
due to Bouyancy
G, Generation of Turbulent Kinetic Energy
due to Mean Velocity Gradient
G, Production of Turbulent Viscosity
Yu Contribution of Fluctuating Dilation
Y, Destruction of Turbulent Viscosity
. Adiabatic Index (1.402 for Air)
A Kinetic Viscosity
) 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 faure goals in noise reduction, fuebnsumptionreduction, 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 deasibleconcept 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 beenradrder 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

N+1 = 2015 N+2 = 2020 N+3 =2025"*
CORNERS OF THE Technology Benefits Relative i Technology Benefits Relative Technology Benefits
TRADE SPACE To a Single Aisle Reference To a Large Twin Aisle
Configuration Reference Configuration
Nosse
(cum below Stage 4) -32.dB -42 dB .71d8
Y beou CAEP ) 60% 75% better than -75%
Pkl qebrorol -33%"* -40%** better than -70%
ifﬁtﬁ:« -33% -50% exploit metro-plex* concepts

Incorporated into the blended wing body design will bmaphing wing which
will further assist the goals of the project and will bring about an entirely new design of
aircraft that has yet to belfy studied. A morphing wing will incorporate the advances of
such technology into an advanced foamventional aircraft design to produce a radical

new degyn for the future of commercialviation.
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The morphing wing is inspired by the aerodynamic adnitta 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 morphig 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 tmeired 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 idesthat 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 desidmen 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 beused 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 turbulenflow and reduction of noise emissions.

A design prototype of eaatf 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 baegigih 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 oveyetes;
however the same basic aerodynamic design has not baegech While this design has
been in use for several years, thareseveral 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 efficiegm.désthout
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 aboven 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
swch as the Boeing 777 and 787, whizden 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 aircrédisign 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 config more passengers inside the tube designs
that current fuselages are still based on. Modern -athy 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 andaapace.

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 designingveide-body aircraft that features a double deck fuselage in
order to accomwdate 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 flawean. 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 #icient as it could be.

The basic lawsgoverning 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

Fg= %P?-’E d

Using the same principle, the drag force equation can be used as a means of
decreasing the aerodynamic drag expeeeby 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, aircrafmanufacturergnust 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
commercia 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 metha, 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 ®zof commercialaircraft and their lack of aerodynamic
optimization lead to the aircraft to produce a significant amount of noise emissions, most
notabl during landing and take offs. The airframe of an aircraft is a big contributor to

overall aircraft nae during landing and take &t

13|Page



Virzi, Correia, Tejada, Baldeosingh

1O —
— Engine noise
r =y
105 1— =
- Engire noise
joo - . g s
]
o
Lo
w 551
a
a =" —_—
| T
2 20
)
z i
B oas - ]
o
(=8
g
E M1 —
=
m
=
7S - : :
=|| 2 =l
9.& B El.% B
o EE]E]] 2|2 E IS IE el
S =118\ 25| |5]| &
ElslisEElls1lEl |BIISI5|E(Ells]|lE
e L wfldfjaffe] 2= wllafjal (=)=
Appmachnoise Taleoff noise

In addition, nodern day commercial aircraft contain teands of mechanical
partsthat are required in order to maintain control of the aircrdftoughout various
stages in its flight. Control systems such as the flaps and the elevators require numerous
parts in order to function and are greatly subjectedtigife 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, aade 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 wirgs of a commercial aircratilso contain the most movable mechanical
parts of the entire aircraft. This large concentration of movable mechanical parts makes
for an extremely complicated network joints, rivets, bolts, and other parts that must
work togeher to reconfigure the wings for their desired purpd$és 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 reconfiguratiorieads to a decreased fatigue life and thus requiring
more regular inspections of the aircraft to ensure its safatime companies spend
millions of dollars annually in aircraft inspections in order to ensure all these parts are in
working order and ha not been subjected to fatigue beyond their capabilifibs
increases the annual overall operating cost of the aircraft making an airline ticket more

expensive.

Unit Operating Cost by Category

Cents per Available Seat Mile (ASM)

Fuel
Labor
Ownership
Professional
Services
Landing Fees
Food &
Beverage
Maintenance
Material
Passenger
Commissions
Insurance
Communication
Ad & Promotion
Utils & Office
Supplies
TransRel
Other

Figure 7: Unit Operating Cost by Category[9]
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Operating Costs by Objective Grouping

Transport Related
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Fuel

Landing Fees_,
23.8%
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Passenger
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1.0%
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Other
7.8%

Utils & Office_—
Supplies
0.6% -

Ownership 7
11.8%

Maintenance / | Labor
Materials l‘ 24.9%
1.8% LAd & Promotion
0.6%

Figure 8: Annual Operating Costs by Airlines[9]

In additionto 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 inwjck turnaround timedBecause 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 ohustry. 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,hds been known that current
designs of commercial aircraft were not the most efficidite reason behind their
shapes and their continued use without significant modification for the past 50 years is
their ease of manufacturability and operation. Howeifethe 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 nixist f

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 behindh utilizing this In order to take modern aircraft one step closer
to optimizing flight we must reexamine fixed wings.

Commercial aircraft fly in dynamic conditions which constantly affect the
aerodynamics dilight. During takeff, a Boeing 737, for example, has 47,025 pounds of
fuel in its tanks. (Boeing) After a long flight, at cruigimltitude, the aircraft weighs
thousands of pounds less and is flying thousands of miles above sea level. These
changing conditions greatly impc t t he aircraftos aerodynam
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 wevelop 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 fuelsamption 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 reducedSi nce the aircraf
produce thehrust, decreased thrust translates adegoeased 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 tloelyaemic 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 wilantgldwsincreases drag, degeasing iy e . Si |
automatically increases fuel efficiency.

Another major factor in drag is skin friction, which is theetion 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 minvtithmthe
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 extraircare
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 Designhas been around for many yedrat some of the most sidizant
developments in flight were achieved during th& &éntury. Since the first flight, back
in 1903 it is extraordinary how far aviation has come. During World War Il aircrafts
became a crucial factor in combat, increasing the need for new desighsiew
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 draatigecin 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 eggmrdy 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 integtatdte 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 forghegpose of controlling the aircraft;
this not only increases weight, but also complicates and increases maintenance costs.
Figure 9 shows a picture of the Airbus-380, an example of a conventional design
aircraft which is the biggest commercial aircrafbhd 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 altern@ves, different to the conventional parameters, in order to create
new design concepts that meet the needs of

For the purpose ofour project, airframe designsthat will optimize fuel

consumption while maintaining a low actiasignature and cost are desired.

Figure 9: Airbus A380 Undergoing Testing[21]

The Canard airframe configuration is a different type of aesigwhich 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 ehistars

without elevator stopssynergistic use of wiglets for directional stability, andor
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unstable aircraft, canard designs may have drag advant&gene of the disadvantages

from this design include that the fuel cent
center of gravity, compared twnventional designs.hls means that aatge 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 theaficain be affected dramatically

by choosing the wrong canard.

Figure 10: Royal Air Force Typhoon F2 with Canard Surfaceg20]

The concept of aircraft design and its relation to the needs of the industry in the
present has chged dramatically over the yearseW concepts are requd¢o cover all
the desires ofthe military and commercial industry. The main goal when desigamg
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 airframeyen though it is consided a new aircraft
concept design, offers a great advantage over the conventional aircraft which has too
many moving parts that would not adépudifferent flying conditions.tlalso disrupts the
smooth airflow over the flight controlsyhich increasesirag. The blended wing body
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concept offers a great design advantage over other airframe modelschit blends its
payload, passengers, and cargo capacity into a thick airfoil shaped bestaning an
entire flying wing. h addition it is important taonsider that this new dgs is taitless,
resulting in the reduction slurface area which at the same time reduces drag.
Even though the blended wing body is consdea new aircraft design, it is
important to know that this concept has been usedampést during the early days of
aviation. A good example of this was the design of the North&pB-35 and YB35
which were heavy bomber aircrafts desidmight after World War 1l by the Northrop
Corporation. As seen iRigure 11 the aircraft was degned by eliminating the fuselage
and tail section and becoming a flying winghich provedeffective in drag reductionlt
is from this model t hat the AFlying Wi ngo
program did not succeednytechmdal diffioulties \wite itsf or t y 6 s
reciprocating engines used at the tirsidieshave 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 ftegdacity 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 a
great option for the military industry is the design of N@mthrop GrummarB-2 Spirit,
also known as théd St e albtehr 0Bo m T h i s byahe Urdted&tdtes Airi S |1 n US
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 redustich males it
really difficult for the opposition to detect, reduction of leading edges, fuel efficiency,
and great payload capacityFigure 9shows the blended wing body used in the design of

theNorthrop GrummaiB-2 Spirit

Figure 12: Northrop Grumman B2 Bomber [23]

The blended wing body design offers many advantages over the conventional
aircraft designandfor the purpose of our project, which isreduce 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 greailmprove reduction of surface area up to a
33% based on research and comparison with conventional aircrafts, for instance reducing

drag in a great amount.
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Many studies comparing conventional technology aircrafts to blended wing
bodies have been done in ghast,andas example it was important for us to consider the
evaluation done by Boeing and its48 blended wing body design, compared to the
conventional and latest design by Airbus, the&80. Both airplanes were compared
with similar technological agpment, with a payload of about 400 passengers and a
range of about 8700 nautical miles. The Boeing8<showed a 32% fuel reduction per
passenger seat over the airbu880, this due to its design which reduces surface area by
not having a tail and iegrating 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 ofthe Airbus A380 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, tisdue to the need of a new technology that
would meet the need of savieign 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 greafest for

the passengers.
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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 couldhot compensate foall the different flight stages without some
sort of movementA fixed wing with several control surfaces requieggyineers to pack
the wings with tons of mechanical and electrical systems in order to operate such control
surfaces. In addition, all thesg/stems 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 flanhairid t
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-oirculate.Veins are placed in betwedme 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 ainttoduceaddiional 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 morphtorsmooth 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 Pland14]

NASAOGs Langl ey Research Centerodasms been v
an arcraft 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 stil]l very primiti vhasteesvingwill att emp
be able to respond to different flight conditions and change the wing shape accordingly.
NASAOGs Dryden FI i ght inCoajunttienrwithitted).ShAgen wor |

Force, the Boeing Corporation, Lockheed Martin, and BAE Systemsvadopean aero
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elastic wing for an F/AL8 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/A8 fighter jet fron 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 wirggnd to induce curvature in the wing to replace the

flaps and slaps from its original configuratio

Maneuvering

Figure 15: NASA Aero-Elastic Wing Research F/A18 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 fdfrpgmnce 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
performanceointsassunmg 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 geometrthat works through these flight conditions but is-spfimal
for any given point. A morphing wing design, however, allows for -“opamal
performance foa variety of flight condition§2].

A fispider ploto was then u skt morghinggr aphi c:
wing geometry in comparison fxedwi ng geomet r y . théouteraadidss pi der
indicates the best possible performance. By superimposing the morphing and fixed wing
configurations, the performance of various wing morphstrgteges 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 tgeilow,
the Firebee can morph the airfoil to a shape better suitedafdr performance point
flight condition. The outermost zone, shown in teal, shows a morphing cajpaple of
telescoping, chord extension, and variable sweep morphing. This platform morphing

significantly improves the aircraft performance as comparedtpimng the airfoil alone

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

A smart mechanism must be employed within the wing in order to allow the wing
to morph through various configurationSome of the mchanisms already being
researchedor use in morphing wingare; the piezoelectric motor, shape memory alloy,
and pneumatic artificial muscles.

Piezoelectric motors use the converse piezoelectric effect whereby the material
usedproduces acoustic or ulganic 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 prirganechanism in a morphing wing desidine 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 tempetaredependence [7].
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BASIC COMPONENTS OF THE PIEZOELECTRIC MOTOR

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 materia¢ssmart material iNnol
is actuated through heat and twists 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 temperatulependence [5].
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Figure 10: Nitinol [16]

The most innovative technology in morphing wing application is the use of
pneumat artificial muscles. Pneumatic artificial muscles are inspired by the way organic
muscles contract and retract in order to provide force and make movehhese
lightweight mechanisms utilize pressurized air to cause extension depending on the
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tightnessof the weave. One of the major advantages of pneumatic artificial muscles is
that it is a versatile mechanism that can be adapted to providk marfge 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-lanesn
system. Another disadvantage is that since gas is compressible, a PAM that uses long
tubes must have a control systémncounterbalance thdelay between the movement
control signal and the effective muscle action. A PAM actuator system needs electric
valvesand a compressed air generator, which are neither light nor Sgedin the
applcation, 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.

Acid Inlet
Machined Delran

Porous Teflon Tubes
PVA contractile fibers

Drain line

Piezo — electric or Base inlet

solenoid microvalve Latex or PVC compliant cover

Spectra
tendon

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 aiftuig. option removes the
complexities of advanced regials 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 overheuvingt
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 theTde drawback is figuring out
how much air pressure is required for the actuantsensuringhat it does not require a
high amount of air pressure to be fed through the wing and actuators. Such a system

would introduce safety conceraad 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 forc&uch 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 18: Internal View of TRD Manufacturing Pneumatic Actuator [5]

Figure 17 shows a variety of pneumatic actuators that are available from TRD
Manufactuing. TRD Manufacturing is a company that makes actuators for a wide array
of applications. They are much bigger than the Bimba actuaods can provide
significantly higher push/pull forces. These types of actuators provide the kind of force
that would le required to change the thieess of an airfoil given that wings are made of

metal with substantial thickness.
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HLK-11090 double acting actuator 190mm stroke
HLK-11110 actuator 148mm stroke

I a2

HLK-11070 actuator 100mm stroke

S

HLK-11060 actuator 65mm stroke

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 pexderfoatheir
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 transiate 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 orderto 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 institutiaas such
NASA. Their studies have atuded several methods that have been tested in order to
maintain flow attachment and redutbulent 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, rreléiment airfoils pulsed jet
separation control and dtow 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 firstastefeness 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 demandinguttio

energy, especially from the engines, or else the energy loss due to operation of the flow
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control system will become greater than the aerodynamic advantage. In addition, if the
flow control system is too heavy and adds significant weight to theaftigaznd 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 increasertoload 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 tha¢deature 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 contt 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 ftation and this will generally lead to an increase in

weight.

,3
A

Xi

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 awaft. While multtelement 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 mulélement airfoils significantly increases the

acoustic signature of the aiadt.

Figure 22: Multi -Element Wings on a Boeing 74711]

Pulsed jet separation control can be used with open or desddackcontrol 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 nafaly

designed.
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A more favorable flowcontrolstechnique, 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 attractaduwing about a
nearbysurface. 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 thveng; however this will add wight 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 ceflow jet shows great promise fanaintainingthe air flow attached to the
wing and greatly improving its coefficient of litven 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). la conventional wing, when the system experiences a
high angle of attack, the floweparateloser 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 expaced during landing anikeoff situations and severely

hampers the potential lift and drag that can be optimized.
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Coflow jet is a system where a secondary jet stream is introduced in order to
influence the air flow around the airfofbuctionis 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 surfatéhe airfoil.

Vﬁeﬁm

baseling airfoil

injection

suction

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

The University of Miami has been conduction innovative research -dlowget
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 deompose 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 typicalgndddio be built
immediately underneath the passenger cabin and is directly connected to botfaengs.
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 taogssuch as Boeing
and Airbus. The wing box is instead custdesigned 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 designare relatively similar since aircraft designs have remained
relatively the same since the beginning of aviafidre location of the wing box varies
depending on the location of the wingthe aircraft. Typical commercial aircraft are
designed as lowing aircraft and thus the wing box is located underneath the passenger
cabin in the fuselage. Some military aircraft such as th& Globemaster Il are
designed as higtving aircraft becausef 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 G-17 Globemaster Il Military Cargo Plane [23]
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Figure 28 Fuselage Cross SectiofiL3]
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 pithoethe
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 sbws a typical wing box that is used in a commercial aircréie.
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 31 Wing, Fuselage, and Wing Box Attachment Assembly Phag#4]

Figure 31 shows the assembly process in which the wing box construction takes
place and is then added to tlhsdlage and wings of the aircraft. As cansieen, 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 majoportant 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 sevaga 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 encadexidiynt
of the wing, which can typically be aluminwsheet metal. Ribsin parallel to the aircraft
and can be placed at certain distances along the span of th&@asg. ribselp the
length of the wing maintain the airfdike shape of the wing, thus are basically
shaped in the specific airfoil shape of that particular location. In some locations along the
span of the wing, it may be necassto place ribsnore frequently and close together,
while in some other locations they can placed moreasipapart. 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 spar®f the wing structue run perpendicular to the ribad act as a structural
connectiom and provide spawise strength to the wing. Depending on the type of aircraft
and the environment it is to be designed for, a wing can&avan sparunning span
wisethrough the center of the ripsr it can have forward and rear sptrat provide
support fromthe front and rear of the ribK 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]
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