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1.0 PROJECT OBJECTIVES AND REQUIREMENTS

1.1 Introduction
1.1.1 Motivation

Different airplanes are designed to be optimal for different flight conditions. The optimal flight condition for
the airplaneis partially determined from the shape of the wing used. To alow for the airplane to change
flight conditions during a single flight, control surfaces are incorporated into the wing design. However,
these control surfaces often increase the drag on the aircraft and effectively decrease the efficiency of the
aircraft. Morphing the wing would increase the efficiency of the aircraft for a second flight condition during
asingle mission.

Morphing wing technology is arelatively recently explored technology for increasing the efficiency of
multiple flight conditionsin the duration of one mission. Those involved in the design of next generation of
unmanned aerial vehicles may be especially interested in exploring morphing wing technology. For example,
the Aerosonde UAV currently uses a stiff, rigid wing for cruising at relatively high speeds. The current
limitations of the Aerosonde, however, are that it cannot easily or efficiently support lower speeds such as
those required for loitering, taking off, or landing. A morphing wing would help the Aerosonde be able to
efficiently be controlled at lower speeds for taking off, landing, and loitering. The Aerosondeis only one of
many examples of aircrafts that could benefit from morphing wing technology.

1.1.2 Past Research

Morphing wing technology was born at the same time as powered flight itself. Orville and Wilbur Wright
used a pulley and cable system to change the shape of the wing as well as control surfaces on the Wright
flyer. This morphing processis known as “warping”. Their ability to bend the shape of the wing caused and
changein lift on a specified lift surface of the aircraft, thus, changing the direction of the Wright flyer.

Not much research or experimentation was conducted in morphing technology until recently. Modern
morphing wing technology is arelatively recently explored technology for increasing the efficiency of
multiple flight conditionsin the duration of one mission. Some examples of morphing wing technology
currently being utilized on military aircraft are the Grumman F-14 with its sweeping wing design, the
Fairchild A-10 with its “drooping” wingtips for enhanced drag characteristics at low speeds, the AFTI/F-111
with its Mission Adaptive Wing (MAW), and the aeroelastic wing on the F-18E which changes its shape
based upon the flight conditions experienced by the aircraft (cruise, high G maneuvers, etc.). In unswept
configuration the Grumman F-14 can achieve alarge amount of lift and take off in shorter distances while the
varying degrees of swept position alow it to compensate for different Mach realms during flight.

The AFTI/F-111 and F/A-18E were some of the first attempts at a smooth, variable camber wing. By
requiring specific changes in the aircraft’ s wing characteristics such as camber and twist change, the F-111's
wing could be optimized for numerous flight conditions, thus achieving higher lift-to-drag ratios which
equate better ranges and efficiency of flight. For the F/A-18E, the active aeroelastic wing (AAW) reverts
back to the technology of the Wright flyer by using the natural warping of the wing to control the aircraft.
Furthermore, thislack of unnecessary structural rigidity allows for a much lighter aircraft. 1t isbelieved that
AAW concepts will eventually evolve to control wing twist at high speeds and improve roll maneuvering, to
the point where a vertical tail may not be needed.



1.2 Project Objectives
1.2.1 Overall Objectives

The overall objective of the proposed morphing wing project is to conceive, fabricate, integrate, and verify a
wing demonstrator that is able to morph its shape to increase lift for two distinct flight conditionsin awind
tunnel test. The method used to morph the wing will be based on feasibility and effectiveness. Different
methods of morphing wing were analyzed, and a system selection was made based on feasibility and
effectiveness.

1.2.2 Functional Objectives

To define the project objectives in more detail, there are several minor objectives that must be considered in
order to meet the overall project objective.

The objective of flight phase efficiency is obtain a change in the shape of the wing demonstrator and observe
the aerodynamic effects of the change. The change in shape should produce the aerodynamic effects which
would allow for atransition between cruise phase and a more efficient loiter phase flight condition. This
would ultimately involve increasing the lift characteristics of the wing. The aerodynamic characteristics
objective gives the basic conditions for choosing the wing shape.

An additional objective involves the definition of an effective actuation system, which would initiate and
control the shape change of the wing. This actuation system would have the capability to be used not only by
the demonstrator for this project, but would also have the potential to be applied in aircraft flight tests.

Another objective involves the definition of a structural and material system that allows the wing to remain
structurally sound, compromising the flexibility necessary to morph the shape of the wing and the stiffness
required to ensure structural integrity.

The final objective includes the ability to verify the aerodynamic performance of the morphing wing in a
wind tunnel, capable of measuring forces, moments, and their respective coefficients.

1.3 Project Requirements
1.3.1 Functional Requirements

In order to meet the objectives discussed above, functional requirements were defined for the project. These
reguirements were broken down into project sub-systems, and include aerodynamics actuation, materials,
structures, , and verification.

The aerodynamic requirements involve the design of the morphing system such that the aerodynamic effects
are observable. Thus, the aerodynamic properties, and the differences in aerodynamic properties resulting
from the morph must be measurable. In addition, there must be an identified benefit that results from
morphing from one wing shape to another. The aerodynamic requirements will define the shape of the wing
in its two different stages with the main objective of increasing the overall lift of the wing as aresult of its
change from one shape to another.

As an actuation requirement, a device must be included to change the design of the wing demonstrator. This
isrequired to control the shape change of the wing. An outside controller will be utilized to control the
actuation system. This ensures be determined by the aerodynamic design of the system. The amount of
power necessary to actuate the shape change must be reasonable, in consideration of the amount of available
power on most unmanned aerial vehicles. Finally, the actuation system must be predictable, and the shape
change repeatable to an accuracy high enough to ensure the avoidance of adverse aerodynamic effects.that the
actuation of the wing shape change can be controlled during flight. The selected actuation system must also



be capable of proving enough energy to change the shape of the wing under static and aerodynamic loading.
The degree to which the actuation system will be required to change the shape will

For the wing material selection, the main requirement isto utilize materials that would allow for flexibility to
morph the wing while maintaining structural and integrity. The amount of flexibility required of the material
will be defined by the magnitude of shape change thisis required for aerodynamic purposes, and the method
of actuating said shape change. This defines the basic constraints on the material selection for the wing.

The primary requirement for the structure of the wing demonstrator is to withstand the aerodynamic loading
on the wing in the two flight conditions. The structural components of the wing will ensure structural
soundnessin flight. The structural components must be designed such that manufacturing can be
accomplished in-house, using materials that are readily available or that are easily obtained.

To analyze the improved performance gained from morphing the wing, aerodynamic properties of the wing
must be measured in awind tunnel. A reasonably sized wind tunnel test section isrequired to ensure that the
wing model will not be so small as to involve tweezers and magnifying glasses for assembly purposes. For
proper data collection and safety purposes, the wing demonstrator must be stabilized in the wind tunnel at
various flow speeds. Therefore, a mechanical interfaceis required to mount the wing in the wind tunnel,
minimizing interference with the measurement system already in usein the wind tunnel. The mounting
system and the morphing wing demonstrator itself must be compatible with the existing wind tunnel
equipment.

1.3.2 Required Engineering Expertise

In order to have a successful morphing wing design project, it has been determined that several areas of
technical expertise are needed. The expertise of mechanical and structural design will be needed to design
and test a structurally stable wing model. To determine the actuation system, expertise in the area of
actuation systemsis needed. The project will desire an expertise in aerodynamics to determine the best shape
of the wing for the best aerodynamic performance. The expertise in flight dynamicsis also desired to
determine the most efficient flight characteristics for the demonstrator. Expertise in mechanical and electrical
fabrication is desired to design and fabricate the mechanical parts of the wing, and the electrical components
of the system. Finally, an expertise in data acquisition and analysisis desired to predict expected
performance and determine actual performance of the morphing wing and success of the project.

1.3.3 Resources

The morphing project will require the use of specific resources for different aspects of the project. These
resources include, but are not limited to the following: 1) awind tunnel facility capable of measuring
aerodynamic force and moment coefficients, with atest section of reasonable size, 2) computational facilities
which allow for the creation of fluid models, 3) appropriate machining equipment, and 4) access to electrical
wiring, power, and other equipment.



2.0 DEVELOPMENT AND ASSESSMENT OF DESIGN ALTERNATIVES

2.1 Morphing Shape Consider ations

There are four top-level objectivesin designing the morphing wing: aerodynamic shape, actuation, material
selection, and the verification and testing of the model.

2.1.1 Aerodynamic Performance Requirements

The performance regquirements for the morphing wing test model call for increasing the lift characteristics
associated with flight at two distinct speeds, as measured in awind tunnel test. This requirement thus defines
additional requirements which define the selection for the morphing system.

First, in order to ensure that aerodynamic property changes are observed, the system must be chosen such that
aerodynamic effects would be clearly noticeable. Thus, the system chosen must be effective in changing the
properties of the wing or airfoil. An underlying requirement is that the aerodynamic properties resulting from
the shape change provide some benefit to the wing.

In addition, the ability to test the aerodynamic properties of the wing, awind tunnel test must be performed.
Thus, the model must be compatible with awind tunnel facility, limiting the size of the system, and the
equipment that may be used to produce the morphing functionality.

2.1.2 Morphing Shape Alternatives

There are numerous ways to increase efficiency of different flight aspects of an aircraft through changing the
aerodynamic characteristics of the wing. Changing the span or aspect ratio of the aircraft wing increases the
lift characteristics of the aircraft Loitering could also be made more efficient by changing the airfoil shape,
drooping the wings, increasing the airfoil camber, or twisting wing. Performing any of these changes by
morphing during a mission would give increased efficiency in loiter stage. Table 2.1 compares the
effectiveness of different morphing capabilities (Cesnik).

Table 2.1 Effect of Types of Physical Change of State on Aerodynamic Properties
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These numbers are rated on Dr. Carlos E.S. Cesnik’s determination of the relative benefit of changing the
physical state of the wing's aerodynamic characteristics. From this table, one would determine that changing
sweep or span would be more advantageous than changing camber . However, these forms of wing morphing
technology have already been analyzed, some of which are currently in use in modern military aircraft, such
as the Grumman F-14 Tomcat (wing sweep). Due to the complexity of some of the above systems (with



regards to morphing geometries) and the fact that many of them have been explored before (and are currently
in use), avariable camber was chosen as the method to make the morphing wing more efficient in the
loitering stage.

Flaps are one way of simulating an increase in the camber of an aircraft. Flap systemsincrease the effective
wing area, increase the lift at a given angle of attack, and leading edge flaps reduce leading edge stall. These
systems increase the value of the maximum lift coefficient and allow for slower speeds of travel. The main
problem with flap systems is the gap effect created (excessive drag). Therefore, the morphing wing being
designed will look at eliminating the gap effects by creating a seamless design. Effects of increasing camber
resembl e the effects of flaps added to awing, increasing lift characteristics by shifting the C, vs.  curveto
the left, resulting in higher lift characteristics at lower angles of attack and higher maximum lift coefficients,
thus effectively reducing the wing stall speed.

Graphical evaluation of the difference a small change in camber has on lift characteristics can be seen below
inFigure 2.1.

Clmax =159 \

Cimax = 1.65

Figure 2.1 Effect of Camber on Lift Coefficient

It isimportant to note the scaling on the left side of each graph and notice that the C,. is slightly higher for
the cambered wing. In addition, the angle of attack at which a given C, isreached by the un-cambered airfoil
islower for the cambered airfoil. Likewise, at agiven angle of attack, the lift coefficient achieved by the
cambered airfoil is higher than that achieved by the un-cambered airfoil. For example, at an angle of attack



of zero, the un-cambered airfoil produces zero lift (Cl = 0), but the cambered airfoil produces alift coefficient
of approximately 0.3.

In order to determine how to increase the camber of awing airfoil in a seamless way, the following methods
were considered: morphing the top surface, bottom surface, and both surfaces together. These methods of
morphing the wing were examined for difficulty and effectiveness. Table 2.2 shows a trade studying
analyzing each feature, used to determine which configuration is most beneficial based on feasibility and
effectiveness.

Table 2.2 Aerodynamic Shape Trade Study

M or phing Surface Difficulty Effectiveness
Top High Medium
Bottom Medium Medium
Top and Bottom High High

As shown in the trade study, the difficulty of morphing both the top and bottom surfaces, as well as morphing
just the top surface, is very high in that the structural stability of the aircraft would likely decrease as aresult
of compromising the upper surface stability to morphing flexibility. The effectiveness of morphing both the
top and bottom structuresis obvioudly greater than that achieved by morphing the top surface or the bottom
surface individually, as the thickness of the airfoil would vary to a greater extent, and the observable change
in lift would therefore be larger. However, it was determined that morphing both surfaces would be very
costly in that an actuation system would be needed for both surfaces.

Many forms of actuation were considered in attempts to morph both upper and lower surfaces. Some of these
ideas ranged from bladder systems which would expand and increase the leading edge radius and hydraulic
systems. Unfortunately, the shortcomings for the bladder systems were getting the bladder to expand into a
complex geometry asisthat of the leading edge of awing structure, as well as aeroelastic concerns
surrounding the bladder itself and whether or not it would withstand the large pressures at the trailing edge.
Hydraulic actuators were quickly ruled out because of weight concerns which would never allow for
aeronautic application, and would certainly be too large for use in a scaled wind-tunnel model. Based on a
compromise between feasibility and effectiveness, it was determined that the most appropriate method would
be morphing the bottom surface alone.

2.2 Actuation System Considerations
2.2.1 Actuation System Performance Requirements

In order to achieve areasonable difference in structural shape, it was determined that the actuation system
must generate a maximum deflection of 5 in the lower structure of the airfoil. The system must fully fit
within the structure of the wing and not interfere with the machining requirements of the wing or with the
structural integrity of the wing. The system must be repeatable and attain the same deflection over along run
of trials. The system must also be able to hold the morphed shape safely for long periods of time without any
change in the deflection. Thisis so that the wing can be tested for long periods of time in the wind tunnel at
the Academy. The actuation system must also be easily fabricated and integrated into the wing. It needsto
also be low in cost due to the budget considerations of this project. The actuation system needs to be
powered relatively easily and not require much circuitry. It should also be able to insulate itself from the rest
of the wing.



2.2.2 Actuation Method Alter natives

In order to morph the bottom surface, an actuation system must be chosen. Three actuation systems were
explored to morph the wing: electromagnetic, piezoelectric, and shape memory actuators. These systems
were each analyzed in terms of risk, performance, and cost.

Electromagnetic actuators use solenoids to create the force to push arod. Itisthisrod that isused to provide
deflection for whatever purpose the actuator is being used for. The risk associated with choosing these
actuators are that they arerelatively large, require afairly strong and stable material to push against since
each force has an opposite and equal reaction, and they require a high power input. In terms of performance,
the electromagnetic actuators produce arelatively small stroke. However, it was determined that the cost of
these actuators would be relatively moderate.

Piezoel ectric actuators are ceramic actuators that convert electrical energy to mechanical energy and vise
versa. The performance of piezoelectric actuators would be greater than that of electromagnetic because they
have a varied stroke size. However, the main risk associated with choosing piezoelectric actuatorsis that they
require alarge amount of power to operate one actuator. The smallest actuator found, weighing 1.0 gram and
having dimensions of 0.88 in. x 0.38 in. x 0.021 in., would require a minimum of 480 volts peak-to-peak to
deflect the material. Piezoelectric actuators are also very high in cost.

Shape memory alloy actuation was the final system explored for the morphing process. This actuation system
isan alloy material that transforms to atrained shape when heated by an electrical current and returnsto its
original shape when cooled below the transformation temperature. These actuators apply a force as their
elongation changes during transformation. The risks associated with using this actuation system are minimal.
The main risk in using the shape memory alloysis the inexperience of the group members with the use of
these materials. Interms of performance, the aloys can be trained to form any desired shape, they require
less power to actuate, and they can generate alarge force for their small size. The cost of the material isalso
fairly low at approximately $5 per foot. Table 2. 3 shows the actuation system trade study assessment.

Table 2. 3 Actuation Design Alternatives

Options

Manufacturers

Comments

Risk

Perfor mance]

Cost

Electromagnetic

Left Hand
Design
Coorporation

Can be made small, but not
small enough

Extremely small stroke
Large possible power

3/10

5/10

$50

requirements

Can be made extremely
smal

\Varied stroke size

Large voltage rquirements,
for their size

extremely high cost

Can be trained to form any
shape

IAchieves high temperatures
Requires less power than
other options

Comes in many forms, so
many possible design uses
Force generated is large

Piezo-electric 5/10 7/10 $100/in"2

Shape Memory

Alloys 310

Dyndloy, Inc 9/10 $5/ft

In the table, risk and performance were rated based on a scale from 1 to 10 of applicability to the project, and
ability to meet the project requirements. Selection of actuators was based primarily on size, cost, and power
draw. Electromagnetic actuators were found to be too large, the smallest actuators were found to be
approximately 1.3 in?. Piezoelectric actuators, as discussed above, draw too much power, and would
therefore not be practical for usein this project.



Further analysis of the trade study on these different actuation systems revealed that the most appropriate
actuation system for the project involves the use of shape memory aloy actuators. The wiresare small in
size, relatively inexpensive, and can generate alarge amount of force for their small size. Shape Memory
Alloys (SMA) also provide the capability of customizing the deflections associated with force application by
offering a variety of shapes and sizes used for actuation purposes.

SMAs, however, do have their drawbacks. They require avery large current in order to heat them tot heir
transformation temperature quickly. They also cause problems in designing their attachment to other
structures. The resistance of the wires remains constant due to the fact that as the wire gets shorter in length,
its diameter increases. This means the wire has a constant volume throughout the transformation process. So
the wire cannot not be directly soldered or epoxied to a surface; since as the wire is cycled through its
transformation several timesit would eventually work itself loose of these attachments. However this can be
easily overcome by the use of crimps on the ends of the wire and by lacing the wire onto the rib, which is
discussed later in much further detail. They also can be easily over-heated or over-strained. This causes the
repeatability of the wires to decrease to hundreds of timesinstead of being in the thousands. In the end the
problems of SMAs were deemed to be very small compared to the problems of the other types of actuators.
They were not seen as to be arisk to the success of the project and minimal compared to the problems faced
using other types of actuators.

2.3 Material Considerations
2.3.1 Material Performance Requirements

2.3.2 Materials Alternatives



3.0 DESIGN-TO SPECIFICATIONS

3.1 Overview of Requirements

The overall objective of the Morphing Wing project is to conceive, design, fabricate, integrate and verify a
wing demonstrator that is able to morph its shape to increase lift for two distinct flight conditionsin awind
tunnel test. Specific objectives of the Morphing Wing project can be classified into three categories:
actuation system, wing structural characteristics, and aerodynamic characteristics.

The goal of the actuation system is to provide the ability to actuate change in the airfoil shape in a controlled
manner. The structural characteristics of the wing are defined by the aerodynamic loadings and the
capabilities of the actuation system. The structure of the wing must be able to withstand the aerodynamic
forces and wing loadings. In order to achieve a seamless morph, there must be a compromise between
stiffness and flexibility in the selected materials to ensure that the wing shape can be changed by actuation
and remain structurally capable of withstanding aerodynamic forces. The aerodynamics properties must
ensure that the change in shape will result in measurable changesin flight characteristics. The effect of
morphing the wing shape will be verified and measured in awind tunnel test.

The requirements for the Morphing Wing are thus defined by the objectives of each system discussed above.
The design-to specifications of the project are defined in terms of the following items: the scaling of the wing
model, the actuation system, the material properties, and the scaling of the Reynolds number for aerodynamic

characteristics. Each of these will be discussed in this section.

3.2 Aerodynamic Specifications

Early in the development of the project, the Aerosonde UAV discussed in Chapter 1 was used as a design
guideline. Much of the preliminary design of the morphing was done with the intent to apply the design to
the Aerosonde UAV. Asthe project matured, the Aerosonde application was discontinued, however aspects
of the wing and aircraft flight properties were used for preliminary sizing and identification of testing
properties.

The determining design-to factor for the wing model was the scaling of the wing to the appropriate Reynolds
Number. The wing had to be scaled to fit in the wind tunnel at the United States Air Force Academy, which
has a three-foot by three-foot test section. The preliminary size of the model was based on the Aerosonde
UAV wing, which has a chord length of 9.25 in (.235 m), and a half-span of 4.75 ft (1.45m). Inorder to
scale the model wing to fit inside the test section, a scaling factor of .53 in was applied to determine the
dimensions appropriate for the model. Thus, the preliminary dimensions of the model wing were determined
to be 76 cmin span by 12 cm in chord length. However, wall tip effect concerns arose, and it was
recommended that the wing be scaled down to allow at least 6 in. on either side of the wing for three-
dimensional testing. Given that the wing is designed with arectangular platform, it was simple to
accommodate and adjustment to the wing size. Thus, to alleviate wall effect issues, the model’ s span was
scaled down to 48 cm and the wing tip geometry was adjusted accordingly. The size constraints of the model
greatly limit the design possibilities, as each internal system must be designed to fit within these dimensions.

The model scaling thus defined the properties of the aerodynamic analysis for the wind tunnel test. In order
to appropriately test the wing under the same airspeed as the Aerosonde UAV, the Reynolds number of the
wing must be the same as that of the UAV. The UAV stall speed is approximately 18 m/s, and the Reynolds
Number is 2x10°. Thusin order to match the Reynolds number, the stall speed of the model wing was
determined to be 34 nv/s, following the equation,

RN =VL/u [Equation 3.1]

Aswas stated earlier in Section 2.1, an increase in camber correlates with an increasein lift coefficient and
shiftsthe C vs. curveto the left. Theintention of this project isto increase the camber by lifting the lower



surface of the wing through actuation in order to achieve these aerodynamic benefits. Figure 3.1 illustrates
this shape change from unmorphed state (upper picture) to the morphed condition with higher mean camber
(lower picture)

Figure 3.1 Morphing Shape Concept

The morphing wing is designed such that mean camber is increased by approximately 30% between the
wing’s unmorphed and morphed conditions.

3.3 Actuation System Specifications

In order to achieve areasonable difference in structural shape, it was determined that the actuation system
must generate a maximum deflection of 5mm in the lower structure of the airfoil. The SMA wires, chosen to
provide the actuation force, are capable of producing a maximum actuation force of 9N axially. AsSMA
wires typically offer higher forces at the expense of low deflections, and vice versa, a compromise must be
defined to obtain the best tradeoff between force and deflection that meets the requirements of the actuation
system. The structural components of the actuation system must also be designed to accommodate the
deflection requirements and the force capability of the actuators.

The transformation temperature of the wires dictates the heating regquirement and thus the power requirement.
A temperature of at least 363 K (90 deg C) must be achieved in order to activate the SMA wires. The heating
reguirement also dictates the power requirement. The current required to rapidly heat each wireto its
transformation temperature is 1 Amp. Thus, the power requirement for the entire system is based on the
resistance of the wires. The overall actuation system will thus require a power source of approximately 39 W.

3.4 Material Specifications
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4.0 SYSTEM ARCHITECHTURE

4.1 Actuation M echanism Architecture

The actuation mechanism is designed so that the SMA wires apply force to the structural ribs during their
contraction, producing the desired deflection. The contraction of the wires occurs by heating the wires to the
transformation temperature of the material. The actuation mechanism concept is shown in Figure 4.1.

Figure 4.1 Actuation M echanism

In Figure 4.1, the solid red line shows the actuator wiresin their original configuration. The dotted line
indicates the expected configuration of the wires upon contraction. The deformation of the rib under the
actuation force isindicated in green. The external forces on the rib and the actuators are shown, identifying
the force applied to the ribs by the wire, and the restoring force provided by therib. The distance between the
two attachment pointsis 47.18mm. The original length of the wire is 48.86mm and the final length is
46.64mm. Thereisoriginally a 6.35mm between the rib attachment point and the line of the top structure
attachment points and afinal distance of 1.26mm giving the desired deflection of 5.09mm.

Each 0.01in thick SMA wireis capable of producing 9N of force in the direction of the wire. Using
geometry, in this configuration the wires will provide an initial force of 4.67N and afinal force of 0.96N.
With two wires on each rib this gives enough force to actuate the ribs.

4.2 Structural System Architecture

The structural ribs are distributed span wise along the wing structure and are deformed by the SMA wires
when the wires apply aforce. The structural ribs are connected to the upper surface by the hinge. The
trailing edge portion of the structural rib is allowed to slide along atrack on the upper surface. To connect the
SMA wire to the structural rib, the wire is laced through two 1/16in drilled holes in the structural rib located
at 35.65mm and 37.65mm down the length of the rib, and 3.33mm and 6.67mm down the width of therib.
The design of the structural rib system is shown below in Figure 4.2.
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Figure 4.2 Structural System Architecture

4.3 Expected Performance
4.3.1 Expected Aerodynamic Performance

Aerodynamic analysis was done using Computation Fluid Dynamics (CFD) programming in order to predict
the performance that satisfies the specified requirements. The CFD program produced results in the form of
the three resultant forces present on the airfoil section. These forces were then converted into lift. Lift was
converted to coefficient of lift using Equation 4.1 below.

L
C.L=——=
5SrM-S
.A graph of the predicted lift coefficient versus angle of attack for the morphed and un-morphed conditions

can be found below in Figure 4.3. The data below represents an inviscid flow solution, as there were
calculation problems with the viscous code.

[Equation 4.1]
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Figure 4.3 Expected Aerodynamic Perfor mance
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A maximum changein lift coefficient of approximately 0.2 was achieved at an angle of attack of about 10
degrees. At low angles of attack, where the prediction has more validity, the change in lift coefficient was
found to be approximately 0.1. Thistheoretically verifies the ability of the morphing wing to achieve the
overall objective of increasing lift characteristics. In addition, it can also been seen in the graph that the
maximum lift coefficient was also increased for the morphed model. The difference in maximum lift
coefficient also corresponded to the largest magnitude of difference in lift as seen in the graph. The main
reason for the decision to increase the camber of the airfoil isthe fact that it will increase the lift at agiven
angle of attack. From Figure 4.3 it can be seen that thisis theoretically true for all angles of attack. By
increasing the lift on the wing, the stall speed of the wing is effectively reduced. It can also be seen that the
C, curveisnon-linear. The main possibility for the non-linearity of the curveisthat there was a dight
modeling problem in CFD. This problem could stem from the nipples present on the airfoil when it was
imported into CFD or just from adight code error. Therefore, it is understood that this information may
predict results of the differences that occur between the two shapes, but will not provide accurate
aerodynamic properties of the airfoils for other applications.

4.3.2 Expected Actuation Performance

The actuation system is expected to provide 5mm of deflection for the system. It will provide 4.68N and .9N
of force when first contracting, and when holding the morphed position respectively. The wires are expected
to do this while not overheating or overstraining. Also the system should be able to withstand the
aerodynamic forces put on it by the air passing over the wing. The actuation system should be able to move
between the two positions without having to be reset by any outside means. They should be able to cycle
through the morphing several times. This should give the actuation system enough reliability that the group
feels confident enough to placeit in awind tunnel turned on for several hours at atime. Overall the actuation
system is expected to prove the required deflection under its specified requirements. Figure 4.4 Repeatability
of Wire Contraction shows the repeatability of the final actuation system, something that was to be expected
from the actuation system.
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Figure 4.4 Repeatability of Wire Contraction

4.3.3 Expected Structural Performance

The expected structural performance of the system was analyzed in terms of the deformation of the structural
ribs upon actuation. The ribs will have a maximum deflection of 5 mm (0.2in) when the actuation forceis
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applied. Based on material and geometric properties, aforce of 1.35 N (.3 1b) isrequired to achieve this
deflection. Thiswas achieved using Equations 4.2 and 4.3 where “E” is the modulus of elasticity (70GPa for
aluminum), “M” isthe moment, “L” isthe length of therib, “a’ isthe width, and “h” isthe thickness (Vable).

V.. = ML [Equation 4.2]
™ 9y3El '
| = 1—12 ah® [Equation 4.3]

With atotal of 11 ribsthisleadsto atotal force of 14.85 N (3.3 Ib) required to actuate the bottom structure.
Figure 4.5 shows the expected deformation of the bottom surface, where the original shape isthe bottom line
of the graph and the curve is the expected shape of therib.

Figure 4.5 Expected Structural Performance of Ribs

The datafor the rib was then put into CFD and analyzed confirming that the bottom structure has enough
rigidity to withstand the aerodynamic load without deflecting. The structural performance of the ribs was
tested experimentally, the results of which can be seen in Section 8.3.3.

4.3.4 Expected System Performance

The expected system performance was analyzed in terms of aeroelastic effects, accounting for the
aerodynamic effects, the material properties of the wing, and the actuation forces. The aeroelastic
investigation was performed using a combination of Finite Element Method and Computation Fluid
Dynamics (CFD) computer analysis. An aeroelastic smulation was run in order to predict the pressure
distribution on the airfoil, and confirm that the bottom structure of the wing would hold up to the
aerodynamic forces as well as morph its shape with the application of the predicted internal actuation forces.

The structural characteristics of the lower surface of the morphing wing were modeled by combining the
material properties of the skin material and the rib material. The material properties that were used to model
the aeroel astic surface on the bottom of the airfoil are given in Appendix A. These properties were a
representation of the combination of the ribs and material, which were input into the Finite Element Method
program in order to model the deflection of the bottom surface. The applied force was simulated using a
simple beam model. The applied force was calculated to be approximately 2 N (for two wires) and was
applied at the quarter chord of the airfoil. Thisis not the most accurate representation of the system, but with
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the time constraints, it was the most feasible. The material properties of the ribs and the latex/nylon were
combined to represent a simple beam. This was accomplished by calculating the ratio of the surface area that
was material to the amount of space taken up by the ribs. This gave materia properties that were more like
the nylon/latex and less like the aluminum ribs.

Thisinvestigation was a proof of concept showing that the actuation system and structural components
performed adequately under aerodynamic loads. The final shape from the aero elastic analysisis shown in
Figure 4.6.

Figure 4.6 Results of Aeroelastic Analysis

The results showed that the wing was sufficiently rigid to withstand the aerodynamic forces, and would in
fact morph with the applied actuation forces. A dight fluttering effect was seen on the bottom of the airfoil as
the simulation was run, but otherwise the results met and exceeded expectations.
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5.0 MECHANICAL DESIGN ELEMENTS

5.1 Aerodynamic Design
5.1.1 Airfoil Design

The airfoil design for the project needed to be unique, with the ability to perform in a morphed and
unmorphed state. Numerous different airfoils were investigated through the internet and aerodynamics
books. Two airfoils with asimilar leading edge were chosen and that is where the design started. A
symmetrical NACA 0015 was chosen as there is readily available information for the airfoil and it performs
well in cruise condition. Modifications were made to the NACA 0015 airfoil asit isn’t feasible to produce a
symmetrical airfoil with a morphing wing. The bottom surface of the NACA airfoil was turned into aflat
surface as to achieve the desired change. However, the leading edge of the airfoil was maintained so asto not
disrupt the aerodynamic forces greatly while morphing. The Epler 423 airfoil was chosen asit performs well
in low speed, high lift situations such as takeoff and landing because of the camber. The two original airfoils
are shown in an overlay with the designed morphed and unmorphed airfoilsin Figure 5.1.

NACA 0015 and Epler 423 Airfoil Overlay

=== NACA 0015 Airfoil first line y
=== Epplerd23
=== Morphed

unmorphed

Figure5.1 Overlay of Eppler 423 and NACA 0015

5.1.2 Computational Fluid Dynamics Model and Smulation

Computational Fluid Dynamics programming was used to analyze the aerodynamic properties of the design
as aproof of concept for the morphing wing. The main purpose of the CFD analysis was to prove that by
increasing the camber, the lift coefficient, C of the wing would increase. The figures below depict the CFD
convergence solution for the respective angles of attack which the airfoil was modeled. The colorsfor the
airflow do not correlate to any distinct pressure, however, there is a relation between colors within the
singular pictures. The red side of the spectrum denotes high pressures, while the violet side of the spectrum
denotes lower pressures. It isalso important to note that the morphed condition isin fact achieving higher lift
qualities than the un-morphed condition. Figure 5.2. and Figure 5.3. below show the pressure distributions
over the un-morphed and morphed airfoils, respectively, at a 5-degree angle of attack relative to the chord.
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Figure 5.2 Un-morphed Airfoil Pressuredistribution - 5 deg

Figure5.3 Morphed Airfoil Pressure Distribution - 5 deg

The CFD program took in 200 points for each airfoil and created a best fit mesh for those points. For the
most part, the points entered into CFD yielded results that were consistent with that of a conventional airfoil
with the exception of some flow anomalies at the front and rear lower surface. These anomalies were due to
the point selection that was imported into CFD for analysis. These point anomalies that altered the expected
morphed and un-morphed conditions in CFD will not be present in the actual design. Figure 5.4 showsthe
aerodynamic mesh created by CFD for analysis. The inputs that CFD took besides the points were used to
create the flow qualities. The most important inputs were: angle of attack (Betain the code), the Mach
number, pressure, chord length, and density. Using these quantities a Reynolds Number was calculated
which helped define the flow regime. An Euler function was used to determine the pressure distribution over
theairfoil. Thisprocessisiterated until adesired deviation is seen in the outputs, which is usually on the
order of achange in force of approximately one hundredth. From this pressure distribution, the forces are
determined in all three vectors and outputted to aresult file.
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Figure5.4 CFD Airfoil Mesh

For the analysisrun at the individual angles of attack, lifting force values were calculated using the following

equation:

L =-Rsin(a) + Fcos(a)

[Equation 5.1]

F, was the only component used since the F, term never changed enough to be considered significant (minute
changes) because of the fact that the sine function for up to 13 degreesis very close to zero. Next, the two-
dimensiona lift coefficient C, was then calculated using the equation C, = L/(qS). Theforce and C, values
for their respective angles of attack can be seen below in Table 5.1.

Table 5.1 CFD Results

UNMORPHED
alpha Force values from output CL =L/(g9)
0.00 0.40733 0.47140
2.50 0.51682 0.59812
5.00 0.66000 0.76382
7.50 1.02000 1.18045
8.75 1.23888 1.43376
10.00 1.28750 1.49003
13.00 1.22279 1.41514
M ORHPED
alpha Force values from output CL =L/(gS)
0.00 0.51741 0.59880
2.50 0.63900 0.73951
5.00 0.76400 0.88418
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7.50 1.19500 1.38297
8.75 1.48180 1.71489
10.00 1.49000 1.72438
13.00 1.39000 1.60865

Thistable of information shows that the lift isincreased from the unmorphed condition over the wing.

5.2 Actuation System Design
5.2.1 Shape Memory Alloy Material Properties

The shape memory actuator wires were purchased from Dynalloy, Inc. Flexinol isthe trade name for the
SMA actuator wires. The small diameter wires are made of nickel-titatium, and contract like muscles when
electrically driven. Thisability to flex or shorten is a characteristic of certain alloys which dynamically
change their internal structure at certain temperature (Dynalloy). This phase change, from martensite to
austenite, is shown in Figure 5.5.

Figure 5.5 SMA Phase Change

In their martensite stage, which is below their transformation temperature, the wires are weak and easily
deformable. However, upon heating past their transformation temperature they move into their austenite
phase, where they are strong and very rigid. It isalso in this phase that they return to their memorized
shape.

5.2.2 SMA Actuator Wire Thermodynamic Analysis

The ability of the SMA wiresto contract is dependent upon Joule heating to produce the transformation
temperature required. Similarly, the ability of the SMA wiresto return to their original configuration is
dependant upon the ability of the system to cool the wires. 1n order to verify the proper heating and cooling
of the wires, a thermodynamic analysis was conducted to predict the thermodynamic heating and cooling of
the wires, and the heat transfer to and from the overall wing system.

Figure 5.6 shows a flow diagram of the thermodynamic and heat transfer processes in the wire and the
system.
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Figure 5.6 Heat Transfer Flow Chart

In Figure 5.6, the heating processes are shown in red on the left, and the cooling processes are shown in blue
ontheright. Asindicated, the upper heat transfer process represents the heat transfer in the wires, and the
lower heat transfer process represents the heat transfer in the system. Following the flow chart, the heat
source for the wires is provided by Joule heating, the application of current. The heat transfer in the wiresis
also affected by latent heat due to the phase transformation of the material. The latent heat can only be
determined experimentally, but is known to slow both the heating and cooling processes. The heat sink for
the wiresis provided by natural convection to the air surrounding the wires. The heat transferred to the
surrounding air inside the wing by the wires thus acts as the structural heat source, wherein heat is conducted
to the aluminum structure. The entire system is then cooled by convection to the surrounding air, providing
the structural heat sink. Each of these processes will be discussed in further detail in this section.

A thermodynamic model was applied to the heating and cooling of the wires. The Biot number for the
system was cal cul ated to be 0.093, which is dightly lessthan 0.1. Thus, this model could be based on lumped
system analysis, assuming that the conduction of heat at the ends of the wiresis negligible in comparison to
the convection of heat to the environment (Cengel 468). This assumption was supported by the fact that the
cross sectional area of the wireisvery small in comparison to the surface area of the long wire. Conservation
of energy thus defined the equation used to predict the heating and cooling of the wiresin time. The heat

transfer model defined in Equation 5.2 is based on material properties of the NiTi wires, the heating source,
and natural convection (Braailovski),

-mcT+W-hA(T-T,)=0 [Equation 5.2]

where T is the surface temperature, Ty isthe ambient temperature, and W represents the heating source,
defined by Joule heating as follows

W =i%R [Equation 5.3]

The heating solution of the model can thus be defined as follows,
W
T=T, +m[1- exp(- Dl‘)] [Equation 5.4]

where the time constant, D, is defined by
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hA .
D=— [Equation 5.5]
rnCv
The heating solution of the wire thermodynamic model was graphed to analyze the temperature change of the

wire in time upon heating. Figure 5.7 shows the heating of the wire in time with an applied current of 1000
mA to the wire.

Figure5.7 Wire Heating Solution

Asseenin the figure, the wires heat to the required transformation temperature of 363 K within one second,
predicting the rapidity to which the wires will actuate.

Similarly, the cooling solution of the wire thermodynamic model is defined as follows:
T=T,+ (To - T, )eXp(- Dt) [Equation 5.6]

The cooling solution of the wire thermodynamic model was also graphed to analyze the temperature change
of the wire in time upon cooling. Figure 5.8 shows the cooling of the wirein time.
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Figure 5.8 Wire Cooling Solution

As shown in the figure, the wires will also rapidly cool off due to natural convection. In approximately 20
seconds, the wires are capable of returning to room temperature after heating. However, the wires need only
be cooled under the transformation temperature to begin returning to the original configuration. The rate of
natural convection of the wires was determined through simple aerodynamic analysistobe Q_  =0.17W.

The system heat transfer in the wing was predicted by modeling the wing as a thin aluminum plate with
dimensions similar to that of the wing. Aluminum was assumed to be a perfect conductor, transferring all of
the internal heat to the structure. The structure, cooled by natural convection, was determined to transfer heat
to the environment at arate of Q =24 W. Itisimportant to note that in the wind tunnel testing

environment, where much of the morphing will occur, forced convection will increase the rate of heat transfer
over the wing.

5.2.3 Actuator Configuration

SMA wires can be used several different ways. They can be used as a straight wire, they can be coiled to act
asaspring, or they can bebent and usedina‘V’ formation. Thislast choice iswhat was determined as the
best for application to the morphing wing. Thiswas chosen based on severa criteria, the first being the
desired deflection, however space needed was also alarge consideration. The actuator wire configuration is
shown in Figure 5.9.
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Figure 5.9 Actuator Configuration

To determine the specific dimensions of the actuator wire configuration the experimentally determined strain
of 3.3% was used, meaning that in the contracted state, the wire shrinks by 3.3%. An explanation of the
process used to define the configuration can be found in Appendix A.

This shape of wires allows for shorter wires to create the desired deflection of 5mm. Thisis extremely
important due to the very small space inside the wing to attach the wires. It also keeps the fabrication of the
upper surface simpler since there is no need to drill holes for longer wires that would be needed if other
configurations were used.

The second design factor was the force required to bend the structural ribs and the bottom skin. This
configuration of wiresis one of the weaker configurations. However it still provides the force needed to
actuate the bottom surface. After the actuator configuration was identified, the upward force could be
obtained. The force that each wire could provide was given in the Shape Memory Alloy documentation, as
well as being experimentally verified, and is9N in the axial direction of the wire. Using this, and the
trigonometry solved for above, a maximum force in the original configuration was found to be 4.68N per wire
and the minimum force in the contracted position was found to be 0.96N per wire. What this meansisthat as
the wire contracts, the angle through which the wires have to pull becomes greater, meaning elss of the axial
forceisbeing applied in the vertical direction. So, the wires can very easily move the ribs, but they do not
have al of the same pulling force they had at the beginning of the movement. Since two wires will be
attached to each rib and there are 20 ribs, the combined pulling force of the 40 wiresis 38.4N. Combining the
forces required to actuate both the rib structure and the latex skin yields aforce of 27.089N to actuate the
entire bottom structure. Thisislessthan the available force, allowing the shape memory actuator wiresto
theoretically actuate under the combined aerodynamic pressure force and bottom surface deflection force.

Several tests were performed on the SMAs to prove they were capable of creating this actuation force. These
tests included deflection tests, repeatability tests and force testing.

A deflection test was done to determine what the actual deflection of the wiresis. Thisled to avery
interesting result that was not originally predicted. The amount of deflection the wires could createin this
‘V' configuration depended on how far apart the ends of the wire were. It turns out that the further the ends
of the wire are from each other the more deflection the wire is able to create. Thisisdefined by the geometry
of the system as previously discussed. Basically the further apart the endpoints, the more room the wire had
to work with, causing larger deflections. This was an unexpected result and helped solidify the decision not
go with straighter wires, but have alarge ‘V’ formation, to get this larger deflection.

A force test was also performed to see if the wires could in fact lift with the amount of force predicted. This
test was done by gradually increasing the weight on the wire. The wires were set up in the same fashion as
they will beinthewing. Thistest proved the fact that the wires could lift almost 5 N. However in this test
the wire was over-strained. Thisis known since the wire was holding the 5 N force in the up position, where
it should only be able to hold about 0.9 N safely. This accidental mistake led to another conclusion about the
wires. over-strain is undetectable, as this did not affect its repeatability or cause decreased deflections.
However thistest aso had the same problem as the repeatability test. The measurement technique used to
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measure the deflection of the wire was imprecise. It was good enough to allow the team to make general
conclusions, but not to allow for exact percent error.

A repeatability test showed that the wires were capable of repeating about same transformation for numerous
trials. The main test was performed by applying a 500g weight to the wire in the configuration to be used in
the wing. This test was redone over 20 times with the results almost completely repeatable, however, the
measurement technique used to measure the deflection of the wire was imprecise, and the test must be
repeated with more precision in order to determine the accuracy and error within which the deflections are
repeatable. Thistest was repeated with greater attention to detail prior to implementing the configuration into
the design. The results for the test are discussed in Section 8.3.1.

5.2.4 Sructural Actuation System

Two shape memory alloy wires will be used on each rib; each will connect to its rib through a set of holes on
therib, as shown in Figure 5.10.

Figure5.10 Wire and Rib Assembly

Figure 5.10 shows the attachment of the shape memory alloy wire to therib. The shape memory wires will
attach to the top structure by first being crimped to the exact length and then epoxy will be used sandwich the
crimp between a plastic strip and the plastic mounting piece. Epoxy will then be used again to attach the
SMA wires and plastic mounting pieces to the top structure. Thiswill be centered at 36.65mm from the
beginning of the rib. Thiscan be seenin Figure 5.11.

Figure5.11 Rib and Structure Assembly

When therib is attached to the wing the front edge will be connected to a hinge, in essence creating the
rotating end of asimply supported beam. The back of therib is allowed to slide along the trailing edge which
was specifically designed to act as the free end in a simply supported beam.

Each rib was sized to be tiff enough to remain rigid to the aerodynamic forces yet flexible enough to be
deformed from the force of the actuator wire. The rib was modeled as a simply supported beam acting under
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asingle point force to determine the rib size and the required forces that would produce the appropriate
deflection in therib.

An excel plot of the expected rib deformation was created, and is shown in Figure 5.12 with a maximum
deflection of 5mm (0.2in).

Figure5.12 Structural Deformation of Beam

Given the desired deflection distance of 5mm and the beam length of 106mm (determined from space
available in rigid structure), the forces required to actuate were calculated. It was found that an aluminum
6061 rib with awidth of 1cm and thickness of 0.5mm would provide both enough force to withstand the
aerodynamic forces as well as enough flexibility to deform under the forces provided by the shape memory
actuators. Aluminum was picked because it has a Y oung’s modulus of 70 GPa which allowed therib to be
reasonably sized for the intended purpose. Aluminum is also cheaper than many other materials with similar
bending properties. Therib can be seen below in Figure 5.13.

Figure5.13 Dimensioned Rib

Asseenin Figure 5.13, four 1.6mm (1/16in) diameter holes can be seen. These are centered lengthwise at
36.65mm from the tip of the rib and located at 3.3 mm and 6.7mm widthwise.

With thisrib sizing it was determined that 11 ribs each with 29.6mm between would provide the necessary

rigidity to withstand the aerodynamic forces. Figure 5.14 is an assembly of the bottom rib structure with
dimensionsin mm.
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Figure5.14 Rib Assembly

5.3 Structural System Design

5.3.2 Rib Srructure Assembly

Each of the 11 ribs will first be attached to a hinge with JB quick epoxy. They will start at one end of the
hinge and each will have 29.58mm between them. The front of the rib will line up with the cut that separates
the knuckles from the rest of the hinge.

The hinge connects the front edge of each rib to the top structure. It was designed to fit on the top structure
and allow the ribs to rotate very much like the rotating edge of a simply supported beam. Figure 5.15shows
drawings of the hinge with dimensionsin millimeters. The hinge design was changed from having one small
hinge for each rib to having one large hinge for all of theribs. This was done because of difficulties finding
or manufacturing the small hinges. Another added benefit of having only one hinge is that it forces the ribs to
rotate at the same time.
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Figure5.15 Hinge Design

5.3.3 Flexible Skin

5.3.4 Rigid Structure Design and Attachments

Therigid upper structure is made from Aluminum 6061, and is capable of withstanding a force of 150 N. The
structure was designed to alow room for the actuation system, wiring, and deflection of the ribs at the trailing
edge. The dimensions were based largely on machining capabilities. Figure 5.1 below showstherigid
structure with dimensionsin millimeters.
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Figure5.16 Rigid Structure Design

5.4 Test Mounting System Design

The use of a sting mount was decided on to mount the modelsin the tunnel to the existing force balance, this
way the hardware in the tunnel could be utilized in measuring the aerodynamic forces. Drawings and models
of the AFA force balance and mount were obtained to design a mount for the morphing wing. Figure 5.17
below is atechnical drawing of the AFA force balance.

Figure5.17 AFA Force Balance Drawing (Ostasiewski)
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Using a sting mount used by the AFA as amodel, adesign for the morphing wing sting mounts was
developed. It would be composed of three pieces. the sting, the lift, and the mounting plate. The sting was
designed to snugly fit over the force balance. The lift was added to move the model up and away from the
force balance for ease of inserting the setscrews. The mounting plate was machined to fit the curvature of the
upper surface of the wing to provide a stable platform. Figure 5.18 below shows the final three-dimensional
model and the actual manufactured sting mount.

Figure5.18 Solid Model (left), Actual Hardware (right)
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6.0 ELECTRICAL DESIGN ELEMENTS

6.1 Electrical System Design

The SMAs used in this project need to be heated above their transformation temperature, 363K in order to
create the actuation needed. Thiswill be done using afairly simple electrical circuit.

Each wire, .25mm in diameter, requires approximately 1000mA to heat. The resistance on the wiresis.5
Ohms per inch. Thisis constant throughout the transformation due to the fact that although the length is
getting smaller, the radius of the wire isincreasing as discussed before.

There are two ways to power the wires. Either they can be placed in parallel or in series. In parallel they
would require a power source capable of delivering 40 Amps. Thisisnot very desirable. In seriesthey
would only need a power source of 1 Amp. The current plan isto put the wiresin seriesin order to ensure
safety by using alower amperage.

Each of the wiresis about 4.8 cm in length. This gives aresistance of .96 Ohms per wire. With 40 such wires
in series leads to atotal resistance of 38.47 Ohms. Thisleadsto arequired voltage of 38.47 V. Using these
values to find the power revealsthat this circuit only requires 38.47 W of power.

6.2 Overheat Circuit Design

SMA'’s are susceptible to over-heating. Over-heating the wiresisjust as bad as over-straining them. To
combat this over-heating, a sort of fuse will be placed in series with the wiresin the test wing. The fuse will
be made of athicker SMA wire, 0.3 mm diameter wire, over a push button switch. Asthe larger diameter
wire takes longer to heat, if it is heated to its transformation temperature by passing current through the
system, the thinner wires have been |eft to heat above their transformation temperature. Once the fuse wire
has reached its transformation temperature, it will contract and push down on the switch, breaking the current
tothewing. An LED indicator circuit will be activated by directing the current through the switch to a
second circuit. Upon cooling below its transformation temperature, the fuse wire will relax, allowing the
current to flow back into the SMA wire system in the wing. The electrical schematic is shown below in
Figure 6.1.

Figure 6.1 Overheat Circuit Design

30



The switch will be a double pole-double throw-switch. When the button is depressed it will turn off the
circuit passing current to the wires and will turn on a separate circuit with its own smaller power source to
light upaLED. This LED will indicate that the wires have over-heated. When the larger SMA cools below
its transformation temperature it will release the switch, allowing current to once again pass to the wires. The
system block diagram is shown in Figure 6.2.

Figure 6.2 Electrical Control System Block Diagram

It isimportant to note that the wires will never fall below their transformation temperature, as the thicker wire
will cool below its transformation temperature very quickly, because it will be just above it when the circuit is
stopped. Asdetermined using the thermodynamic analysis described above, the SMA test wing wires will
heat to atemperature of 385K in the time it takes the fuse wire to heat to its transformation temperature. This
temperature was determined to fall within the range of safe temperatures where the wires are not permanently
damaged by the increase in heat.

Testing of the system and the switch during the second phase of the project indicated that the switch was not

needed, asthe SMA wires were not damaged do to overheating when tested for a time duration equivalent to
that which will be needed in the morphing wing test.
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7.0 SOFTWARE DESIGN ELEMENTS

The morphing wing project did not require the design of software systems. Commercial software only is used
for testing purposes, and we be explain in the Verification and Test Plan section (Chapter 9) of this report.
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8.0 FABRICATION AND INTEGRATION

8.1 Integration Plan

The project integration plan is necessary to ensure proper integration of each subsystem, and the safety of the
final assembly. The integration plan consists of adrawing tree, an assembly flowchart, a functional test plan
for each component and subassembly, and the identification of critical path elements. Each component of the
integration plan is discussed in the following section.

8.1.1 Drawing Tree

The drawing tree was created to organize and record the necessary drawings, and indicate their integration
into an assembly. The drawing treeidentifies five top level assemblies, that of the test wing, two control-
shape wings, the wind tunnel test sting mount, and the structural test experimental setup. The test wing
assembly is broken into lower-level assemblies representing the project subsystems, actuation, structures, and
the flexible skin. Each assembly represents the full-span design of the wing, consisting of the appropriate
number of individual drawings. The drawing tree numbering system allows for the tracking of drawing
progress and identification of the appropriate assembly to which the drawing belongs. The drawing treeis
found in Appendix A.

8.1.2 Assembly Plan

The order in which the parts are assembled for the final product. The actuation system and the structural
components of the morphing surface must first be assembled to ensure proper spacing and distribution within
thewing. The actuation system isthen attached to the rigid structure leading edge, and the electrical wiring is
assembled within the structure. The actuation system is then attached to the trailing edge of the rigid
structure to close the wing. The assembly flowchart is shownin Figure 8.1.

Figure 8.1 Assembly Plan Flowchart

It isimportant to note that this assembly flow chart simply identifies the logical method in which parts must
be organized together. The assembly of the morphing wing is critical, and care must be taken to ensure
proper assembly. For this reason, atest model will be fabricated for use in determining the details of the
appropriate assembly procedure. After repeated assemblies of the test model, an appropriate assembly
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procedure was identified and employed in the assembly of the morphing wing. This assembly isdiscussed in
Section 8.4.4.

8.1.3 Functional Component Test Plan

In order to ensure the safety and functionality of the final assembly, individual components and
subassemblies will be tested, and their functions verified. The functionality tests will be performed for the
actuation system, the structural systems, and the aerodynamic characteristics. Theindividual tests are further
discussed in this section. Due to time constraints and the desire to meet testing deadline, only the critical tests
were performed; their results are further discussed in Section 8.3.

8.1.3.1 Actuation System

The actuation system must be tested for repeatability and temperature effects. Thus, the actuation component
testsinclude the following: applied force repeatability, lift cycle and failure, thermodynamics and heat
transfer, electronics and control system, and full system repeatability.

The actuator wires will be tested to assure repeatability and consistency of the application of force by the
wires. The actuators will be held in the configuration defined in the project, and the applied forces will be
measured using load cells. Thetest will be repeated multiple times to determine the ability of the wiresto
provide a consistent amount of force through many repetitions.

In order to determine the life cycle of the wires, a constant force will be applied to the wire configuration, and
the deflections will be measured using calipers for accuracy. The consistency of the actuation deflections will
thus be determined. The same actuator and force configuration will be used to determine the failure of the
wires. The actuator wires will be controlled to contract and relax multiple times until the wire has apparently
failed; the number of cycleswill be counted to identify the life cycle and failure point of the actuator wiresin
the design configuration.

Asthe transfer of heat is critical to the functionality of the wires and the safety of the system, a
thermodynamic test will be conducted to ensure that the system functions as predicted. A closed system
similar to that of the wing will be modeled, and the temperature inside the structure will be measured with
thermocouples as the wires heat and cool. The temperature inside the wing will also be measured with time
asthe systemis actuated for a period of time similar to that required in the full test plan. The thermodynamic
test will be conducted along with the control system to measure the ability of the electronics to control the
temperature.

The electronic system will be tested to determine its ability to control the actuation of the wires. A constant
current will be applied to an SMA wire, and the contraction time of the wire will be measured. The current
will then be shut off to allow for measurement of the cooling time of the wire. The control system will also
be conducted by activating the LED indicator circuit within the overheat circuit. Thistest will be conducted
in conjunction with the thermodynamic test. The temperature inside the structure will be recorded with time,
and the frequency of LED indications will be measured to determine the accuracy of the control systemin
preventing the system from overheating. The thermodynamic and control system tests are critical to ensuring
that the system does not achieve temperatures too high for system components to withstand.

Upon verification of each of theindividual components, the full actuation system will be assembled for
further testing. The repeatability test will be performed to ensure that the actuators will provide the force
reguired to actuate the structure to the desired deflection. The deflection of each rib will be measured and
compared with the others to determine the consistency and precision to which the actuation occurs. Thelife
cycle and failure of the actuation system will be tested to determine the ability of the system to repeat
actuation cycles multiple times. The thermodynamic and control system test will be repeated on the full-scale
actuation system to verify the safety and controllability using multiple wires. The electronics system test will
be tested to verify the ability of the system to provide the same amount of current to each wire, thus alowing
the wires to actuate at the same time.



8.1.3.2 Structural System Testing

The structural system must also be tested to ensure that the system is capable of withstanding the applied
forces. The morphing surface structure tests will include the following: shape deformation, life cycle and
failure, and material stress and strain. In addition, the rigid structure will be tested to verify its ability to
withstand aerodynamic loading.

The deformed shape of the rib under an applied forceis critical to the verification of the morphing system and
aerodynamic properties. Thus, the shape of the rib must be determined experimentally to ensure it achieves
the proper deformation. A constant load will be applied to the rib, simulating the actuation force, and the
deformed shape of the rib will be traced and compared to the predicted shape. Thistest will be repeated to
determine the consistency of the shape deformation.

Thelife cycle of the structural rib under actuation forces will also be tested to determine the amount of
actuation cycles the material can withstand. The actuation force on the rib will be ssmulated and repeated
multiple times to determine the point at which the material begins to weaken, defining the life cycle of the
structure.

The flexible skin material will be tested to ensure its ability to withstand the actuation forces. The skin will
be attached to the rib structure and allowed to deform under the simulated actuation force multipletimes. The
effects on the skin will be observed to ensure that no permanent material deformities arise as aresult of the
consistent cyclic application of force. If necessary, the strain on the material will be measured with strain
gauges.

Therigid structure must be tested to verify itsrigidity and ability to withstand the expected aerodynamic
forces. The aerodynamic force will be simulated by applying constant forces at different locations along the
span of structure, and the ability of the rigid structure to withstand the force will thus be observed.

8.1.3.3 Aerodynamic Testing

Preliminary aerodynamic testing will be conducted to verify the ability of the design to meet the objectives
defined for the project, specifically, the ability of the wing to achieve higher lift in the morphed configuration.
Aerodynamic testing will include analytical simulations performed using CFD programming, and
experimental testing of the two different wing configurations. The lifting characteristics of each wing
configuration will be predicted using CFD and compared to data collected experimentally. Experimental
aerodynamic testing will be conducted in the CU Aerospace Engineering small wind tunnel. The wind tunnel
test models will span the full test section of the tunnel to provide two-dimensional airfoil data. The small
scale wind tunnel will provide experimental data on the drag produced by each wing configuration and the
stall angles of attack, neither of which could be predicted using CFD.

8.2 Component Fabrication
8.2.1 Model Airfoil Shape Fabrication

The processes by which all of the parts of the morphing wing models were created are fairly similar. All
parts were first created using a CAD (Computer Aided Design) program. For the airfoil shape curves, this
proved to be a difficult step due to the fact that these shapes are proprietary and difficult to produce. In
addition, the milling machine found these curves to be extremely complex, which brought about alarge
running time on the machines; mostly due to the required machining accuracy needed for a smooth surface.
The mill only moved a couple thousandths of an inch each pass. These CAD designs were then imported into
a CAM software in order to begin the machining process. Once the aluminum was sized to the correct block
dimensions to an accuracy of +.005" using the manual mill and + .001” using the automated mill (no required
accuracy was specified for the sizing to specified dimensions of these parts). The block was then placed into
an automated mill in which the mill program was already uploaded. It wasimportant to define the axes as
accurately as possible since the machine assumed these dimensions were correct, even after the block had
been flipped over to run the opposite surface of the airfoil shape. Once the milling was compl ete, additional
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refinement of the part was usually required. Thiswas accomplished by cutting the aluminum part out of the
block (if necessary) and sanding any rough edges or surfaces with sandpaper of a fineness of 400 grit or
greater. A finer grit (larger number) ensured a smoother surface and less skin friction experienced during
data collection in the wind tunnel. For time saving purposes, it was decided to use 400 grit sand paper to
smooth out the aluminum.

A more in depth, step-by-step process of the creation of these parts can be found below.

Solid Airfoils:
- CAD creation
CAM (Computer Aided Machining) Toolpath Development
Uploading of CAM Toolpath into CnC Mill through serial port
Sizing of stock aluminum to approximate dimension by hand
Sizing of stock aluminum to exact dimension by CnC Mill (to accuracy of .001")
Insert stock into CnC Mill top surface up and in correct axial orientation
Define and set correct spatial coordinates for machine to use
Run CnC Mill for top surface of airfoil
Remove stock from machine and file burs and edges
Replace stock with bottom surface up and in correct axial orientation
Run CnC Mill for bottom surface of airfoil
Remove machined stock and cut out airfoil along wingtip geometry using aband saw. This step was
not very accurate but it was determined that it was not necessary since the major concern along these
wing tips was aerodynamic (i.e. drag and separation were of paramount concern, not extreme
accuracy of wing tip geometry)
Use large belt-sander to achieve desired geometry
Refine geometry and smooth aluminum using small belt-sander

Some problems and technical issues were encountered during the machining of these airfoils. It was
important to select the proper “check surfaces’ during the toolpath construction before inserting the mill
program into the CnC Mill. Incorrect check surfaces caused the machine to drill through undesired surfaces,
thus ruining the part, which forced the group to start the machining process over for that individual part.
Another problem was the small thickness of the trailing edge of the morphed wing geometry. The trailing
edge cameto a point at avery small angle of change. It was so thin that the machine basically removed the
last couple millimeters of the trailing edge due to the mill’s spindle cut depth and direction of travel. This
made the final morphed wing smaller in chord length than the unmorphed shape. Furthermore, an offset
between top and bottom surfaces of the morphed wing surfaces was experienced along the chord length of the
wing. Indiscussing thisissue with Matt Rhode, the group was unable to determine the cause of this
machining error since the mill’ s table location with relation to the stock was checked and rechecked (on the
mill aswell asinthe CAM program). Thisforced the group to sand down the leading edge dightly, which
further decreased the chord length that was used in data collection in the wind tunnel at the Air Force
Academy.

The models created for the Air Force academy wind tunnel and the CU wind tunnel differed in few minor
details. First, the models for the CU wind tunnel did not include wing tips, as the test was meant to be two-
dimensional, spanning the entire test section. The other main difference isin the sizes of the models for the
different test sections. The chord length was kept consistent, however the span of the smaller airfoils was
reduced in order to fit the model in the test section. Drawings of these sections are found in Appendix D.

8.2.3 Sing Mount Fabrication

The pieces of the sting mount were fabricated in much the same way as the airfoil models. The followingisa
step-by-step manufacturing procedure for the sting mounts:

Sting Mount (Non-cylindrical pieces)
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Sting M

CAD creation

CAM Toolpath Devel opment

Uploading of CAM Toolpath into CnC Mill by 1.4 Mb floppy

Sizing of stock aluminum to exact dimension using manual mill (to accuracy ~.005")
Insert stock into CnC Mill in correct axial orientation

Define and set correct spatial coordinates for machine to use

Run CnC Mill to achieve opposite geometry of top surface of airfail (i.e. “fitting” parts)
Remove stock from machine and file burs and edges

Flip stock and place in manual mill

Use 45 édrill along edges of stock (only for aerodynamic purposes, therefore, accuracy was not
paramount for this step)

Remove stock and belt sand to desired geometry

ount (Cylindrical pieces)

CAD crestion

Placed solid aluminum cylinder of desired length into manual lathe

Bored out inside in order for the wind-tunnel sting to fit snuggly inside sting-mount

Removed stock and replace with other side facing out

Used rough file to round of aluminum into a bullet shape (only for aerodynamic purposes, therefore,
accuracy was not paramount for this step)

The sting mount pieces were soldered together and to the wing models using Aluminum solder. Few errors
resulted from heating the models for the soldering process. Asthe morphed airfoil for the CU tunnel was
rather thin, the process of heating the metal actually warped the shape of the wing. In addition, the soldering
process warped the shape of the sting mount itself, compromising the circular cut in the middle. Fortunately,
this error was observed and measures were taken to re-circularize the cut to ensure that it would fit on the
AFA force balance.

8.2.4 Rib Fabrication

The ribs began life as an aluminum plate 0.5mm thick. The aluminum was cut into many ribs 106.45mm in
length and 10mm wide using a hydraulic press. Each of these cuts was precise to 0.127mm. These cuts were
easy to do because the hydraulic press had a stop that could be set very precisely using calipers. After one cut
was verified to be within tolerances, infinite cuts could be made.

Once the ribs were cut to the proper size, four 1.588mm (1/16in) holes had to be drilled at 35.65mm and
37.65mm down the length of therib, and 3.33mm and 6.67mm down the width, as shown in Figure 8.2.

37



Figure 8.2 Rib Construction M easurements

This was accomplished by first using calipers, a square, and a scribe to mark the locations of the holes. A
drill press was then used to drill the holes. This proved difficult to be precise even when much time and care
was taken. Dueto errors stemming from lack of visual precision when lining up the drill and the marked hole
location, as well as errors caused by the drill bit flexing slightly, approximately 1/3 of the ribs had to be
thrown away because the holes were too imprecise. Measurements were taken using calipersin order to
determine which ribs were precise enough for use in the morphing wing.

While making the test structure and the actual wing, many sets of ribs had to be made because both the test
model and the actual wing had to be rebuilt several times. During this process MOW tried to recycle the ribs
but found that the removal process causes too much damage for the ribs to be reused. Overall this method
worked because there was enough aluminum to make extra ribs to replace the ones with imprecise holes. If
either the team did not have enough excess material, or the holes required even more precision, a computer
controlled drill press could be used for this task.

8.2.5 Flexible Skin Fabrication

8.3 Functional Component Verification and Test
8.3.1 Actuator Functionality Test

An important test for the project was the functionality of the SMA wires. These wires, as the actuation
system, were a main part of the project. The whole project depended on them functioning as predicted. The
purpose of thistest was to show that the wires would in fact act asthey were supposed to. IT isvery
important for the projerct that wires provide the needed deflection. Without this the project would fail. The
group needed to know prior to construction of the final wing that the wires would work like predicted and if
they did not how they do work. Thiswould alow the group to decide if the project could continue or if new
wires were needed early enough in the process of fabrication that the problem could be fixed.

The wire was setup on awood block to provide the utmost support. Eyehooks were used to attach the wires
to the wood. The wire was placed in the exact configuration it would have to be in for the wing. A 500g
weight was suspended from the wire to act as the force the wires would have to overcome to deflect the ribs
and skin material. This assembly was placed vertically, so the weight was free hanging, on the edge of a
table. The test was repeated several times to ensure accuracy and repeatability. A ruler was used to measure
the deflection of the wires. Figure X shows the results of this test.
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As can be clearly seen, the repeatability of the wire was fairly good. It consistently had the close to the same
deflection within asmall error. However, the wire only deflected 3mm. In the theoretical analysisit was
predicted these wires would deflect up to 5mm.

Thisloss of deflection could be the result of several things. First of al, the wire may not be producing the
exact force as given in the literature of the company or as seen in longer wires before. Also when the wires
were tested thermodynamically (see section 8.3.2) it was seen that the outside of the wire never quite reached
the transition temperature of the wire. This could mean that the center of the wire was contracting, but the
outside of the wire may not have been, reducing the force produced by the wire and also creating a larger
force resisting the deflection of the wire.

Overall the wire worked as predicted. It would be able to provide a deflection of the bottom surface of the
wing. It would not be as large as theoretically predicted, but it would be enough to cause changesin the
aerodynamics of the wing. Theloss of deflection was therefore determined not to be a project threatening
problem and the decision was made to continue on with the smaller deflection. This smaller deflection still
gave the results needed for the project to work. It could still create enough deflection for the flight
characteristics to change. So the goal of the project could still be ascertained.

8.3.2 Thermodynamic and Overheat Protection Test

There was a concern that the SMA wires, once heated to 90 deg C would heat up the inside of the aluminum
top structure and therefore stay constantly at atemperature above 90 deg C. In order to test this, a
thermodynamics test was performed. The test would be done to check the calculated theoretical results
created last semester that showed the wires would cool off rather quickly and the air temperature inside the
structure would greatly increase.

The test used the test model for the purpose of doing this fundamental test. Two electronic thermocouples
were used to measure the temperature of the model in two places. Thermocouple 1 was placed touching the
aluminum; thermocouple 2 was not touching the aluminum, but was left free floating in the structure directly
below a SMA wire. Thermocouple placement is show in Figure 8.3.
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Thermocouple 1 Ther mocouple 2

Figure 8.3 Ther mocouple Placement

The thermocoupl es were both left to settle asto give agood start for the test. The test stand was hooked up to
the power supply and turned on. The power was left on until both thermocouples had reached afinal
temperature and there was no apparent increase in the temperature. The data was taken every 10 secondsin
order to give a more detailed graph. Once the power supply was turned off, the test continued and the time to
completely cool to the starting temperature was measured.

As said before thermocouple 1 was attached to the aluminum. It started at a temperature of 21.8 deg C. Once
the test stand was turned on it increased to 24.7 deg C in 2min 30 sec. Once at this temperature and it was
determined to be stable, the power was removed from the system and the test stand was allowed to cool. This
thermocouple then took a very long time to cool. It was not until about the 9min mark that this thermocouple
had reached its starting temperature. Thermocouple 2, which was left free floating in the air, had much
quicker results. It reached its maximum temperature in about 1min 30sec. After the power had been turned
off it cooled very quickly, taking only 2min 40 sec to cool. It did fluctuate at this temperature for several
minutes, but it never increased or decreased by more than .3 deg C.

What this test demonstrated was that although the SMAs are being heated to over 90 deg C, that does not
mean the whol e structure will reach that temperature. In fact the temperature of the aluminum, whichisa
great conductor of heat, only increased by 2.9 deg C, and the ambient air temperature only increased by 1.4
deg C. Overal this saysthat the wires dissipate heat very well and do not cause the structure to heat up to the
temperature of the wires. It is very important to keep the aluminum cool so that it does not heat up the wires
and keep them above their transformation temperature.

Thistest closely modeled our system; however there are afew placesthat it did not, which could lead to some
experimental error. The sides of the test model were left open; on the final version, there will be no open
areas as the actuation system will be entirely closed for aerodynamic purposes. So the model let alittle bit
more of airflow, based on the normal air circulation of the room than would be in the tunnel. However, the
tunnel will keep the aluminum top structure very cool. When the wind tunnel is running, the ambient
temperature inside the tunnel is about 16 deg C (Ostasiewski). Thus helping to keep the structure cool, even
with though the wires inside are extremely hot. Changing the setup of the thermocouples might be away to
improve thistest. Due to the small area inside the test stand, the thermocouples were placed closer to the
edge, not inthe middle. The middleis most likely where it will get the hottest, so these results may be alittle
lower than the maximum values that could have been obtained.

In the original design of the electronics for the wing, there was a switch to maintain the temperature of the
wires. This switch was supposed to keep the wires from overheating by shutting off the circuit when the
current made the wires too hot. However, the switches that were acquired worked better controlling the
current, rather than the temperature. Tests were done to determine if a different switch would be necessary.
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For this test, the wing was | eft on for over 20 minutes. Occasionally, more frequent at the beginning, direct
thermocouple measurements of the temperature of the wires were taken to determine if they were
overheating. Over thistime period there was no visible loss of deflection due to overheating, or any other
cause, and the wires never reached a temperature much higher, and for the most part lower temperature
(which will be discussed later), than their designed transformation temperature. Using this result, it was
decided not to pursue the switch, as it was not needed and simply would add more complexity to a system,
which was not needed. Figure 8.4 shows the heating and cooling curves observed in the structure.

Hetaing and Cooling Curves of the Strucutre
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Figure 8.4 Temperature Test Results

The SMA wires used in this project are only .25 mm in diameter, yet can produce an axial force of 9N. This
was an integral part of the project. If the wires produced anything less than this amount, the deflection
needed in the wing would not happen. Many tests were done over the last 2 semestersto check on the
deflection of these wires. During the fall semester it was shown that the wires would shrink up to 3% of their
normal length. They could also create the 9N of force predicted by the manufacturer.

When the wires were received for this project during the spring semester more deflection tests were
undertaken. Again the 3% shortening was observed. The wires were also tested for deflection in the 'V’
shape used in the wing. Here the wires deflected only 3mm, not 5mm as predicted. Thiswas never fully
explained. It was assumed that either the wire being tested was faulty, or that there was not enough resistance
on the wire to get it to deflect the full amount.

One theory that was not fully investigated, due to the inability to measure in such a small thickness, isthe
temperature anomalies on the surface of the wires. As noted above, the wires did not have a temperature
above the 90 deg C transformation temperature, even though they were deflecting. One possible reason is
that only part (most likely the central part) of the wire was heated to the 90 deg C point, meaning that only
part of the wire was deflecting. This would put undo strain on the deflecting part and would damage its
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abilitiesto deflect. Without away to measure the internal temperature of such asmall wire, this really cannot
be investigated further, but it is an interesting possibility.

Overall the wires performed their job. They did not meet the predicted results, but they did produce a
deflection in the wing.

8.3.3 Structural Rib Verification and Test

An experiment was devised to show that the actual deflection of the aluminum ribs coincided with the
theoretical deflection, as well as finding the force at which therib plastically deforms. For atheoretical
discussion of beam deflection, see Section 5.3.1.

Specificaly, this experiment was created to confirm the theoretical beam deflections from a given force. The

experiment was set up by suspending an aluminum beam that is 0.01m by 0.10645m by 0.0005m between
two tables allowing room under the beam to hang weights Figure 8.5

Figure 8.5 Rib Experiment Setup

Weights ranging from 10g to 200g were then hung from the beam and the maximum deflection was
measured. Thiswas repeated several times, and consistency in the results was observed with each test. After
this was done the data was collected and plotted on a force-deflection graph, shown below in Figure 8.6.
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RIB STRUCTURE TEST
Force vs. Deflection
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Figure 8.6 Rib Deflection Verification

From this graph one can see that the actual deflection is dightly lower than the predicted ones. This may be
the result of them beam dimensions being slightly off. Anocther source of error may be that the aluminum
used had athin layer of paint on it that may have slightly changed the beam properties. The final source of
error was human error from imprecision in the instruments used in the measuring process. The data from the
experiment and calculated error can be seenin Table 8.1.

Table 8.1 Rib Verification Test Results

Force Theoretical Actual Deflection

(N) Deflection (mm) (mm) % Error
0.0981 0.35843 0.3 16.30165
0.1962 0.71686 0.5 30.25138
0.4905 1.79215 1.0 44,2011
0.981 3.5843 3.0 16.30165
1.962 7.1686 55 23.27652

It was found that the actual beam deflection of 5.5mm was slightly smaller than the theoretically predicted
value of 7.2mm however; the maximum deflection at the maximum force was large enough to satisfy the
project requirements. The maximum deflection at the maximum force of 1.962N was 5.5mm. This meets
expectations and will work well for the morphing wing rib.

The point at which plastic deformation occurs was found by using a spring scale to apply an increasing force
until the beam plastically deformed. After repeating several times the average maximum force that can be
applied before plastic deformation occurs was found to be 2.67 N. Thisis above the design force of 2.02N
necessary to get the maximum deflection needed for the morphing wing of 5mm, indicating that the ribs
should not experience plastic deformation as a result of the wire application of force.

This experiment differs from the actual setup in afew different ways. First of all, there was not a hingein the
experiment. Although the experiment was set up to act as a simply supported beam the friction of the hinge
could contribute an extra force while deflecting the actual beam attached to the wing. Another way this
experiment differed from the actual wing is the fact that the skin is not attached in this experiment. When the
ribs are actually on the wing the skin will be attached to the underside of the ribs. The skin will add another
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force that was unable to be replicated in this experiment. These are the main differences between the test
setup and the actual wing although differences such as the friction difference between the aluminum wing and
the table, and temperature differences may also affect the actual required force to deflect therib.

This experiment was devised to show that the theoretical deflection of the aluminum rib coincided with the
actual deflection, as well as finding the force that the beam plastically deforms. It was found that the actual
beam deflection was slightly smaller than the predicted one however; the maximum deflection at the
maximum force was large enough to satisfy the project requirements. The maximum deflection at the
maximum force of 1.962N was 5.5mm. This meets our expectations and will work well for the morphing
wing rib. The maximum force that may be applied before plastic deformation occurs was found to be 2.67N
which is lower than the amount of force required to obtain the desired deflection of 5mm.

8.3.4 Flexible Skin Verification
8.3.5 Airfoil Shape Aerodynamic Test

Preliminary aerodynamic testing was performed using the Aerolab wind tunnel located in the University of
Colorado ITLL. Small-scale models of the expected pre-morphed and morphed airfoil shapes were designed
and fabricated specifically for use in the small test section of the Aerolab tunnel. Since the morphed and un-
morphed airfoil shapes were designed specifically for this project, they are unconventional, and their
aerodynamic properties are therefore unpredictable. In order to validate the appropriateness of the airfoil
shapes for the morphing design, two-dimensional airfoil data was collected and analyzed in terms of
aerodynamic performance. In general, an overall increase in lift coefficient must be apparent in the morphed
section in order to validate the airfoil shapes for the morphing design.

The airfoil verification test was designed so that the airfoil data may be compared with the full-scale test
results. Thus, the test matrix for thistest is similar to that which was defined for the full-scale wind tunnel
test at the AFA Wind Tunnel Facility. However, difficulties with the wind tunnel operation limited the
amount of tests that could be completed in areasonable time frame. Thus, the test matrix was shortened,
varying only between two different airspeed settings, 35 m/s and 40 m/s. These settings correspond to alow
speed and a high speed planned for the full-scale test. 1t isimportant to note that the chord lengths in the test
models were kept consistent with those used in the full-scale test in order to ensure that the Reynolds
numbers would also be kept consistent.

In addition, this test was custom designed to allow for determination of the zero lift angle of attack and the
maximum lift angle of attack, also to be used in creating a more accurate test matrix for the full-scale wind
tunnel test. In order to accomplish this, a program was created to calculate the lift coefficient directly given
the measurements reported by the wind tunnel instruments. Upon detection of angles that corresponded to
zero-lift and maximum lift, the test was considered complete. Note that extra data was collected to ensure
that these values did not result from simple measurement errors and inaccuracies, but actually do correspond
to the measured attack angles for the given airfoils.

In preparation for data collection, attempts were made to tare the drag induced by the sting mounts. The data
collected for the sting mounts contained numerous inconsistencies, indicating a general inaccuracy in the
wind tunnel force measurements. Further investigation led to the discovery of high frequency noise, which
affected the force measurements. A low-pass filter wasinstalled in an attempt to alleviate the problem. Due
to time constraints, the drag tare process was not repeated prior to testing the airfoil models.

To conduct the experiment, the airfoil models were secured inside the wind tunnel test section to the built-in
sting. The air speed was set to the appropriate speed in mph. Due to know errorsin the airspeed reading, for
consistency, the air pressure read by the pitot tube was recorded and kept constant (within 0.1 in. H,0)
throughout the test. The Aerolab wind tunnel required manual adjustment of angle of attack, so care was
taken to ensure that the angle of attack measurements were no greater than 0.1 deg from the desired angle of
attack. Data was collected in two degree increments of angle of attack between 0 deg and 8 deg, and 1 degree
increments near stall and zero-lift.



The results of the CU Aerolab wind tunnel verification test are shown in Figure 8.7 for lift at 35 m/sand
Figure 8.8 for lift at 40 m/s. Additional results for drag and moment coefficients are found in Appendix C.
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Figure 8.7 Airfoil Verification Test Results
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Figure 8.8 Airfail Verification Test Results

Each of the plots shown in Figure 8.7 and Figure 8.8 indicate an apparent shift of the lift curve towards the
left due to differencesin camber. At low angles of attack, the increase in lift coefficient for the morphed
section was as high as 33%. Additionally, a 5% increase in maximum lift coefficient was observed at 35 m/s.
However, at 40 m/s, the resulting maximum lift coefficient of the morphed section was lower than that of the
un-morphed section.

The results of the Aerolab wind tunnel test did not completely support the expectations based on theories of
increasing the camber of an airfoil. The results did indicate increase in lift at low angles of attack, however
there is no significant increase in maximum lift coefficient between the two airfoils. The experimental errors
in thistest, however, play asignificant role in the assessment of the validity of the data. These errors were
the result of a combination of experimental apparatus errors and manufacturing errors affecting the models.
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First, as previously mentioned, the motor noise significantly affected the measurement system even after the
filter wasinstalled. Care was taken to ensure that force measurements were not recorded if there was clear
evidence of error beyond 0.2 |bs of force. However, as the strain gauges responsible for measuring forces
were overly sensitive, the force measurements fluctuated almost as much as 0.1 Ibs. Thus, the datais only
accurate to approximately 0.1 Ibs, which, in some cases, was as much as 33% of the total force measured.
Thus, any increase, or lack thereof, in lift coefficient at higher angles of attack can justifiably be attributed to
these errors.

In addition, significant errors occurred in manufacturing the test models, compromising the accuracy of the
shapes. The origin of these errorsis not clear, however it was noticed that the morphed model was
significantly thinner than it was designed to be, and did not accurately represent the proper shape.
Additionally, asthe thin airfoil section was prepared for soldering to the sting mount, the heat caused the
model to warp, affecting the shape even more. It was decided that the model would not be re-built due to
time constraints and the already evident issues with the wind tunnel.

Overall, the CU Aerolab wind tunnel provided enough verification in the apparent increase in lift coefficient

at low angles of attack to validate the airfoils, despite the significant errorsin the wind tunnel and test model.
The data collected cannot, however, be used as a prediction of the aerodynamic properties or performance of

the airfoils.

8.4 System Integration
8.4.1 Actuation Demonstration Model

In order to test the actuation system a model had to be constructed. The tests had to be done on something
that would provide the same setup that the final wing would, without having to construct an exact copy of that
wing. That would be avery costly and long process that would not have been needed. The test stand allowed
the group to see the actuation system work as it would on the final wing, in avery quick and cheap manner.

The original model was a ¥4 section of the entire wing. It consisted of 5 ribs and was constructed to have the
same bottom surface as our final design. It did not, however, have the airfoil shape on top. Thiswas due to
the fact that this model was simply to test the functionality of the SMA design and not to fly in the wind
tunnel. This model provided information not only on the functionality of the wires but also on integration
procedures.

The model was reconstructed several times. Each time a different glue or procedure was followed, these are
detailed later in this section. This eventually led to the creation of the final version of the integration
procedures, which are detailed in Section 8.4.4. Thefinal test stand only had threeribs, but still was able to
demonstrate our actuation system.

Thetest stand also proved that the actuation system did in fact work. The deflection seen on the test stand of
about 3mm matches the deflection seen in the final wing. The test stand was also used to do other tests, such
as the thermodynamic tests, discussed in Section 8.3. It also allowed for the wiring system to be checked
ensuring that there were no short circuitsin the system.

In the figure below it can be seen that the test stand was small. It gave thefirst real glimpse of the actual size
of the project. Thisallowed the group for the first time to get areal feel for the actual size to be dealt with.
This greatly changed the plans that had been made for the construction of the model and the final wing.
Figure 8.9 shows the test demonstration model.
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Figure 8.9 Actuation Demonstration M odel

Thefirst time the test stand was constructed no attempt was made to insulate the wires from any part of the
test stand. The crimps were glued directly to the aluminum structure and no insulation was placed between
the wires and the ribs. Thislead to the entire electrical system being short circuited. There was over avoltin
the aluminum structure and large amounts of electricity in each rib. This kept the wires from getting the
current they needed to deflect and also led to a dangerous situation with so much voltage everywherein the
system. The test stand was dismantled at this time and steps were taken to insulate the wires. A plastic
insulation was used to protect the ribs from the wires. Also the crimps were glued to plastic strips which
were then glued to the test stand. This solved the problem of shorting the electrical system.

There were also other problemsto overcome. The type of glue used for the first test stand was also
undesirable. It took avery long time to set, requiring the group to have to hold a single piece in place for a
long period of time. This made it more difficult for precise gluing and also made what should have been
fairly quick fabrication take much longer. Glues with quicker setting times were used for the later models.
One type of glue was used to attach the ribs to the hinge as this was a metal on metal attachment. Another
type was used to glue the crimps to the plastic and to glue the plastic to the aluminum since these attachments
required a bond for the plastic attachments.

The plastic strips aso solved another problem. In order for the wiresto create their maximum deflection they
must be pulled taut in the un-morphed state. The problem here was getting the wires taught. On the first
attempt the wires were glued directly to the test stand. This meant each set of wires (2 per rib) were stretched
at atime, greatly increasing the fabrication time.

Also, due to the location of the gluing, a clamp could not be placed on this attachment point. The crimps
were held in place until the glue was set, but the glue had not completely hardened. This meant that as the
glue slowly hardened it allowed the wires to slide dightly and lose the tightness they had and become loose.
The plastic strips solved this problem. All the crimps were glued to this strip. Once that glue was dry, the
entire plastic strip was glued down to the test stand. In one step al the crimps could be glued down and
stretched to get the tautness needed in the wires. Then this continuous plastic strip could be clamped down to
the top structure. This would keep the plastic from sliding like the crimps had been able to do in the previous
attempts.

In the end all these iterations helped to create a better integration plan. The plastic strip method was a key to
the integration and construction for the final wing. 1t was adjusted dlightly for the final wing though. A
second piece of plastic was added so that everything could be glued down and the wires pulled tight even
before anything was glued to the final wing. Thiswould alow the group more space to work in and also if
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anything went wrong, would keep the top structure from being damaged if any repairs had to be made to the
actuation system.

8.4.2 Wiring System Integration

The wiring system of the wing involved electrical connection of the actuator wires and the insulation of other
components of the system.

The electrical connection between SMA wires was accomplished by careful soldering of the trailing edge end
of the wire crimps, and soldering of electrical wiring to the crimps at the leading edge of the wing. Heat-
shrink tubing was used to insulate the crimps at the leading edge from the hinge such that no current was lost
through the hinge to the top structure.

Each stage of the assembly was carefully tested in order to ensure the integrity of each of the electrical
connections. These tests are described in more detail in Section 8.5.2.

8.4.3 Component Attachment System

Several attachments were considered during the assembly of the actuation demonstration and the morphing
wing. These include the following,

Wire attachmentsto ribs

Rib attachments to hinge

Rib/Wire attachment to insulating material

Hinge/Rib/Wire attachment to structure

The process of accommodating each of these attachmentsis described in this section.

The ribs were first attached to the hinge 29.6 mm apart using JB Kwik epoxy.

This was then allowed to dry and the SMA wires were strung thru the holesin the ribs. The next step in
assembling the top structure was attaching the SMA wire crimps to the top structure. In order to make the
SMA wires electrically insulated from the rest of the structure the SMA wires were attached to a piece of
insulating plastic before being attached to the top structure, as shown in Figure 8.10.

M ounting Plastic

pa—
Ribs

Figure 8.10 Component Attachments

This assembly was then placed directly into the top structure, and Devcon high strength plastic epoxy was
used to secureit. Epoxy wasfirst used to attach the hinge in its specifically designed attachment point then
the plastic pieces were then attached to the top structure with careful attention paid to the location of the
crimps, again using epoxy. A problem that arose in this step was that the SMA wires did not have enough

48



tension to actuate the rib. This was solved by cutting the plastic mounting piece in half and pulling it
outwards to force the wires into tension. This allowed the tension needed to actuate the ribs.

Epoxy was used for al of the attachments. JB quick was used to attach the ribs to the hinge and Devcon High
Strength plastic epoxy was used for everything else. JB Kwik had a maximum tensile strength of 2100psi and
can withstand temperatures of 150 deg C. The Devcon epoxy had a maximum tensile strength of 3500psi and
had a temperature range of -4 deg C to 93 deg C.

Several problems were encountered during the use of these epoxies. First of al, it was extremely difficult to
be precise while applying the parts with epoxy. Once the epoxy was applied the original mark used to apply
the piece was hidden causing difficulty locating the attachment point. Another problem that occurred while
using epoxy was the fact that it took time for the epoxy to cure. Thisled to problems getting the parts to stay
in the desired location and caused problems due to waiting to attach more parts. In several casesit was
impossible to complete a given task as quickly as desired because of a forced waiting time of 24 hoursto
allow the epoxy to dry before moving on.

8.4.4 Assembly Procedure

A detailed assembly procedure was created in order to ensure that the assembly of the morphing wing
occurred flawlessly. This process was defined during the process of testing and assembling the actuation
demonstration model. The steps to assembl e the actuation system are as follows:

Thefirst step involved applying a non-conductive plastic coating to the rib holesto electrically insulate the
wires from the ribs. Thiswas done to ensure that no current was lost through the connections of the wiresto
theribs. The plastic coating was necessary, as the holesin the ribs were created just small enough to fit the
barrel of the wire crimps through. Cares was taken to ensure that the holes remained open enough to fit the
wires through, and also were carefully insulated from electrical interaction.

In order to loop the wires through the holesin the ribs while leaving the crimps in tact, the crimps were first
bent in half to fit thru the holes. The wires were then strung through the holes, and finally the crimps were
bent back into thereinitial flat condition. It was desired to have the crimps remain in aflat configuration in
order to provide enough surface areafor the wires to be connected to the plastic pieces, and thus the rest of
the actuation system structure. Figure 8.11 shows the wires |ooped through the ribs with the crimps opened at
both ends.

Figure 8.11 Wire Attachment to Rib

49



JB Quick epoxy was used to attach each of the ribs to the hinge because of its quick drying time (4 min) and
strength. The locations of the ribs were marked on the hinge, glue was applied to therib, and the rib was
placed on its mark. Engineering paper was used to square the rib and the hinge for extra precision. Finally,
the rib was held in place by hand until the epoxy dried completely.

The next step of the assembly involved preparing the wires for electrical connection. The SMA wires were
soldered in series by the crimp on one end and via wires on the other end to allow for the proper spacing of
the SMA wires. Heat shrink tubing was applied to the hinge-end of the SMA wiring system to prevent the

circuit from shorting through the hinge.

To apply the plastic mounting to the connected wire ends, the crimp locations were first marked onto the two
plastic strips and the insulating plastic. Epoxy was then used to attach the SMA crimps to the plastic strips.
Once dried, the crimps and plastic strip were then attached to the insulating plastic in the proper location,
again using epoxy. Thisassembly step is shown in Figure 8.12.

Figure 8.12 Attachment to Top Structure

In order to attach the final actuation assembly to the wing structure, the SMA/insulating structure was
dropped into the top structure using epoxy to fix it to the top structure. During the final build a problem arose
with the locations of the crimps. The SMA wires did not have the needed tension to actuate the morphing;
therefore the bottom mounting plastic was cut in half and pulled tight until the wires had the desired tension.

The skin material was then pulled tight and epoxy was used to affix it to each rib and to the sides of the
morphing wing.

8.5 Assembly and Sub-Assembly Verification and Test
8.5.1 Sub-Assembly Attachment Strength Test

At each stage of construction the final wing was tested to ensure the strength of the actuation system. In
doing thisit was ensured that the wing was being put together properly and that no faults would be found that
would cause major reconstruction delays since most of the wing would have to be taken apart to get at the
smaller parts.

Testing was done after every main stage of the construction. The ribs were measured after being cut and the
holes being drilled. The wires were tested to ensure they had the correct resistance. After the wires were
laced onto the ribs and the one side soldered together, each rib was checked to ensure there was no current
being passed to therib. After the ribs were glued onto the hinge, this same test was repeated to be sure there
were absolutely no electrical losses in the system so far.
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Once the wires were attached the plastic sheets they were again tested electrically to ensure there was no
degradation in the system. The plastic sheets were then glued to the top structure. Here the electrical test was
done again, but also functionality tests to ensure the wires were completely stretched in their relaxed state and
that there was no loose gluing.

Finally the skin was added and alast functionality test was done. At each step along the construction of the
final model, testing was done to ensure everything was working as it should be. As can be seen the electrical
test was done repeatedly. This was done so that if there were a short circuit, the places to check for it would
be greatly reduced than when the whole wing was placed together. Table 8.2 shows the results of these tests
as the wing was put together.

Table 8.2 Sub-Assembly Verification

Step Status | Current Test
Wire OK N/A

Rib OK N/A

Wire-rib assembly OK 1A
Rib-Hinge attachment OK 1A
Wire-Plastic attachment OK 1A
Plastic-Structure attachment | OK 1A

Skin Attachment OK 1A

The final assembly was put together so well that there was no need to redo any part of the construction. All
the corrections had been made long before the final wing was finished. The main things that were fixed dealt
with the rib wire attachment. There was a dight current lossto therib. New insulation techniques were used
and this problem was adverted. The final wing had no current loss to any part of the structure. These tests
ensured the strength, electrically and forcefully speaking.

8.5.2 Sub-Assembly Electrical System Test

As part of each stage of the assembly, an electrical system test was performed to ensure that no current was
able to travel through any component other than the actuator wires. Thisway, an early identification of errors
also alowsfor early correction of the errors.

After attaching two wires to each rib, the resistance of the wires was measured using an chmmeter in order to
determine the consistency and accuracy of the wire electrical properties. In order to keep track of the wires,
each rib was labeled with a number, and the wire measurements were recorded with respect to the rib number.
This data can be found in Appendix C.

In order to test for the functionality of the wires, a circuit was designed to apply the appropriate amount of
current and voltage to the system. Asthe wires are connected in series, the current applied to the wires was
almost always 1 Amp. Exceptions to this occurred when only few wires were tested in the circuit, and the
current was reduced to reduce the quickness with which the wires contracted for protection against overstrain.
The amount of voltage applied to the circuit depended on the number of wires being tested in series.
Generally, the circuit required 1 V per actuator wire.

Each test involved the application of current, the observation of deflection, and the measurement of current
through an ammeter in series with the wire circuit to ensure that the total amount of current went through the
wires and not through the structure.

It was through electrical testing that the need for proper insulation became apparent, as the system would

often lose current through the hinge, ribs, and aluminum structure. Care was taken throughout the assembly
to ensure that all connections were properly insulated.
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8.5.3 Assembly Functionality and Repeatability

The final wing was tested before it ever came near the wind tunnel. These tests showed the functionality and
repeatability of the final wing. The deflection seen in the final wing was 3mm. This was consistent across
the span of the wing except for the last rib on each side. These ribs were affected by the attachment of the
skin along the sides of the wingtips. Thisdid not affect the inner ribs and actually provided a smooth
transition from the wingtips to the inner ribs.

Thistest was done at several times and showed the fact that the wing was getting the same deflection and
therefore attaining the same shape over many trials. This repeatability was seen in the SMA functionality
tests earlier and showed that even in alarger interconnected system the SMAs would still keep this very
unique and highly sought after characteristic.

Asfor functionality the wing was left on for 44 minutes. This was done to show that the wires would not fail
during the wind tunnel tests at the USAF Academy since the wing would have to be on and running for long
periods of time. Every 5 minutes the deflection was measured as was the current passing through the wing
and the overall status of the wing was recorded qualitatively. These results showed that the wing kept its
deflection for the entire time, without any lossesin current or shape.

The status of the wing overall was very good. The wires never overheated. The temperature of the skin and
the aluminum stayed fairly constant. Overall the wing performed flawlessly. There were no losses or
degradation in the system over an extended run and the system performed almost completely as expected, the
only thing not perfect was the dightly smaller deflection than theoretically predicted earlier.
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9.0 VERIFICATION AND TEST

9.1 Verification and Test Plan
9.1.1 Aerodynamic Test Plan

The purpose of the aerodynamic test plan isto verify that the overall project objective has been met, that is, to
increase the lift characteristics of the wing by morphing its shape. The aerodynamic properties of the wing
will be measured in a subsonic wind tunnel. For verification purposes, the test wing aerodynamic properties
will be compared to those of the theoretical wing shapes. Thus, three different wing models (four different
tests) will undergo the aerodynamic testing: un-morphed theoretical shape wing, morphed theoretical shape
wing, and test wing in both morphed and un-morphed configurations. For each test the aerodynamic forces
and moments will be measured.

Each model will be mounted upside down on the center-mount sting available at the wind tunnel facility.
Each test will include the variation of velocity from 30 m/sto 45 m/sin increments of 5 m/s. At each
velocity, an angle of attack sweep will be performed. The sweep will range from negative eight degrees, to
positive eighteen degrees. Table 9.1 shows the aerodynamic test matrix defining the variables of the test.

Table 9.1 Aerodynamic Test Matrix

The data acquisition system in place at the wind tunnel facility uses a six-component force balance to sense
the electric signals produced on the sting mount. The voltages are applied to a calibration curve in order to
determine the aerodynamic forces, and thus derive the aerodynamic coefficients. Figure 9.1 shows the six-
component force balance system in the wind tunnel. The technical drawing of the force balanceisfound in
Section 5.4.
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Courtesy of the USAFA
Figure 9.1 AFA Data Acquisition Diagram (Ostasiewski)

Upon collection of data for each model, the forces and moments will be analyzed to verify that the objectives
of the project have been met. For each test conducted, the following plots will be made: lift coefficient versus
angle of attack, drag coefficient versus angle of attack, moment coefficient versus angle of attack, drag polars
(Cp vs C,), and maximum lift coefficient versus velocity. In order to analyze the data, the morphed and un-
morphed plots will be overlaid to identify the changesin lift, drag, and pitching moment. The analysis for the
test wing will then be compared to that of the controlled-shape wings.

9.1.2 Structural Test Plan

The overall goal of the structural test isto verify the accuracy of the actuation system in achieving the
structural shape desired. The shape of the test wing in the morphed configuration will be compared to a
model of the theoretical morphed shape. The ability of the wing to return to its un-morphed shape will be
tested and compared to the theoretical un-morphed wing. Originally the structural testing was planned to be
static outside the wind tunnel. However, the testing will take place inside the wind tunnel under aerodynamic
forces. This change should not affect the test’s ability to verify the actuation system.

The structural test employs the use of PhotoModeler software system, which will be used to accurately
measure the shape of the theoretical and test wings. Digital photographs of each wing shape will be taken and
imported into PhotoModeler. A target system will be placed on the bottom of the wind tunnel under the
model that can be identified in the photographs, and thus referenced for PhotoM odeler data acquisition. With
the indication of areference length, PhotoM odeler creates three-dimensional data of the points, identifying
structural characteristics of the wing.

The software reguires that multiple photographs be taken to ensure the greatest reference location accuracy.
Thus, photographs will be taken from seven different camera locations at a maximum distance of 1.5 m from
the model. Figure 9.2 shows the setup for the structural test.



Figure 9.2 PhotoM odeler Test Setup

The PhotoModeler software allows a three dimensional object to be measured to within one three thousandth
of and inch. In order to achieve thislevel of accuracy all the targets must be in four pictures. These targets
need to be at least eight pixelsin diameter. For this project a minimum target pixel diameter of ten pixels was
used to ensure that the center of the targets could be accurately located in the PhotoM odeler software.
Equation 9.1 below shows how the target size is determined to ensure that a minimum pixel diameter of ten
pixelsisachieved,

L(in)*10 %
T= m a9 (Equation 9.1)

where H isthe horizontal size, and L isthe characteristic length.

A six-megabyte camera was selected because it offered the resolution needed, with a horizontal size of 3,072
pixels. The characteristic length of the wing is the span (48.2 cm) for PhotoModeler purposes. From
Equation X atarget size of 3.5 mm was calculated. It isimportant to note that the camera was purchased with
the calibration already completed for use with the PhotoM odeler software.

To setup the targetsin the wind tunnel they were laminated to poster paper and taped to the bottom of the
tunnel under the model. Once the model and targets are set, the wind tunnel isturned on. Pictures will be
taken during the third run at 40 m/s at an angle of attack of ten degrees to ensure the pictures match the
aerodynamic data collected at the point in the test. This speed and angle of attack combination was chosenin
order to observe the effects at high angles of attack and high Reynolds Numbers, where the force on the wing
are greatest.

Once the pictures have been taken they are loaded into the PhotoM odeler software and the targets are
identified in each of the images. The program then solves for the exact location of each camera, therefore
precise camera location during testing is not necessary. Next the characteristic length is set, and curves and
surfaces are identified in the photograph manually. PhotoModeler is then able to resolve these into three-
dimensional models, and the differences in the wing shapes may be observed.
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9.2 Analysis of Expected Performance

The CFD and CU Wind Tunnel tests can provide information about expected performance of the morphing
wing test. The errorsin the models used in CFD and the inaccuracies in the wind tunnel indicate that the
predictions may only be indicative of respective differencesin lift characteristics, rather than providing
accurate information about the actual aerodynamic performance of each of the shapes. The predictions from
CFD and the CU wind tunnel test are discussed again here.

9.2.1 Computational Fluid Dynamic Model Analysis

Aerodynamic analysis was done using Computation Fluid Dynamics (CFD) programming in order to predict
the performance that satisfies the specified requirements. The CFD program produced results in the form of
the three resultant forces present on the airfoil section. These forces were then converted into lift. Lift was
converted to coefficient of lift using Equation 9.2 below.

L
C. = E-M 22
SrM-S
.A graph of the predicted lift coefficient versus angle of attack for the morphed and un-morphed conditions

can be found below in Figure 9.3. The data below represents an inviscid flow solution, as there were
calculation problems with the viscous code.

[Equation 9.2]

CFD SIMULATION
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Figure 9.3 Expected Aerodynamic Results - CFD

A maximum change in lift coefficient of approximately 0.2 was achieved at an angle of attack of about 10
degrees. At low angles of attack, where the prediction has more validity, the change in lift coefficient was
found to be approximately 0.1. Thistheoretically verifies the ability of the morphing wing to achieve the
overall objective of increasing lift characteristics. In addition, it can also been seen in the graph that the
maximum lift coefficient was also increased for the morphed model. The difference in maximum lift
coefficient also corresponded to the largest magnitude of differencein lift as seeninthe graph. Themain
reason for the decision to increase the camber of the airfoil isthe fact that it will increase the lift at agiven
angle of attack. From Figure 4.3 it can be seen that thisistheoretically true for all angles of attack. By
increasing the lift on the wing, the stall speed of the wing is effectively reduced. It can also be seen that the
C_ curveisnon-linear. The main possibility for the non-linearity of the curveisthat there was a dight
modeling problem in CFD. This problem could stem from the nipples present on the airfoil when it was
imported into CFD or just from adight code error. Therefore, it is understood that this information may
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predict results of the differences that occur between the two shapes, but will not provide accurate
aerodynamic properties of the airfoils for other applications.

9.2.2 Small-Scale Wind Tunnel Airfoil Test

The airfoil verification test provided data that may be used for predictions of the AFA wind tunnel test. The
results of the CU Aerolab wind tunnel verification test are shown in Figure 9.4 for lift at 35 m/sand Figure
9.5 for lift at 40 m/s.

CU WIND TUNNEL AIRFOIL DATA
Clvs. Alpha - 35 m/s

Lift Coefficient (2-Dimensional)
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Figure 9.4 Airfoil Verification Test Results

CU WIND TUNNEL AIRFOIL DATA
Comparison Cl vs. Alpha - 40 m/s
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Figure 9.5 Airfail Verification Test Results

Each of the plots shown in Figure 9.4and Figure 9.5indicate an apparent shift of the lift curve towards the left
due to differencesin camber. At low angles of attack, the increase in lift coefficient for the morphed section
was as high as 33%. Additionally, a 5% increase in maximum lift coefficient was observed at 35 nvs.
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However, at 40 m/s, the resulting maximum lift coefficient of the morphed section was lower than that of the
un-morphed section.

9.3Wind Tunnel Aerodynamic Verification
9.3.1 Preparation for Verification

The test matrix described in Section 9.1.1 provided a guideline for running the wind tunnel and collecting the
appropriate data. The facility at the Air Force Academy allowed for the input of the test matrix into the
computer control system, which automatically performed the angle of attack sweep and collected data at the
appropriate times. This ultimately eliminated the effects of human error in the data as was seen in the CU
Aerolab wind tunnel. The control system was also able to resolve the forces measured by the force balance to
the quarter-chord of the wing by trandating the forces acting at the center of the balance to the appropriate
location on the wing. Thissimply required user input of the distances from the center of the force balance to
the quarter-chord of the wing in al directions.

In preparation for data collection, the sting mounts were tested using the same test matrix in order to tare the
drag induced by the mounts. |naccuracies were observed in the mounts resulting in dight yaw angles. In
each mount, this angle was measured using digital calipers, and the sting setting in the tunnel was adjusted to
compensate for the dight yaw angle. This process was repeated after the mounts were attached to the wing
models to ensure consistency and proper variable definition for the wind tunnel tests.

In addition, atest was completed to ensure that no disturbancesin the data occurred as aresult of the
electrical wiring or the heating inside the wing. This was accomplished by first collecting data with the
tunnel air off and the power to the wing off. The power to the wing was then turned on to allow the morphing
system to activate, and additional data was collected for several minutes to determine if any changesin data
occurred as a result of the morphing mechanism. As expected, no discrepancies were found in the
measurements taken, indicating that the morphing mechanism would not affect the data collection.

9.3.2 Analysis of Control Wing Models

In order to verify the aerodynamic effects of morphing the wing between two shapes, control models were
fabricated to represent the two expected stages of the morphing wing, specifically the initial un-morphed
shape, and the final morphed shape. In addition to acting as a proof of concept, this part of the verification
served the purpose of providing predictions of the aerodynamic response to the morphing wing.

The results of the control wing model test at 30 m/s are shown in Figure 9.6.
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AFA WIND TUNNEL TEST DATA
Comparison of CL vs. Alpha for Control Wings - 30 m/s
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Figure 9.6 Aerodynamic Verification of Control M odels

Asseeninthe plot of lift versus angle of attack, the difference in the data between the two models resembles
the effects that are known to occur when the camber of an airfoil isincreased. Thereisasignificant increase
in lift coefficient for the morphed section at lower angles of attack until stall. The maximum increase in lift
coefficient was calculated to be approximately 200% (increase from 0.2 to 0.4).

The morphed model stalled at alower angle of attack than the un-morphed model, however, the maximum lift
coefficient appeared to be greater in the un-morphed configuration. It is also important to note the
unconventional lift curves that resulted with the morphed wing model. The lift appears to drop off gradually
after stall, whereas in awing with a more conventional airfoil, the drop-off would be much steeper. Possible
explanations for these anomalies were explored, and are discussed in detail in Section 9.3.4.

The effects of varying the Reynolds number were explored by comparing the data at a high speed to that at a
low speed. This comparison is shown below in Figure 9.7.

59



Lift Coefficient

Asseenin thisfigured, the Reynolds Number has a small effect on the results, shifting the lift curve of the
morphed section to the left of that of the un-morphed section, as expected. A similar comparison observed

AFA WIND TUNNEL TEST DATA
Comparison of CL vs. Alpha for Control Wings - Low Speed vs. High Speed
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Figure 9.7 Reynolds Number Effectson Solid M odels

the changes in maximum lift coefficient with increase in Reynolds Number, and is shown in Figure 9.8.

Max Lift Coefficient

AFA WIND TUNNEL TEST DATA
Comparison of RN vs. CLmax for Control Wings
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Figure 9.8 Effect of RN on CL max
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Again, the results of this are unexpected, indicating that the un-morphed model produces a higher maximum
lift coefficient than the morphed model. The variation of maximum lift coefficient with Reynolds Number
seems rather inconclusive.

A general conclusion can thus be made about the control wing shapes that, at low angles of attack, the
morphed configuration produces a significant increase in lift coefficient. Thus, the proof of concept exists
that the morphing wing may in fact increase the lift characteristics of awing for two different flight
conditions, provided that these flight conditions involve flight at low angles of attack. No conclusions ought
to be made regarding the maximum lift coefficient and the apparent early stall of the morphed wing without
consideration of the errors in the experiment (to be discussed in Section 9.3.4).

9.3.3 Morphing Wing Analysis

Prior to the aerodynamic test of the morphing wing, tests were performed to ensure that the wing is functional
in astatic environment. Detailed results of thistest are discussed in Section 8.5.3. After the morphing wing
was observed to morph successfully, the wing was primed for testing in the wind tunnel.

The results of the control shape models were considered prior to analysis of the morphing wing in order to
define the expectations of the wing in terms of aerodynamic properties. It was considered highly unlikely that
the morphing wing would produce better results than the solid models, and therefore, the solid model results
served as “theoretical” predictions of the morphing wing aerodynamic response.

The results of the morphing wing test are shown in comparison with the results of the control shape wing test

in Figure 9.9.

AFA WIND TUNNEL TEST DATA
Comparison of C_vs. Alpha for Solid and Test Wings
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Figure 9.9 Comparison of Morphing Wing to Solid M odels

Asseenin the graph, or not seen for that matter, only three curves are easily distinguishable, the middle of
which actually represents both the morphed and un-morphed lift curve. The results of the morphing wing test
indicate a general lack of difference in aerodynamic properties of the morphed wing configuration as
compared to the un-morphed configuration.
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When the aerodynamic properties of the morphed solid model were compared to those of the test wing in the

morphed configuration, it appears that the morphing wing may not have achieved the desired amount of
camber change.

Similarly, when compared to the aerodynamic properties of the solid model, it appears that the un-morphed
configuration of the test wing may have actually morphed pre-maturely in reaction to the aerodynamic forces.
Thel lift curve for the un-morphed test wing indicates a higher degree of camber than exists in the solid un-
morphed model.

Another indication that the un-morphed configuration of the test wing was affected by aerodynamic forcesis
evident in the drag plot for the un-morphed wings, shown in Figure 9.10

AFA WIND TUNNEL TEST DATA
CDvs. Alpha Comparison of UnMorphed Solid and Test Wings
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— —A— —Morphable 40 m/s
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Figure 9.10 Comparison of Drag for UnMorphed M odels

The drag curve for the solid model does not change with Reynolds Number, as expected. However, this
figure shows an unusual shift in drag as Reynolds Number varies for the un-morphed configuration of the test
wing. Thus, it was proposed that this change in drag resulted from an unpredicted change in shape in the un-
morphed configuration as the Reynolds Number increased. If the shape did change, it is possible that the
effective critical point aong the chord changed, causing the flow separation to occur at a different point.
(Wells).

Further analysis of the apparent shape change is discussed with regards to the structural verification, and is
discussed in Section 9.4.

9.3.4 Uncertainty and Error Analysis

Recognition of errorsin thistest is necessary in order to properly understand the results of the test and form
conclusions. The errorsin the test are classified into two categories, 1) manufacturing errors, and 2)
uncertainty errors.
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First, it was evident that errors had occurred in manufacturing the solid morphed wing model, as the chord
length was slightly less than the design length. If this error was a result of imprecise orientation of the piece
during machining, other properties of the shape may have been compromised as well that are not as easily
measured. Thisisalikely source of error that would affect the ability to form conclusions about the
performance of the morphing wing and possible future applications.

In addition, it was determined that the size of the sting mount may have had a significant effect on the
aerodynamic data. Asthe sting mount covered almost 25% of the upper surface, the flow over the upper
surface was clearly compromised. This may have caused early flow separation, leading to early stall as
demonstrated by the morphed solid wing. Again, this error must be considered before conclusions can be
made, as comparisons of the similar data from the wings can be done, with the understanding that the results
obtained are not reliable for application (Short).

Uncertainty analysis was performed for the wind tunnel data. The uncertainty was based upon bias errors

from the equipment and precision errors from the variationsin data collect. Table 9.2 shows the bias for the
measurement equipment at the AFA (Wells).

Table 9.2 Uncertainty Biases

Uncertainty Biases for AFA Equipment

Equipment Bias Error

Force Balance + 0.25% of max load
Pressure Transducer + 0.15% of reading
Absolute Pressure Transducer [+ 0.12% of reading
Thermocouple + 0.4% of reading

IA-D Converter + 0.1% of input voltage
Signal Conditioning + 0.12% of input voltage

It was determined that the uncertainty due to bias errors was much greater than the uncertainty due to
precision errors. The greatest source of bias error resulted from the calibration techniques employed by the
AFA to resolve the data from the pressure transducer used to cal culate the dynamic pressure in the wind
tunnel. This accounted for almost 85% of the uncertainty (Wells).

The comparison of lift is shown again in Figure 9.11 with uncertainty bars included.
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AFA WIND TUNNEL TEST DATA
CL vs. Alpha with Uncertainty- 45 m/s
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Figure 9.11 Uncertainty Analyses

As seenin the figure, the greatest amount of uncertainty exists near the stall, and little error is evident at low
angles of attack.

Thus, it can be concluded that, at low angles of attack, the application of the morphing concept was
successful. At low angles of attack, the morphed wing produced a significantly greater amount of lift than the
un-morphed wing, and resulted in the least amount of uncertainty in data collection.

9.4 PhotoM oddler
9.4.1 PhotoModeler Results

The objective of the structural analysis was to analyze the performance of the actuation system in terms of its
success at morphing the bottom surface of the wing. Using PhotoModeler it was possible to measure the
actual deflections under aerodynamic forces. This ability meant we could compare the analytical datato the
structure shape. Figure 9.12 and Figure 9.13 below show the un-morphed and morphed test wing
respectively.

Wing Tip

Deflection

-

Flexible Skin

Figure 9.12 UnMorphed Test Wing 3D PM Model



Figure 9.12 above shows the deflection of the bottom surface under aerodynamic forces.
Wing Tip

Deflection

-

Flexible Skin

Figure9.13 Morphed Test Wing 3D PM M odel

Figure 9.13 above shows the deflection of the bottom surface with the actuation system on, under
aerodynamic forces.

9.4.2 Analysis of PhotoModeler Results

Using PhotoModeler the maximum deflection was cal culated and compared to the designed deflection. Table
9.3 shows the maximum deflection, percent of expected, and camber in percent chord.

Table 9.3 PhotoM odeler Results Analysis

M aximum Camber in Percent Chord
Max. Deflection (mm) % Of Expected Deflection % Camber
UN-MORPHED 2.8 56 5.99
M or phed 3.8 76 6.40
Expected Un-mor phed 0 4.85
Expected M or phed 5 6.91

The results of PhotoM odeler show that 56% of the expected deflection resulted from aerodynamic forces.
This premature deflection resulted in the actuation system only producing 20% of the expected deflection, or
1 mm. PhotoModeler was able to solve the model to within 5% accuracy. This accuracy was derived from
the over al project setup and modeling.

The target system work worked well, however, actually marking individual points on the wing was more
difficult then expected. Points on the model were needed to layout the wire frame that created the solid
model. These points needed to be within five pixels of one another across all the photos to ensure that the
error would be minimum. Manual placement of these points made it hard to control the pixel variation. Once
these al the control points where placed the wire frame could be created.

The creation of the wire frame a so was more difficult then previously thought. The pictures where taken
through glasses causing the outline of the wing to be skewed. It also changed the color making it difficult to
outline the wing and mark the ribs accurately. These where also placed manually creating the error in the
final solid model.
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9.5 Conclusion and Verification of System Requirements

Comparison of the data from the morphing wing test to the predicted datais rather inconclusive, given the
inconsistencies in the CFD simulations and the errorsin the CU wind tunnel.

Comparison of the aerodynamic data for the morphing wing was also compared to that of the control models,
providing the first hint that the morphing wing took an in intermediate shape phase under aerodynamic
pressures. Thisfact was supported with information received from the PhotoModeler analysis, indicating that
over 50% of the expected deflection occurred in the un-morphed configuration. Conclusions about the
application of the aerodynamic data cannot be made, as the altered flow around the upper surface due to the
sting mounts severely affected the data.

The combined results of the numerous verification tests completed during the project provide the ability to
define the success of the project in terms of the project objectives and accomplishments

In consideration of the aerodynamic objectives, it was shown that the morphing wing concept explored in the
project could in fact improve lift characteristics of the wing in two flight phases, morphed and un-morphed.
The results of the solid model verification indicated that at low angles of attack, the morphed model increased
the lift coefficient of the wing by nearly 200% over the un-morphed configuration.

Static tests of the morphing system indicated a successful design of a morphing system, capable of being
easily controlled and repeatable. The actuation system chosen for the morphing wing successfully morphed
the lower surface of the wing, providing an increase in maximum camber of approximately 4% of the chord.

However, upon testing the wing did not appear to hold up to the forces in the wind tunnel. It is possible that
the CFD prediction model was set up incorrectly, underestimating the stiffness needed in the lower surface.
The mgjor possibility isthat combining the properties of the latex and the ribs was done incorrectly.
Estimation was made as to the overall stiffness of the ten ribs and the material between them that would allow
the model to be infinitely thin. Also, it is possible that as the ribs became deformed multiple times they may
have lost some of their stiffness or been placed incorrectly. Finally, it is possible that because the aeroelastic
situation wasrun in an inviscid flow regime that the aerodynamic forces could be much larger when the flow
isviscid.

Overall, the morphing concept is highly recommended as a method of changing the shape of awing during
flight. In future applications, however, the compromise between stiffness and flexibility must be defined to a
greater extent. The stiffness of the lower surface depends highly on the pressure distribution on the wing,
thus accurate simulations are necessary to ensure that proper calculations of the necessary stiffness are done.

Increasing the stiffness of the lower surface, however, also makes it necessary to increase the force provided
by the actuation system, requiring a greater force to control the shape change. In this case, the SMA actuator
wires may provide the appropriate energy density, that is, the force and deflection combination needed.
SMAsin astraight wire configuration provide the greatest amount of force, but the least amount of
deflection. SMAsin spring form provide a greater deflection, but lack the ability to generate a greater force.
Recently there have been studies involving Shape Memory Foam, which creates an interesting alternative to
actuator wires, and may be a solution to the stiffness issue.

In addition, from an aerodynamic standpoint, it may be increasingly necessary to use conventional airfails,
with known experimental data, to ensure that the design of the morphing system is under analysis, rather than
the design of the airfoil. A set of airfoils with experimentally proven data to show an increase in lift would
allow for more conclusive analysis of the success of a system that morphs between those two shapes.

Upon further investigation of airfoil geometries as awhole, it was noticed that the majority of camber change
occurs towards the trailing edge of the airfoil. Based on the same actuation system (SMA wires), it might be
possible to achieve a better aerodynamic geometry by starting with a geometry similar to a symmetric airfoil

and actuating the rear portion of the lower surface much in the same SMA wire and beam configuration used
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in the project in addition to an opposite actuating force to return the beam to its original geometry. This
geometric change can be seen in Figure 9.14. The morphed geometry can be seen in red (upper ling) while
the unmorphed state can be either the green (middle line) or black (lower line) depending on the abilities of
the actuation system and choice of materials.

Figure 9.14 Near-symmetrical Airfoil to Whitcomb Integrated Supercritical Airfoil (Cesnik)
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10.0 PROJECT MANAGEMENT

10.1 Management Plan

A project management plan was created to organize the team into systematic subsections for the assignment
of tasks. Thus, and organizational chart was created to show the breakdown of the project into subsystems,
and the flow of information within the team. Included in the organization chart are the project advisors,
project manager, chief financial officer, instrumentation and mechanical drawing engineers, webmaster, and
each of the project subsystem engineers. The project organization chart is shown in Figure 10.1.

Figure 10.1 Organization Chart

Project tasks were thus assigned according to this organization chart. The systems engineering team
was responsible for ensuring integration of each of the individual systems. The systems engineers thus
have an overall understand for each of the subsystems.

For each subsystem, a group lead was assigned, responsible for ensuring that the tasks assigned to their
system were completed. Individual subsystem tasks for the design phase of the project were recorded in
an organizational responsibilities chart, indicating the subsystem lead, and the engineers responsible for
the individual tasks associated within the subsystems. The organizational responsibilities chart is shown
in Table 10.1.
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Table 10.10rganizational Responsibilities

Organizational Responsibilities
Task Description Lead
Aerodynamics Blake Benedict
CFD BB/BO
Solidworks JP
Actuation Jeremy Selstrom
Force Analysis JS/IGP
Deflection Analysis JS/AB
Actuation Model JS/AB
Thermodynamics GP
Control/Electronics JS/IGP
Solidworks JP
Structures Adam Baron
Actuation Integration AB/JS
Rib Design AB
Bottom Surface Material Properties AB/NB
Hinge Design AB
Sliding Mecahanism Design AB
Rigid Structure Design JP/NB
Rigid Structure Analysis NB
Aeroelasticity Analysis BB/AB
Solidworks JP/AB
Materials Nicole Branchaw
Rib Material AB
Rigid Structure Material NB
Skin Material NB
Test Plan Joshua Pearsall
Aerodynamic Test Plan JP/GP
Structural Test Plan JP/GP
Integration Giordin Perlman
Aero/Structural Integration GP
Actuation /Structural Integration JS/AB
Integration Plan GP
Project Management Giordin Perlman
Budget/Cost Analysis Nicole Branchaw

In order to organize the work for the entire year-long duration of the project, awork breakdown structure
(WBS) was created, outlining the organization of tasks into the following categories. Project Management,
System Engineering, Design, Fabrication, Verification and Integration, Testing, and Reporting. Each
category is further broken down by subsystem, task, and subtask. The WBS is numbered to track the task
number, and thus the progress of each individual task. The top-level WBS for the project is shown in Figure
10.2. The expanded WBSisincluded in Appendix A, showing the higher level details of the work
breakdown, individual task assignments, and the WBS numbering system.
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Figure 10.2 Work Breakdown Structure

The project management structure is responsible for the scheduling the project tasks, managing the task
assignments and progress, and tracking the project funds and budget. The system engineering structure
ensures that the project objectives are kept in mind during the designing, ensuring that each of the
reguirements are met along the way, and maintaining the concept of the project. The design structure of the
project involves the detailed design aspects of each section of the project. The fabrication structure outlines
the actual fabrication of each component for use in the project. The integration structure involves defining an
integration plan, performing subsystem component tests, analytical performance predictions, and overall
systemstests. Testing involves verification of the objectives of the project. The work involved in testing
includes creating atest plan, securing the test facility, ensuring execution of the test, and finally performing
analysis. Finally, reporting involves each design review and report as required by the project customer.

10.2 Scheduling

A detailed schedule for the project was created to ensure timely completion of tasks. The schedule of tasksis
based on the WBS numbering system. Microsoft Project was used to generate the schedule, and allowed for
the identification of deadlines, co-dependant tasks, and task time durations. In the design phase of the
project, top-level scheduling was dictated primarily by the deliverables and their respective deadlines.
Deadlines were then identified for the finalization of engineering decisions and required supporting analyses.
Thetop-level schedule for the design phase is shown in Figure 10.3.
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Figure 10.3 Critical Design Schedule

Upon completion of the critical design, an appropriate schedule could be created for the second phase of the
project. The schedule for the fabrication and integration of the project was designed to be tracked and
followed more strictly than was the critical design schedule, as critical decisions were aready made, and
critical components were aready identified. In the fabrication and integration phase of the project, top-level
scheduling was dictated by the testing deadline and the necessity to verify the safety of the design. In order to
ensure the testing date was met, the component and subsystem testing and integration processes were given
specific deadlines. Accordingly, to ensure the proper amount of component verification and integration,
specific fabrication deadlines for these were also set. The deadlines defined for the semester were selected
with the intent to leave room for the inevitability of accumulating issues, delaying the tasks. Early deadlines
were selected in order to encourage the group to finish early, providing leeway to ensure that the project is
done with care.

The schedules are compared below in Figure 10.4. The pink bars indicate the actual schedule of task
completion, and the blue bars represent the scheduled task completion.
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Figure 10.4 Schedule Comparison

As seen in the schedule comparison, many tasks were started late, and thus finished late. Unexpected issues
with material acquisition arose at the beginning of the semester, setting back the fabrication and testing of
individual components. Fortunately, all fabrication and integration was complete in time to meet the data
collection deadline. The testing deadline for the project was set to be earlier than required in the course. As
the testing had to be coordinated with the Air Force Academy, the optimal testing date was determined to be
two weeks before the data collection deadline defined by the course coordinator. Even so, the project was
complete by this time, and data collection was successful.
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10.3 Cost Analysis

M oW Purchases

Date Purchase Company Amount
10/27/2003 Deluxe Shape Memory Kit  |Dynalloy, Inc $ 88.65
11/15/2003 Supplies for Demo McGuckin Hardware | $ 42.95
12/15/2003 Report Binding Kinkos $ 119.83
1/13/2004 Shape Memory Wires Dynalloy, Inc $ 100.80
1/27/2004 Aluminum McMaster-Carr $ 37.05
2/2/2004 Photomodeler Bundle EOS Systems Sales | $ 2,380.00
Sting Mount Metal Metal Warehouse $ 22.00
Keys McGuckin Hardware | $ 5.36
3/3/2004 Switches Dynalloy, Inc $ 40.90
3/7/2004 Dots Rite Aid $ 1.99
3/7/2004 Stickers/Poster Board Michaels $ 4,86
3/4/2004 Epoxy/Insulation McGuckin Hardware | $ 9.60
Aluminum Matt Rhode $ 300.00
2/30/04 latex McM aster-Carr $ 25.10
3/8/2004 epoxy McMaster-Carr $ 32.83
camera case \Wolf Camera $ 39.99
4/23/2004 expo Michaels $ 30.45
4/23/2004 expo Office Depot $ 42.58
4/23/2004 expo magnifying glass McGuckin Hardware | $ 28.34
4/23/2004 expo Office Max $ 6.07
4/23/2004 expo Kinkos $ 64.78
Beginning Balance: $ 4,500.00
Expenditures: $ 3,424.13
Available: $ 1,075.87

10.4 Specialized Resour ces

In addition to the monetary budget, the project requires the use of specialized resources and facilities. During
the design phase, resources were sought out for technical expertise in the use of shape memory alloys,
expertise in computation fluid dynamic (CFD) programming, and test plan facilities. Dynalloy, Inc provided
a shape memory alloy kit complete with technical data and material properties for experimental use.
Dynalloy has also offered expertise in the use of SMA for design purposes, and feedback on the morphing
wing design. In addition, Dr. Kenneth Gall, a professor in the Mechanical Engineering Department at the
University of Colorado, has provided expertise in SMAs and support for the morphing wing project. The
aerodynamic analysis for the project relied upon the use of CFD programming. Dr. Kurt Maute and PhD
candidate, Manuel Barcelos, provided expertise in CFD analysis for the project. The project testing and
verification plan required information on use of the wind tunnel and the PhotoM odeler software system.
Lieutenant Colonel Scott Wells provided information about the wind tunnel testing facility at the Air Force
Academy. Matthew Vellone, University of Colorado graduate student, provided information about the
PhotoM odeler software.
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Specialized facilities are also required for testing and analysis of the morphing wing project. CFD analysis
reguires access to high speed computing facilities, provided by the University of Colorado Aerospace
Structures and Aerodynamics Laboratories. Asthetest plan is crucia to the verification of the success of the
morphing wing project, the wind tunnel facility and the structural determination software play avital role.
Thus, the Air Force Academy subsonic wind tunnel will be used for the aerodynamic testing process, and
PhotoM odeler software will be used for the structural verification. The PhotoModeler software may be
available for use in the University of Colorado Structural Design and Control Laboratory (SDCL), however
the cost of the software isincluded in the cost analysisin the event that the software in unavailable in the
SDCL.
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12.0 APPENDICES

12.1 Appendix A: Analysis Details

12.1.1 Aeroelasgtic Analysis

Properties used to model the lower structure of the wing for Aeroelastic Analysis

Poisson Ratio 7.00E+10
Thickness 8.128E-06 m (3.20E-04 inches)
Total Force 2 N (.450 Ib)

12.1.2 Analysis for SMA Configuration

Given the strain of the wire defined to be .033, arelationship Between Z and Z' can be designated
Z(=0.967:Z

Since the maximum deflection needed is also known, arelationship between X and X’ can also be assigned
X - X(=5.08mm

Given the amount of space available within the wing, the vertical distance X must be 6.35mm. Using
Equations 5.6 and 5.7 and Pythagorean’s Theorem, Y can be calculated and was found to be 23.6 mm.

Mirroring this about X to obtain the desired configuration gives atotal length between attachment points of
47.1766mm and a total wire length of 48.8565mm.
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12.1.3 Airfoil Point Calculation for Models

Morphed Point Program to Define Airfoils
%6%0%6%0%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%%6%%
%% This program reads in an a text file containing the morphed %%
%% airfoil design. It then ploy fits the points and breaks the %%
%% poly fit curve into 200 evenly spaced point. %%
%6%6%6%0%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6% %% %
clear al;

closedll;

clc;

%% reads in the airfoil text file %%

load morph.txt;

x1 = morph(;,1);

y1 = morph(:,2);

x2 = morph(:,3);

y2 = morph(:,4);

%% plots the airfoil that was read in %%

plot(x1,y1,.r"

hold on;

plot(x2,y2,".r"

%%polyfit airfoil %%

pl = polyfit(x1,y1,25);

p2 = polyfit(x2,y2,25);

%% creates pointsin the location of the text points %%

f1 = polyval(p1,x1);

f2 = polyval(p2,x2);

%% evenly spaces the points around the airfoil %%

xx = 0:.0490909090909090:4.86;

01 = polyval (p1,xx);

02 = polyval (p2,xx);

XX = XX';

g1 =91,

92 =92,

%% creates new figure and plots the two solutions together %%
figure

plot(xx,g1)

plot(x1,f1,xx,g1,".r)

hold on;

plot(x2,f2,xx,02,".r")
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Un-mor phed Point Program to Define Airfoils
%6%%%6%0%%6%%%6%6%0%6%6%0%6%6%0 %% %0 %% %0 %% %% %6%6 % %% %%
%% This program reads in an atext file containing the un-morphed %%
%% airfoil design. It then ploy fits the points and breaks the %%
%% poly fit curveinto 200 evenly spaced point. %%
%6%6%%6%6%0%6%6%0%6%6%0%6%60%0%0%6%0%0%6%0%6%6%0%0%6%6%6%6%6%6%6% %%
clear dl;

closeall;

clc;

%% readsin the airfoil text file %%

load unmorph.txt;

x1 = unmorph(:,1);

y1 = unmorph(;,2);

X2 = unmorph(:,3);

y2 = unmorph(:,4);

%% plots the airfoil that was read in %%

plot(x1,yl,"r"

hold on;

plot(x2,y2,".r"

%% polyfit airfoil %%

pl = polyfit(x1,y1,20);

p2 = polyfit(x2,y2,20);

%% creates points in the location of the text points %%

f1 = polyval(p1,x1);

f2 = polyval (p2,x2);

%% evenly spaces the points around the airfoil %%

xx = 0:.0490909090909090:4.86;

g1 = polyval (p1,xx);

g2 = polyval (p2,xx);

XX = XX';

gl=gl;

92=g27

%% creates new figure and plots the two sol utions together %%

figure

plot(x1,f1,xx,g1,".r"

hold on;

plot(x2,f2,xx,g2,".r"
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12.1.4 Thermodynamic Analysis of SMA Wires
Thermodynamics Program to M odel Heating and Cooling of SMA

%6%6%6%0%6%0%6%6%6%6%6%6%6%6%6%6%6%6%6%0%%6%6%6%6%6%6%0%6%6%6%6 %% %%0%6%6 %%
%%T his program models the heating and cooling effects on the shape memory%%
%%actuator wires
%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%6%0%6%6%6%6%6%6%6%0%6%0%6 %0 %% %% %% %%
closeal

clear all

clc
%0%0%%6%6%6%%0%6%%6%0%%6%6%6%%6%6%6%6%0%6%0%6%6%%6%0%6%%6%6%6%6%6% %%
rho = 6450; %kg/m"3 - material density of NiTi

h =69.5; %W/m"2K) -

C =700; %JkgK - specific heat capacity

L =0.04801; %m = 1.89in - wire length

d = 0.000254; %m = .01in diameter of wire

R =.5*1.89; %0Ohms - resistance

i =1; %Amp - current

A = pi*d*L + pi*(d/2)"2; %defines surface area of wire
V = pi*L* (d/2)"2; %defines volume of wire
TO =90 + 273; %transformation temp of wire
%6%%%6%%%%5T0 = 385;

D = (h*A)/(V*rho*C); %time constant calculation
Q = (i"2)*R/V; Y%heat source

Tinf =300 ;

fort=0:01:2

T_heat = Tinf + (Q*V)/ (h*A)*[(1-exp(-D*1))];
T_cool =Tinf + (TO - Tinf)*exp(-D*t);

hold on

figure(1)

plot(t,T_heat)

xlabel ('Time (sec)’)

ylabel('Temperature (K)")

title("Wire Temperature During Heating')
figure(2)

plot(t,T_cool)

xlabel ('Time (sec)")

ylabel(‘'Temperature (K)")

title("Wire Temperature During Cooling’)

end

%%
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12.1.5 Morphing Wing Drawing Tree
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12.1.6 Work Breakdown Structure
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12.2 Appendix B: Product Data

12.2.1 Shape Memory Product Data
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12.3 Appendix C: Experimental Data

12.3.1 Wire Resistance Measurements

Resistance
Rib Wire (Ohms)
1 a 1.105
b 1.104
2 a 1.109
b 1.105
3 a 1.103
b 1.110
4 a 1.105
b 1.105
5 a 1.098
b 1.112
6 a 1.098
b 1.122
7 a 1.108
b 1.100
8 a 1.112
b 1.111
9 a 1.105
b 1.114
10 a 1.103
b 1.106
11 a 1.109
b 1.111
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12.3.2 CU Wind Tunnel Airfoil Verification Test

Lift Coefficient

Drag Coefficient (2-Dimensional)

CU WIND TUNNEL AIRFOIL DATA
Cd vs. Alpha - 35 m/s
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Drag Coefficient

Pitching Moment Coefficient

CU WIND TUNNEL AIRFOIL DATA
Unmorphed Cd vs. Alpha - 40 m/s
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Pitching Moment Coefficient

CU WIND TUNNEL AIRFOIL DATA

Comparison Cm vs. Alpha - 40 m/s

0-02

r-0.015

-10

-15 -20

Angle of Attack (deg)

—=a— Un-Morphed

—#— Morphed

88



12.3.3 USAFA Verification Data

Lift Coefficient

Lift Coefficient
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Lift Coefficient
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CDcomparison of solid morphed and unmorphed at 30 m/s
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Comparison of Cm at 30 m/s
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12.4 Appendix D: Schematics
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12.5 Appendix E: Drawings
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