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1.0 Executive Summary

This report will outline the designing and building processes used by the 2006 Oklahoma State
University Orange Team to compete in the Cessna/ONR Student Design/Build/Fly Competition. The goal
of the design was to maximize the competition score, which is a combination of the report score, total
flight score and the rated aircraft cost (RAC). A project of this nature requires extensive planning and
organization as well as knowledge of the rules of the contest, aerodynamics, and structural
manufacturing. In order to effectively complete the necessary facets of each phase of the project, the

2006 Orange Team was split into the following groups: Aerodynamics, Structures, and Propulsion.

1.1. Design Development

To have the aircraft ready and perfected by the contest, the processes of designing and building were
split into three phases: conceptual design, preliminary design, and detail design. During the conceptual
design phase, the Orange team determined that flying Missions 1 and 2, Cargo Flexibility and Minimum
RAC, would maximize the overall score. The primary figures of merit (FOM) for the two missions were
determined to be loading time and RAC, which were critical to minimize to achieve the maximum overall
score. Using the FOMs, the team conceptualized a plethora of possible aircraft design ideas for the
chosen missions which were evaluated using decision matrices and reduced based on their strengths in
completing and maximizing the scores for the two missions.

The preliminary design phase focused on analyzing the chosen conceptual configurations and
optimizing for the best outcome. After the conceptual ideas were evaluated, the use of a mission
optimization program allowed the aerodynamics group to investigate different combinations of design
parameters and sizing trades. Along with determining the sizing of the aircraft components, a full stability
and control analysis was performed for further optimization to ensure the aircraft was stable on the
ground and in flight. Similarly, the propulsion group also used a propulsion optimization program to
investigate different combinations of motor power, motor gear ratio, propeller size, and number of battery
cells. Both of these groups worked closely together to ensure the optimum outcome. Meanwhile, the
structures group made test parts and practiced building methods to determine the best method of
construction for each component.

During the detail design phase, all aircraft dimensions for the structure of the aircraft were finalized
including control surfaces, propulsion systems, and methods of construction for each component. The
propulsion group completed wind tunnel tests for a variety of propulsion configurations to optimize the
mission profile. To determine what excess structure was necessary, finite element analysis was
evaluated for the structural components to calculate the stress distributions. Then, the optimal control
surfaces sizes were finalized through the use of the stability and control results and iteration among all of

the technical groups.
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1.2. Design Alternatives

During the conceptual design phase, many design alternatives were considered and screened using
the FOMs for the aerodynamic, structural, and propulsive aircraft categories. As payload was a primary
consideration for score maximization, loading time and height variability were chosen as figures of merit
to determine an insert shape and size that would fit the tennis balls, 2-Liters, and block of wood. Square
and cylindrical shapes were considered, but ultimately a 5.75 inch diameter cylinder was chosen for its
time and packing efficiency.

The aircraft design categories included overall aircraft configuration along with the wing, empennage,
landing gear, propeller mounting, and motor and battery pack configurations. The overall configurations
evaluated included conventional, canard, flying wing, blended wing, and bi-plane. The conventional
configuration was chosen primarily due to RAC and previous experience in building this type. The low
wing was chosen over high and mid wings to prevent a complicated and heavy carry-through and to allow
for top loading the airplane. Empennage layouts investigated include T-tail, cruciform, boom mounted, V-
tail, and conventional. The conventional tail was chosen for its minimal weight, ease of construction, and
ease of box storage. The landing gear configurations considered included tail-dragger, bicycle, tricycle,
and single main. The tricycle gear was chosen due to the aft center of gravity of the payload and its
ground handling characteristics. Even though bow gear are typically heavier than others, the team plans
on producing in-house gear made from composites. Propeller mounting possibilities consisted of pusher,
pod and tractor both for a single or dual propeller design. A single motor with single battery pack tractor

configuration was chosen for weight savings and because it was best in the optimization program.

1.3. Design Highlights

Each mission was analyzed to determine which combination of missions had the most scoring
potential. Mission 3 was eliminated since its maximum score was less than could be achieved by
Missions 1 and 2. The major design focus was in optimizing the aircraft for Cargo Flexibility and Minimum
RAC, so the optimization program was adapted to the demands of both of these missions. Iterating
through the program revealed the aircraft configuration with the highest scoring potential. Additional
analysis programs, decision matrices and calculations validated the output of the optimization programs
and provided accurate loading times, velocities, takeoff distances, and power needs. Various wind
speeds and weather conditions typical for Wichita in late April were considered, but the final configuration
was best if optimized at 5 miles per hour winds.

Due to the importance in loading time, inserts were tested extensively with the use of funnels to
quickly load tennis balls. Using three different payload inserts would be beneficial to speed up the
loading time. Because weight is the only factor for RAC and is included in the overall scoring function,
efforts to minimize weight were considered for every area of the aircraft. For example, the tricycle gear
configuration is heavier than other configurations so methods of constructing in-house gear from

composite materials were tested, which will save between 0.1 and 0.2 pounds and will increase the
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overall score by 3%. And, on points of the wings and empennage where loads are not critical, material

will be tailored to save weight. The propulsion group fine-tuned battery selection and count while

optimizing performance to make use of all available power. Flight testing of a prototype will allow the

team to finalize all design decisions and make any changes as necessary.

2.0 Team Management Summary

The 2006 Orange Team consists of students in mechanical and aerospace engineering ranging from

freshmen to seniors at Oklahoma State University. The overall team was then split into three technical

groups; namely aerodynamics, structures and propulsion. Each of these groups was headed by a Group

Lead, who organized the tasks and schedule among group members as well as coordinating with the

other Group Leads. The team was headed by the chief engineer, who managed the coordination

between technical groups and ensured that project deadlines were met. An organizational chart for the

team is shown below:

Karalyn Eyster
Chief Engineer

Aerodynamics Lead

Marcus Hershberger

Mike Rumbaugh
Structures Lead

Pamela Cates
Propulsion Lead

Shawn Hellman
Airfoil/Aerodynamics

James Cullin
Analysis / Wing

Lloyd Krueger
Wing / Tail

Kah Boon
Analysis / Motor

Aya Nakae
Drag / S&C

Erika Ennis
Analysis / Payload

Justin Shaner
Fuselage / Wing

Aaron Gilmore
Motor / Batteries

Jennifer Newlin
Optimization

Clinton Grell
Fuselage / Gear

Kenny Sharp
Fuselage / Payload

Joseph Pruitt
Propeller/Drawing

Richard Henry
Fuselage / Gear

Gentry Shelton
Wing / Talil

Jeremiah Johnson
Pro-E / Integration

Travis Watson
Wing

Figure 2.1: Orange Team Organizational Chart

The objective of the aerodynamics group was to determine the best configuration for the final aircraft

design and optimize it for mission performance. The optimization encompassed many areas of the

designing process: choosing the initial design, performing stability and control calculations, selecting and
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sizing the control surfaces, selecting the airfoil and wing span, configuring external layout and performing
a full analysis of aircraft performance.

The propulsion group was responsible for the configuration of the propulsion system, including aircraft
motor, batteries, propeller and electrical systems. In order to have the correct amount of power while
minimizing weight, various motors, propellers, batteries, speed controllers, and gearboxes were
researched and compared. After the design of the final propulsion system was set, the group did mission
profile testing of the components in the university wind tunnel in an effort to maximize the mission scores.

The structures group’s primary responsibility was the structural configuration and construction of the
aircraft. In order to accomplish the tasks, the team researched and practiced various construction
methods, performed structural analysis, practiced handling the payload, performed material and structural
testing and constructed the aircraft and subcomponents. The structures team was also responsible for
integrating the decisions of the aerodynamics and propulsion groups into the internal and external layout
of the aircraft along and produced all technical CAD drawings.

2.1. Schedule and Planning

As the entire span of the design project occurred over the course of one semester, the
implementation of a detailed and efficient scheduling plan early in the design phase was vital in order to
develop a competitive aircraft. Based upon deadlines created at the onset of the project, a Gantt chart
was created with projected schedules for critical design tasks in an effort to ensure that deadlines were

met. The figure below shows the Gantt chart developed and followed by the Orange Team.

Task Name January | February | March | April

Aircraft Design v v
Conceptual Design
Preliminary Design
Detailed Design

Design Freeze

Aircraft Manufacturing
Prototype Construction
Prototype Rollout

Final Aircraft Construction
Final Aircraft Due

Report

Report Writing

Report Due

Testing

Fropulsion System Testing )
Material and Part Testing Predicted
Prototype Testing — Actual
Final Aircraft Testing
AlAA DBF Competition

Projected

Figure 2.2: Gantt Chart for Project Planning

The chart gives a rough outline of the schedule of the project and further detail for the manufacturing
schedule can be seen in Chapter 6. Also, the sections of the report writing were not outlined as all of
them were worked on during their respective aircraft design phase then compiled and edited. As

extensive testing has been critical for success in the past, it has a primary role in the schedule this year.
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3.0 Conceptual Design

In order to begin the conceptual design phase of the project, the team must first become familiar with
the contest rules and the three mission options. Every team member was required to learn and
understand the rules until the overall goal of the mission was understood. Before any designing could
take place, the individual missions had to be analyzed, and the team had to choose the missions that

could result in the highest overall score.

3.1. Mission Requirements Summary

The ultimate goal in this project was to design an unmanned aerial vehicle (UAV) to compete in the
2006 Cessna/ONR Student Design/Build/Fly competition. Each team must be capable of flying all the
missions but will choose two missions to fly for the five flight attempts allotted. The best flight attempt for
each mission will determine the total flight score. The overall score, which will ultimately determine the
winner of the contest, is given in the equation by SCORE = Report*Flight score/RAC

The Rated Aircraft Cost (RAC) is the manufacturer's empty weight (MEW), or the actual airframe
weight without payload. Each flight consists of taking off within 100 feet and carrying the designated
payload around the profile of a lap. The aircraft must be able to fit into a 4 feet by 2 feet by 1.25 feet box
and can be broken down into components as necessary. The three missions for the contest are
described below, and the scoring functions for each mission are shown in Table 3.1.

eCargo Flexibility — This mission requires the aircraft to be capable of carrying three different
standardized payloads: 48 loose tennis balls, two 2-Liter soda bottles of water, and one wood block
no larger than 4"x 4”x 24” and weighing no more than eight pounds. The primary FOM for this
mission is to minimize the loading time for each of the laps and be capable of carrying the payloads.

eMinimum RAC - The Minimum RAC mission requires the aircraft to carry a total of 96 tennis balls.

The balls do not have to all be carried in the same flight but must be carried for a minimum flight time

of two minutes. The score for this mission depends heavily on minimizing the RAC of the aircraft.

eIncremental Payload — For this mission, 2-Liter bottles full of water will be loaded into the aircraft to
determine the maximum number of bottles that the aircraft can hold and fly the standard lap. The
payload will start at two 2-Liter bottles and then will increase by one after each flight until a maximum
of five bottles is reached.

Table 3.1: Mission Scoring Functions

DF *# L DF
SCORE = 7S \SCORE = —— [SCORE = DF * (# Laps)
Loading Time RAC
DF =10.0 DF =150.0 DF =1.25
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3.1.1. Mission Selection

An Excel spreadsheet utilizing the scoring functions was tabulated in order to determine which
combination of missions was optimal to fly in this year's DBF competition. To compare the missions, an
approximate range for loading time in Mission 1 (M1) and RAC in Mission 2 (M2) were estimated and all
of the laps for Mission 3 (M3) were assumed to be completed successfully. To get the estimated loading
time, rough time trials were performed at various distances from the staging area to the starting line. The
ground crew noticed an average loading time of 30 seconds, so the graph in Figure 3(a) shows a time
spread of 15 seconds to 60 seconds taking into account that the exact contest distance is unknown. For
the RAC estimate, a weight model was used along with previous OSU DBF airplane weights to predict an
RAC close to 5.75 pounds for this year's competition. Again, a range of RAC values of possible aircraft
weights of 4 pounds to 8 pounds was used to show the trends of the scoring functions. See Figure 3.1 for

the results of the mission combinations with respect to the total flight score.
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Loading Time (sec) RAC (Ib)

Figure 3.1: Mission Selection — Final Scores vs. a) Loading Time and b) RAC

While holding the RAC constant in Figure 3.1(a), the maximum score is attained while flying M1 and
M2 as long as the loading time does not exceed one minute. As the loading time decreases below the
one minute barrier the score begins to increase exponentially. Based on the timed trials, the ground crew
was confident the loading time could be under a minute with practice even if the distance was slightly
larger than expected. When the loading time is held constant and the RAC is varied Figure 3.1(b), flying
M1 and M2 would again produce the maximum overall score as long assuming the aircraft RAC remained
under 8 pounds. Since the RAC is solely dependant on MEW, the predicted airplane will be made as light
as possible and was predicted to weigh significantly less than eight pounds. Therefore, the team decided
to design an aircraft to optimally fly M1 and M2, especially considering a plane optimized for M3 would
have to be heavier than a plane designed for M1 or M2.

Based upon the scoring functions outlined above and the charts in Figure 3.1, the most important
Figures of Merit (FOM) to be considered are loading time and RAC. During the aforementioned time
trials, ground crew members simulated loading and unloading the various payloads from the fuselage in

an average of 30 seconds. Also, since the predicted weight of the aircraft is expected to be less than 6
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pounds, an RAC of 5.75 pounds and the loading time of 30 seconds were input into the score equation to
find that an increase in one ounce of the overall RAC has a score loss of 1.40%. Similarly, one second
slower in loading time results in a reduction of 2.25% of the overall score for the competition. Based upon
these results, loading time was decided to have a greater impact on the score than RAC and should
therefore be the primary FOM to focus on while designing the aircraft. Because loading time is the
primary FOM, much time has been devoted to considering various types of inserts for the payload and

different ways of getting them in and out of the aircraft as quickly as possible.

3.2. Payload

Once the missions were selected, a payload configuration was developed to optimize for the primary
FOMs, loading time and RAC.

Aircraft Load Location

Four different locations were considered for a payload hatch on the aircraft: top, front, bottom, and

rear as can be seen in Figure 3.2.

Bottom Front Rear

Figure 3.2: Load Locations

Both rear and bottom hatches were quickly eliminated since they will require extra structure (weight)
to withhold the payload. The primary advantage of the top hatch over the front hatch is that the top hatch
would allow the payload to be set in the fuselage versus having to angle and push the payload the length
of the fuselage. Having to push it would increase the loading time, so a front hatch was not chosen for

this reason. A top hatch was chosen as the optimal way to load the payload to minimize loading time.

3.2.1. Insert Concepts

Once the decision was made to top load the aircraft, a quick and efficient way needed to be established
to move the payload from the staging area into the aircraft and secure it so that it is mechanically
restrained. Also, it is desirable for the CG to not shift during flight. The easiest and most efficient method
would be to first load the payload into a container insert and then load the insert into the fuselage in order
to keep three different types of payload secure. Further, the tennis balls would require the most time and

would thus be the most crucial payload to load into the insert.

Figure 3.3: Insert Concepts
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¢ Tennis Balls — The first task for the tennis balls was to find a quick and efficient way to transfer the
tennis balls to an insert from the provided container. A funnel was considered to provide a wide area to
pour into with an effective slope to reduce the chance of balls getting stuck at the entrance of the insert.
After trial and error, a slope varying from 12° — 18° was found to be optimal. Ten timed trials were
performed for an insert with and without a funnel, and the average loading time with a funnel was 3.36
seconds less than without a funnel, resulting in over a 7.5% difference in score. A funnel was
concluded vital for loading the tennis balls and minimizing loading time. Next, timed tests were
conducted with various shapes of inserts and to determine the best location of loading on the insert: top
or end loading. Many ideas for an insert were considered and proofs of concept were made for the
most feasible ideas of square, rectangular, and circular cross-sectional shapes. To determine the
location of loading on the insert, a three ball by two ball (5.4” x 8.0” x 21”) rectangular insert was tested
for consistency of loading. The end-loaded insert using a funnel was found to be much less likely to
have a ball bounce away from the pit crew than a top-loaded insert. Since an end-loaded insert was
found desirable, the only thing left to determine was the optimal shape of the insert. An end-loaded
three ball by two ball box was compared with an end-loaded two ball by two ball box of dimensions 5.5”
x 5.5” x 32”. These two rectangular options were then compared with the circular insert option.
Different diameters were tested to see which circular insert packed most efficiently and quickly. The

results of these trials were tabulated and can be seen in Figure 3.4.

4.0 3.5 -
35 T ] i) L
- 3.0 g_
930 - i f - 25@
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iz 2.0 1 =
1.5 2

215 5
e L 1.0 =
§10- 5
- 05 - - 0.5 5
0.0 - 005

Cylinder Cylinder Cylinder Box Box
. . Insert Shape , . I
ELoading Time O Packing Height Variability

Figure 3.4: Insert Cross Sections

While these times do vary slightly, the conclusion was difficult to make based solely on loading time
since loading times of all the shapes were within the statistical variation. Therefore, a secondary FOM
was called upon in the decision making process—packing height variability inside the inserts. The

tennis balls will not always pack the same each time, therefore the height of the packing arrangement
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was measured after each timed loading trial. An illustration of the packing height variability can be seen
in the right illustration of Figure 3.4. This variability could also cause the center of gravity (CG) of the
aircraft to shift during flight. To ensure the balls remain in place, a piece of foam would have to be
jammed into the top of the insert which would increase loading time. After analyzing the graph with
respect to both loading time and height variability and taking into consideration the overall lengths for
each insert, the three-ball by two-ball cross-section and the 6.25 inch diameter were deemed to be the
best two insert options. However, the rectangular insert had height variability nearly five times larger
than the 6.25 inch diameter cylindrical insert. Because of the fear of CG movement, the 6.25 inch
diameter cylinder with a length of 29 inches was chosen competition. As the tennis balls were the
largest volume payload, the fuselage shape was determined by the chosen insert.

o Water Bottles — The insert for the 2-liter bottles will be the same design as the insert for the tennis
balls. The bottles will be inserted so that the bottoms of the bottles face each other as seen in the
middle picture of Figure 3.4. Two caps made of foam will close the insert, and there will also be a small
hole in the middle of each cap to insert the top and neck of the bottles to help secure them. The
advantages of using a very similar design to that of the tennis ball insert is that the payload area will not
have to be altered to hold another shape of insert, therefore saving loading and unloading time.
Disadvantages may arise from having to make sure the bottles are not inserted in a rough manner that
might break the insert and practice in lining up the holes with the necks of the bottles may be needed.

*» Wood Block — The wood block insert idea is a V-shaped wedge cut out of a semicircle as seen in
Figure 3.4. The wedge allows for the potential variability in the dimensions of the block of wood by
fitting the maximum dimensions and then having the ability to size down using bungee chords. A few
evenly spaced slots will be cut out of one side of the insert, allowing for bungee chords to be wrapped
around the insert to secure the block of wood. An advantage of this design is that the bottom of the
insert is shaped according to the tennis ball insert, allowing the insert to fit into the payload area without
altering the area. While the insert will save time in the loading process, a disadvantage might be the
time and effort to manufacture the insert itself.

3.3. Initial Aircraft Design Concepts

All members of the team handed in conceptual ideas for all major design components. These

components were then made into a morphological chart, as seen below, for ease of comparison.

Table 3.2: Initial Conceptual Design Morphological Chart

Body Lifting Blended Multiple Conventional -
Wing Conventional Delta Tandem Biplane Joined
Empennage T-Tail Cruciform . Boom-Moynted V.-Tail . Conventional
Canard Inverted V-Tail H-Tail Twin Tail None
Landing Gear Tail Dragger Bicycle Single Main Tricycle Quad
Propeller Configuration Single Dual Pusher Pod Tractor
Propulsion Single-Single | Single-Double | Double-Single | Double-Double -
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Using the chart and qualitative reasoning, some of the components that did not meet design
specifications were eliminated. The body and wing concepts that were dismissed after discussion were
the multiple fuselage, delta wing, tandem wing and joined wing. The multiple fuselage was ruled out due
to the wooden block payload being of considerable length and not able to be divided. The three wing
concepts each would add a considerable amount of wing area which would in turn increase the aircraft
weight. For the empennage section, the inverted V-Tail, the H-Tail, the Twin Tail and no tail
configurations were eliminated as feasible design choices. The inverted V-Tail was removed because of
the ground clearance requirements. The H-Tail and Twin Tail were both eliminated due to the weight
they would add to the structure, and no tail was ruled out because of the need for stability. The last
concept to be dismissed from the initial design concepts was the quad landing gear, which was eliminated
based on the extra weight that four wheels would create. The remaining components were then

combined into overall aircraft configurations for further evaluation.

3.3.1. Figures of Merit

To evaluate the conceptual designs, several figures of merit were decided upon and assigned a
weight value. These vary for each decision matrix, as some FOMs do not apply to certain configurations,
and are shown below:

eLoading Time / Speed of Loading - A factor of how each design component contributed to the speed
of loading. As explained in Section 3.2, loading time is crucial to the overall score of the competition.
For this reason, loading time is the FOM weighted highest in all configurations where applicable.

¢RAC - The contribution of each design component to the overall weight of the aircraft is considered to
be the second most important in all categories as an FOM, unless loading time is not considered.

The reasoning for being weighted so high is due to the discussion in the Section 3.2. An RAC

estimate is included for every configuration in each decision matrix.

e Take-off Distance — The effect that each configuration would have on the ability to take-off within 100
feet. The limit of 100 feet of runway made the take-off distance important, especially since the
payload is fairly heavy when compared to previous years when teams had 150 feet of runway.

e Stability & Control / Ground Handling — How each design component contributes to the aircraft’s
stability and control in both the air and on the runway. The pilot’s control the aircraft is important but
not as crucial to the score as other attributes.

eDrag — The effect each configuration has on the total drag of the aircraft. Drag was taken into
consideration because of its indirect affect on battery weight and its help in performance. The fact
that drag did not have a direct affect on score made its ranking lower than some of the others.

ePower/Weight — The ratio of the power output versus the weight of the motor(s). For the propulsion
system of the aircraft, the power/weight ratio is critical for having the necessary power to takeoff and

fly the missions. Therefore, the power/weight ratio was given a high priority as a FOM.
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eEfficiency/Endurance — The ability of the aircraft to complete the missions in order to maximize the
mission score. The batteries must be able to fly the missions and be efficient for minimum weight.
¢Ground Clearance — The placement of the propeller(s) must be able to allow the aircraft to handle
well on the ground while in motion and in safe mode.
eReliability — This FOM is used in reference to the reliability of the payload constraint. In order for the
payload to be secure within the aircraft during flight, a restraint method is required.
eEase of Construction — When considering various construction concepts, the feasibility of building
the configuration needs to be considered.
To rate the concepts in each figure of merit, a basic -1, 0, 1 scale was used. Conventional
configurations, or those configurations which are most commonly used, are considered to be neutral and
receive scores of 0. If a component is advantageous, when compared to the conventional style, it

receives a 1; similarly, if disadvantageous, it receives a -1.

3.3.2. Aircraft Configuration

The process leading to a final concept was initiated by assembling different components from the
morphological chart into a number of different aircraft configurations. Since loading time and RAC were
previously determined to be the most critical factors in score optimization and since top-loading had been
selected as the best loading scheme for the aircraft, the number of aircraft configurations were refined

based on these criterion. The decision matrix for this process is shown below in Table 3.3.

Table 3.3: Aircraft Configuration Decision Matrix

0 0 0
0.300 -1 0 -1 -1 0
0.125 1 -1 0 0 0
0.125 1 -1 -1 0 0
0.100 0 1 1 1 0
1.000 -0.400 -0.150 -0.325 -0.200 0.000
RAC Estimate (Ib) 6.050 5.500 6.170 5.800 5.300

¢ Biplane — A biplane was first considered because of the need for high lift at take-off. But, with the

previously chosen top-loading scheme, the biplane yielded poor loading times. Also, the additional

wing and carry-through structure caused an increase in RAC.

e Canard — The main advantage of the canard configuration is that it is designed to stall before the

wing to provide a safety mechanism; however, this leads to longer take-off distances since the wing

cannot reach its maximum lift coefficient. While it increases lift and reduces induced drag, the

interference from a canard causes the wing to be less efficient and increases the surface drag on the

wing resulting in a neutral score in drag. The control surface on the canard is also required to be

large since it has a shorter moment arm than an aft tail.
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¢Flying Wing — The flying wing helps to reduce drag since the component that is carrying the payload
is also producing the lift. However, due to payload constraints, the flying wing was required to either
have (1) a very low aspect ratio and therefore poor lift values, or (2) a very thick airfoil which
consequently yielded poor drag characteristics. Both of these configurations resulted in extraneous

structure increasing the RAC. The flying wing is also very difficult to trim across its operating range.

eBlended — The blended configuration allows for a more streamline design, therefore minimizing drag

and producing lift within the body. However, in order to streamline, the installation of blended

components is needed which add complexity and weight.

eConventional — The conventional body was chosen for the final design because it provides for the
best RAC while still attaining good lift and drag characteristics. This configuration is also easily top-

loaded for efficient loading times.

3.3.3. Wing Placement and Carry-Through

After deciding on a conventional aircraft configuration, the team analyzed the placement of the wing
considering high-, mid-, and low-wing. Immediate concerns arose due to complications with the wing’s
carry-through and the insertion of the payload. For a high- or mid-wing placement, a complex and heavy
ring frame carry-through was deemed necessary in order to allow for top loading. A low-wing’s carry-
through, on the other hand, runs beneath the payload and does not require excess structural weight as
seen in Figure 3.5. Even though a high- or mid-wing could provide better characteristics such as natural
roll stability, their increase in RAC due to complex carry-through structures made the low-wing the final
choice. In order to reduce weight, the main landing gear attachment point will be co-located with the wing
carry-through. The carry-through structure can be slightly bulked up to carry landing gear loads instead

of having to build a separate load structure for the landing gear.
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Figure 3.5: Wing Carry-Through

3.3.4. Aircraft Assembly
Three different methods of aircraft assembly were considered in order to remove the wings to allow
the aircraft to fit into the box as seen below. The weight factors were based on the primary FOMs as well

as the ability to construct and maintain the assembly.
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1
0
0.150 1 0 1
0.100 1 0 0
1.000 -0.550 -0.300 0.450
RAC Estimate (Ib) 1.500 1.250 1.200

eHinged Wings — This design consists of a hinge point in the wing where the wing can fold back to fit
into the box. However, the necessary hinge mechanism would not only add considerable weight but
would be difficult to build reliably so the wing would not fold during flight. The hinge would require
constant maintenance again so that the wing would not fold during flight.

sConnect Wings Then Attach Wing Unit to Fuselage — This design involves connecting two wing
sections together and then taking the wing unit as a whole and attaching it to the bottom of the
fuselage. Because of the top payload hatch and the wing connection location, the sides of the
fuselage must now carry all of the loads. Therefore, extra material must be added to the fuselage to
alleviate this problem, but then this increases the overall weight of the structure.

*Wings Connect Directly to Fuselage — In this design, the wing sections attach directly to the sides of
the fuselage. This method does not have the added weight or complications in construction that the
previous two methods have shown. Thus, weight and ease of construction have a definite

advantage.

3.3.5. Tail Configuration
Once the wing configuration was determined, various tail options were investigated. The desired tail
configuration was one which would provide for adequate stability and control while minimizing drag and

RAC. This decision process is shown in the following table.

Table 3.5: Tail Configuration Decision Matrix

RAC Estimate (Ib) 0.230 0.210 0.225 0.193 0.150
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oT-tail — The T-tail configuration prevents the rudder from being blanketed during a stall. The
horizontal stabilizer acts as an endplate for the vertical stabilizer reducing drag; however, the added

weight that the vertical stabilizer needs to support the aerodynamic load from the horizontal stabilizer

negates the T-tail as the best option.

eCruciform — The cruciform tail is a compromise between the conventional tail and the T-tail. The
cruciform tail suffers from very much the same weight penalty as the T-tail and in addition does not

offer the T-tail’s reduction in drag.

eBoom-Mounted — Boom-mounted tails are used to increase the moment arm of the empennage so
that the tail creates better control with less size. However, tail-booms can be much heavier than well-
designed conventional body construction due to their need for higher torsional stiffness and greater

structural inertia.

eV-tail — V-tails have two stabilization surfaces that work together to provide both elevator and rudder
responses, which theoretically reduces interference drag and weight of the tail; however, for adequate
stability and control, the stabilization surfaces must be enlarged therefore counteracting any drag and
weight benefits.

eConventional — The conventional tail is favored because of its low structural weight, while at the same
time providing sufficient stability and control. The conventional tail is an appropriate arrangement

since it minimizes RAC and has relatively good stall recovery characteristics because of its low

vertical placement.

3.3.6. Landing Gear

Landing gear configurations were then analyzed for the aircraft. The preferred landing gear was one
which would minimize RAC, have good take-off and landing characteristics, and have good handling.

The following table shows a summary of the decision process for the landing gear.

Table 3.6: Landing Gear Configuration Matrix

0
0.400 -1 0 -1 1
0.150 1 -1 1 0
1.000 -0.250 -0.150 -0.250 0.400
RAC Estimate (Ib) 0.650 0.750 0.730 0.690

eTail Dragger — A tail dragger configuration was considered because of its low weight. Another
advantage to this gear is that the placement of the smaller aft-wheel positions the aircraft to take-off
at the most efficient angle-of-attack. However, this configuration was not chosen because of its poor

ground handling and the possibility of nose-over and the propeller striking the ground.
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eBicycle — The bicycle configuration would seem to be lighter because it only has two wheels;
however, because of the outriggers necessary to avoid the wings hitting the ground, the weight had a
negative impact. Another disadvantage of the bicycle landing gear is that the large wheel far aft of

the CG makes the aircraft harder to rotate at lower speeds affecting take-off performance.

eSingle Main — The single main gear is a cross between the bicycle and tail dragger configurations.
Since the aft wheel is considerably smaller than the front wheel, the disadvantage of longer take-off
distances is no longer valid. However, the single main is also very difficult during ground control and

also suffers from the same weight penalty as the bicycle gear.

eTricycle — Tricycle landing gear has much better ground handling through steering of the nose wheel.
Though the tricycle gear is conventionally heavy because it has three large wheels, the team has

come up with manufacturing techniques using composites to reduce weight.

3.3.7. Landing Gear Concepts
eMain Gear — Commercially available composite bow gears and gears manufactured in-house were
each considered. Manufacturing a main gear would allow the gear to be customized to the strength
required while maintaining minimum weight (see Figure 3.6). Testing of the gear will be performed to

optimize the minimum weight while still ensuring that the gear can survive any potential landing loads.

=
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Figure 3.6: Main Gear and Nose Gear

eNose Gear — Several concepts for the nose gear have been considered and are shown in Figure 3.6.
One idea uses a carbon rod strut which connects to a bracket attached to an interior bulkhead.
Another uses a bow-type nose gear which bends backwards. This allows the gear to absorb shocks
and other loads on the nose. This concept would have a large frontal area and could increase drag.
Another similar concept is a bow gear that curves sideways. This would still handle loads well and
would reduce frontal area and drag. All the concepts would be allow for steering and would be

actuated by a servo.

3.3.8. Propulsion System Configuration
The conceptual design phase for the propulsion system consisted of research of the included
components and possible configurations, as can be seen below in Table 3.7. Using the applicable figures

of merit, a decision matrix was developed to assist in selecting the propulsion system configuration.
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1 -1
0 0 -1 -1
1 -1 -1 0
0.100 0 0 1 1
1.000 0.600 -0.200 -0.800 -0.600
RAC Estimate (Ib) 1.810 2.220 2.410 2.370

¢Single Pack and Single Motor — This arrangement is both simple and efficient. The battery pack can
be made up of all cells needed or split into several smaller packs. As shown from the table, the single
motor and single battery pack has significant advantage for the power/weight and RAC FOMs.

«Single Pack and Double Motor — This design also supports two lighter motors, but the power is
supplied by one battery pack. This battery pack provides power for takeoff and cruise, but would not
be advantageous in terms of power/weight or RAC due to the added weight of the extra motor.

eDouble Pack and Double Motor - This configuration would allow for two lighter motors, but would
provide total power equal to the single motor power design output. The power to each motor would

be supplied by individual battery packs thus increasing the batteries, which would add weight.

¢ Double Pack and Single Motor — This layout has two battery packs wired in parallel. This would
allow each pack to have a different purpose; one pack would provide power for takeoff, while the
other would provide the power for cruise. This configuration would be more difficult to produce and
the efficiency would decrease while the RAC would increase.

The design matrix was used to assist the propulsion team to decide the best motor battery
combination for the mission. The single-single combination was decided as the optimal propulsion
arrangement. This design provides the smallest propulsion weight, allows for the greatest power/weight
ratio, and has the greatest efficiency and endurance of the propulsion groups observed. After the single-
single combination was chosen, the aerodynamics group reviewed the decision to ensure that there were

no aerodynamic advantages to having a dual propeller system.

3.3.9. Propeller Mounting Configuration
In correlation with the propulsion system decision, the aerodynamics group looked at various
propeller mounting configurations including both the number of propellers and their respective location.

The configurations were analyzed and are shown in the following table.
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Table 3.8: Propeller Mounting Configuration Decision Matrix

-1 0
0 -1 0
-1 -1 0
-1 -1 0
1 1 0
0.000 -0.075 -0.150 -0.800 0.000
RAC Estimate (lb) 1.930 2.130 1.930 3.000 1.930

e Single versus Dual — The dual propeller configuration offered an increase in take-off efficiency by
directing the propeller’s flow across the wing or flap. With the propulsion system mounted in the
wings, the dual-motor system would also produce less fuselage drag; however, mounting the

propulsive system in the wings would cause a large increase in structural weight.

ePod — Placing the propulsion system above the fuselage can reduce fuselage drag but makes the tail
less effective. In addition, the pod configuration has a troublesome high-thrust line making take-off
more difficult. Mounting above the fuselage also makes a top-loading scheme nearly impossible, and
the addition of a pod causes an increase in RAC.

ePusher — The pusher propeller configuration can reduce the fuselage skin friction drag. Locating the
propeller aft of the aircraft, however, causes a reduction in propeller efficiency and requires a larger
tail. This configuration also makes rotation at take-off difficult.

e Tractor — With the tractor configuration, more weight is distributed towards the front allowing for a
smaller tail and better stability. Positioning the propeller in the front of the aircraft also causes the
blades to be more efficient because they rotate in undisturbed air; however, the fuselage and tail are
placed in the propeller wake and therefore produce more skin friction drag. Nonetheless, the
reduction in battery weight due to the more efficient propeller was the main reason for choosing this
configuration.

The decision made for the single tractor configuration matched the propulsion decision of the single-

single motor battery configuration, so the idea of a dual propeller is effectively eliminated.

3.3.10. Payload Restraint

After all of the main aircraft components were determined, the way that the payload was constrained
needed to be considered. The payload restraint systems were based on two criteria: whether the hatch is
mechanically restrained or whether the payload insert is mechanically restrained within the aircraft. For
these systems, reliability replaced maintenance as a figure of merit and its importance was increased due
to the necessity of the insert latching and unlatching correctly from the aircraft every time. See Table 3.9.
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Table 3.9: Payload Restraint Decision Matrix

1
1
0

0 0

-0.200 | 0.700 -0.300 0.100 0.600 0.300
RAC Estimate (Ib) 0.063 0.031 0.047 0.156 0.007 0.125

eC-cam — This involves a C-shaped mechanism which rotates to lock the insert in place. The
mechanism is released when the handle is pulled to remove the insert. Because of these reasons,
the speed of loading would be an advantage. However, the reliability of the mechanism is called into
question in that it may not work correctly every time. This restraint would also be complex to
construct and because the mechanism would also be part of the aircraft instead of the insert, it would
cause an increase in weight.

eServo / Magnet — The servo restraint method uses rare-earth magnets to hold the hatch in place while
a servo mechanically restrains the lid. This method would allow for fast load times since the latch
mechanism could be triggered remotely by the pilot. The servo is also very reliable which decreases
the chance of problems arising during the competition.

eCabinet Latch — This method uses a small commercially available cabinet latch to restrain the hatch.
A cabinet latch is not difficult to construct and is easy to connect to the aircraft. However, the latch
does take some time to activate since the ground crew must align the lid with the hatch.

¢Climbing Cam — This method uses a rock climbing cam to restrain the insert inside the aircraft. There
is no increase in RAC because the climbing cam would be attached to the insert not the aircraft.
However, due to the complex nature of this restraint, construction could be tricky.

eDoor Latch — Like a door latch, the beveled surface pushes the latch out of the way while loading and
automatically latches into place when the insert is in properly. The latch is released when the handle
is pulled to remove the insert from the aircraft. Loading time is saved because the insert
automatically locks into place when inserted and releases when pulled upon. Again, the latch is part

of the insert and not connected to the aircraft, thus being advantageous to RAC.

e Twist Handle — This consists of a handle that when twisted will cause a shaft to slide out and restrain
the insert. The handle would be mounted onto the insert and therefore would not increase the overall

weight of the aircraft. It would also be fairly straightforward to construct.

For all other structural and manufacturing concepts and decisions, see the manufacturing discussion
in Chapter 6.
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3.4. Conceptual Aircraft Summary

The efforts of the conceptual design phase led to the selection of the conceptual aircraft
configuration, shown in Figure 3.7. The aircraft design has a low-wing conventional configuration with a
conventional empennage. The aircraft also has removable wings and tricycle landing gear that are going
to be made in-house out of composite materials to save weight and thus RAC. For the propulsion
system, a single motor, single battery pack was chosen to implement a single tractor propeller
configuration.

The conceptual aircraft has a payload access hatch located on the upper portion of the fuselage to
minimize loading time. Three various payload inserts will be used to load the payload into the aircraft. A
cylindrical insert will be used for both the tennis balls and the 2-Liter bottles of water for more effective
packing in the fuselage. The insert for the block of wood will be flexible to accommodate the unknown

size and weight of the block.

Figure 3.7: Final Conceptual Drawing of Aircraft

4.0 Preliminary Design

After deciding on a conceptual design, the Orange Team immediately transitioned into the preliminary
design phase of the project. This section describes the critical aspects of the preliminary design and the

analysis methods used to optimize the aircraft.

4.1. Design Parameters and Sizing Trades Summary

To ensure that all aircraft sizing and component selection decisions were made in order to attain the
maximum potential mission score, a list of critical design parameters was generated that had the most

impact on score and the other FOMs.

4.1.1. Aerodynamic Design Parameters

*Wing Area and Wingspan — These parameters involve several important aspects such as aspect

ratio and chord length. The performance of the aircraft in a variety of flight conditions will be affected
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by the lift and drag produced by the wing, and the design of all the flight systems is dependent on
wing geometry.

eWing Airfoil — A suitable airfoil is required for optimum performance. The airfoil must allow for all
mission requirements and be able to function as desired under various flight conditions.
Manufacturability is also important to consider when choosing an airfoil.

eFuselage Length and Empennage Size — The length of the fuselage is limited by the dimensions of
the payload storage insert, which in turn limits the effective length of the empennage. Therefore, the

empennage must then be designed for optimum performance, trim for rotation, and drag efficiency.

4.1.2. Propulsion Design Parameters

eMotor Selection — Power, weight, and efficiency are important parameters in the motor selection.
Brushed and brushless motors were investigated to power the airplane. Brushless motors were
selected because of a greater efficiency. The motor must have a high power to weight ratio.

eBattery Selection — Capacity, resistance, and weight of the batteries are the parameters optimized in
battery selection. Both nickel-metal hydrides and nickel-cadmium batteries were considered. NiMH
batteries were chosen because they have a higher energy density than NiCad. The final battery
choice will need to have a high capacity, low resistance, and be low in weight.

eSpeed Controller Selection — The parameters used to select the speed controller were
programmability, efficiency, and the peak current. The speed controller needs to be capable of
handling the current through the propulsion system as well as have a variety of settings to optimize
the system performance.

ePropeller Selection — The propeller selection was based on takeoff power, static thrust, and
efficiency. Diameters ranging from 16 to 20 were considered. A variety of pitch angles allowed for
varying thrust and takeoff power information. The propeller choice will have a high efficiency while

also maximizing the static thrust for the short field takeoff.

4.2. Aircraft Mission Modeling

After determining the necessary design parameters, each group conducted an analysis of the aircraft

mission profiles to select aircraft geometry and components that would yield the highest possible score.

4.2.1. Aerodynamics

Using the overall aircraft design and optimization software, the mission profiles and key mission

parameters were then analyzed.

Mission Profile Model. A computer code that simulated both the cargo flexibility and minimum RAC

missions was used to compare potential competition scores to various major design considerations. The
program worked using take-off, climb, turns, cruise and landing calculations to output many parameters
including the predicted score. Operating conditions (e.g. wind) and operating equipment (e.g. batteries)

could be set as constants, and then the code would generate several scores for various aircraft
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configurations. The maximum possible score was then determined by optimizing the most critical of the
design variables:

o Battery weight e Wing area

e Cruise velocity e Wingspan
Using the above variables, the design could then be analyzed for the following performance parameters:

¢ Power and distance required for takeoff ¢ Reynolds number at takeoff and cruise.

o Power used during each mission

In order to ensure all of the outputs would be reasonable, several constraints were used. These
included limiting take-off distance to 100 feet, battery weight to 3 pounds, aspect ratio to 8, wing span to 8
feet, and wing area to 9 square feet. All of these limitations were the results of contest specifications or
lessons learned from OSU DBF history.

Several assumptions were made during the optimization. A weight model was derived using
assumed weights of motors and batteries, and from weight measurements of previous Oklahoma State
University DBF planes. A standard weight was assumed for the fuselage, and additional weight was
added depending on the number of battery cells and the wing area generated by the program. Reynolds
number was kept above 150,000, and was monitored for rationality to minimize the possibility of laminar
separation. Propulsion information was developed by the Propulsion team, and the RAC model was also
placed into the program.

The program was used in an iterative manner with various airfoils and wind speeds to see which
would produce the highest score. Since each run of the program produced several local maxima, several
runs were made for each design consideration and plots were made that compared the four outputs

versus score. The results were then used to develop a preliminary aircraft design.

Mission Score Sensitivity Studies. The optimization program is not capable of simulating every

possible scenario with every possible aircraft configuration; therefore, sensitivity studies were done to
observe the affect of major parameters on the overall score. Utilizing the computer code and common
sense, a few parameters were identified as having a large impact on mission score.
eLoading Time — If the loading time is kept under one minute, it can become a multiplier to the cargo
flexibility mission score; however, if this value becomes larger than one minute it becomes a divider
and harms the score. Therefore, loading time must be minimized, which can be done by practicing
the loading and unloading to perform them as well as possible.
eWind Velocity — Research was done on the historical wind values for the month of April in Wichita,
Kansas, and it was found that the average wind speed was between 12 and 15 miles per hour. Using
this information and the knowledge that true wind velocity is never predictable, the aircraft was
chosen to be optimized for a wind speed of 5 miles per hour. Since the last time the contest was in
Wichita, there was a day with zero wind, this speed yields conservative numbers while still allowing
the minimum RAC mission to be flown. If the wind is higher than 5 miles per hour, scores should

generally improve.
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eBatteries — Batteries affect the overall score due to their capacity and weight addition to the RAC.
There must be enough power to successfully complete each mission; however, too much battery
weight will unnecessarily increase the RAC. Sensitivity analysis showed that changes to the battery
weight did not have a major impact on the overall score. This allows flexibility for changes in the
propulsion system as a result of flight testing.

Propulsion System Model. An optimization program was used in order to select the optimal propulsion

system for the missions. Inputs into the program include battery and motor information, propeller
diameter, and gear ratio. The important outputs include thrust, takeoff distance and endurance. The
following studies were completed:

eBattery Study — The battery type and number of cells were varied in the analysis program while

keeping all other components constant. The configuration that maximized endurance and minimized
takeoff distance was selected to include in testing.

e Propeller Study — The propeller pitch and diameter were varied until the static thrust was maximized
and the takeoff distance was minimized. Propellers qualifying under these conditions were then

tested in the wind tunnel and the data compared with the results from the optimization program.

e Gear Ratio — Different gear ratios were also examined through the propulsion analysis program. The
tradeoffs between thrust and motor loading were analyzed accordingly.

4.3. Aircraft Sizing

4.3.1. Airfoil Optimization

A number of common airfoils were analyzed using airfoil databases provided by software. Using
these databases, airfoils were separated into the following categories: high-lift, low-lift, and mid-lift. A
high-lift airfoil was originally considered to be the front-runner for the final design because of the need for
a short take-off with heavy payload. However, high-lift airfoils tend to have undesirable drag
characteristics. Therefore, low-lift and mid-lift airfoils were considered due to their good drag and moment
features.

A filtration process was then completed that analyzed each airfoil’s drag polars, moment
characteristics, and ease-of-fabrication. The process continued until the one airfoil that best represented
its respective category was selected. The final three airfoils representing the high-lift, low-lift, and mid-lift
categories were the (Chuck Hollinger) CH10, the (Helmuth Quabeck) HQ 3-5-12, and the (Selig/Donovan)
SD7062, respectively. Using these airfoils in conjunction with the optimization program provided for a
systematic method in determining the type of airfoil best suited for the mission.
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Figure 4.1: Airfoil Score Comparisons in a 5 mph head wind

Using the optimization program, data points for each of these airfoils in both 5 and 20 miles per hour
of wind were obtained in order to compare the optimization parameters. Figure 4.1 shows a plot of score
versus wing span with at a wind of 5 miles per hour for each of the tested airfoils. Very similar results
were also obtained at 20 miles per hour of wind.

As the graph shows, the CH10 returned the highest scores which meant that the need for an airfoil
with high-lift outweighed the need for an airfoil with low-drag. For this reason, the CH10 seemed to be
the best choice for the final design selection; however, the CH10 presented several problems: the 10
percent camber of the CH10 produced undesirable moments causing the horizontal stabilizer to need to
be larger, and the optimization program illustrated that the CH10—due to its poor drag characteristics—
performed worse in high-wind environments than that of the SD7062.

These concerns yielded the need for an airfoil with better drag and moment characteristics but one
that could still achieve high lift. The blending of the CH10 and the SD7062 airfoils was proposed as a
solution. A trade study on airfoil thickness was also completed that analyzed the effects of wing weight,
stiffness, and drag; the optimum thickness for this new airfoil was found to be 13.43 percent. Thus the
SHaWn001XLSE airfoil was created and was then compared against the CH10 using the optimization
program.

At a wind of 5 miles per hour, the two airfoils earned very similar scores in the aerodynamics
optimization program. Software was used to further analyze the differences between these two airfoils. A
comparative analysis at different Reynolds numbers showed that the SHaWn001XLSE had lower moment
coefficients and was more stable than the CH10. Also, the chosen airfoil used less power in high winds
since the drag was much lower than the CH10. These qualities would allow an aircraft with the
SHaWn001XLSE airfoil to have a smaller tail and use fewer batteries in high-wind conditions than an
aircraft with the CH10 airfoil. The new airfoil offered better drag polars than the CH10, while still attaining
90 percent of the CH10’s maximum lift and was therefore selected as the optimum airfoil for the final

design. To show that the SHaWn001XLSE was optimal, a plot was generated from data in Figure 4.2.
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Figure 4.2: Drag Polars for SHaWn001XLSE and CH10

4.3.2. Wing Optimization

Next, a trade study was conducted and the wing was sized. The aspect ratio (AR) was decided to be
set at a moderate value of eight because the higher the AR (1) the better lift-to-drag characteristics, (2)
the poorer stall and spin performance of the aircraft, and (3) the more difficulties arise structurally. With
an AR of eight, either the span or area needed to be determined in order to complete wing sizing.

Since the wind is unpredictable, a decision was made during the wing sizing process to manufacture
two wings for the prototype. One wing will be larger to get off of the ground in less than 100 feet in 5
miles per hour of wind, while the other is smaller and may only work well in higher winds. The testing of
both wings will allow the team to relate the actual experimental results to the theoretical optimization
results and see the downfalls in the optimization program.

The wing dimensions were first chosen for the larger wing. By examining Figure 4.3, the score is
highest with a wing area between 4.5 and 5 square feet. Using a wing area of 4.7 square feet leads to a
wing span of 6.1 feet and a chord of 9.2 inches. These dimensions should allow the aircraft to take off in
5 miles per hour wind in approximately 95 feet.

The smaller wing was chosen to provide very similar performance to the larger wing, but led to a
higher score since it will be slightly lighter. This wing was chosen using a propulsion optimization
program—uwhich will be discussed later in this chapter—along with the aerodynamics optimization
program to obtain a smaller wing that could still takeoff in less than 100 feet. Due to lack of information
about motors and gear ratios in the aerodynamics program, the take-off analysis in the propulsion
program was more accurate. Using this information, a smaller wing was chosen that has a wing area of 4
square feet, a wing span of 5.65 feet, and a chord of 8.5 inches. Although these dimensions are not

greatly different than those of the larger wing, they produce a higher score due to the decreased weight.
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Figure 4.3: Score vs. a) Wing Area and b) Span for 5 miles per hour of wind

The battery usage and Reynolds number (Re) for the large wing were also checked. The highest
percentage of battery that will be used is 95 percent, and Re for takeoff and cruise are 233,616 and
252,640, respectively. The optimum cruise speed for these wing dimensions is 53 feet per second.

After deciding on wing dimensions, wing-tip modifications such as endplates and winglets were also
researched. If a wing-tip could increase the lift enough so the span could be significantly shortened, it
would save weight and be very beneficial. According to reference [2], wing-tip modifications can increase
the effective span of the aircraft by 15 to 20 percent. Using this information, the aircraft’s lift was
evaluated at its current span, and an analysis was then completed to show that the span could only be
reduced by 2 inches to create the same amount of lift. Since this was an insignificant amount and the
modification would weigh more than the reduction in wing size, no wing-tip modifications were made.

Wing taper and dihedral were also briefly considered but ruled out. Simulations were run with a
constant wing area and span to determine whether wing taper was beneficial at low Reynolds numbers.
Results showed that the wing drag decreased by a maximum of 2.5 percent which accounted for only a
0.25 percent total decrease in drag of the aircraft. Therefore, the added complexity of manufacturing the
taper and minimal effect in drag reduction caused it to be eliminated from consideration. Adding dihedral
is more complex to manufacture, and would add unnecessary structural weight. Although dihedral
improves the roll-stability of the aircraft, the OSU pilot has successfully flown aircraft in past DBF
competitions with zero dihedral. In addition, the set-up of the landing gear already allows for 8 degrees of
roll before tip strike, so adding dihedral to improve wing tip clearance does not seem necessary at this

time. Dihedral will be re-evaluated if necessary after flight testing.

4.3.3. Fuselage

The main body of the fuselage was made just large enough to contain the insert and the wing carry-
through. Forward and aft of the wing carry-through, the fuselage was blended to a more aerodynamic
shape to reduce drag. The nose was sized to fit the propulsion system, and the aft portion of the fuselage

was sized to create a total fuselage length of 48 inches in order to reduce control surface areas.

Oklahoma State University Orange Team Page 28 of 59



4.3.4. Empennage
The empennage was sized using static stability using the methods described below.

e Horizontal Stabilizer — The size of the horizontal stabilizer was determined by choosing a static margin
and a trim analysis of the aircraft. Since the pilot flies outside the aircraft, a static margin of at least 15
percent was desired based off previous DBF experience. The pilot having a fixed reference outside the
aircraft limits his feel of how the aircraft is handling during flight. After calculating the trim analysis, the
tail was needed to be designed based on trim more than static margin. For the case of the largest need
for trim, i.e. take-off, the resulting aircraft was statically stable at a 24 percent margin. For the specific
horizontal tail dimensions, see Table 5.1 of Chapter 5.

The tail was sized using the large wing in order to allow for future design flexibility. Trim analysis of
the horizontal stabilizer was calculated at both cruise and take-off using a symmetric airfoil. In order to
reduce drag during cruise, the deflection of the elevator was kept near zero, and the incidence of the
tail was varied to attain this near-zero deflection. The incidence of the tail was calculated to be -7.5
degrees and yielded a -3 degree elevator deflection at cruise and a -13 degree deflection at take-off as
can be seen in the coefficient of moment with respect to alpha plot for the large wing in Figure 4.4a).
Considering downwash from the wing, an inverted cambered airfoil was designed—the SHaWn002—
that had a 3 percent camber which would simulate this incidence. The airfoil was designed to create an
effective incidence to eliminate having to build the incidence into the aircraft, which could be
complicated to manufacture properly. A separate trim analysis was also completed using the small

wing to ensure for proper control. The plot for the small wing is also shown below in Figure 4.4b).
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Figure 4.4: Trim Plots for a) Large Wing and b) Small wing

e Vertical Stabilizer — Based on research of general aviation aircraft and past DBF experience, a

directional stability of 5 percent margin was desirable. The size of the vertical stabilizer produces a
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margin of approximately 5.5 percent; therefore, the expectations for weathercock stability were met.
The NACA 0008 airfoil was chosen as a compromise between structural stability and drag. Dimensions

of the vertical tail can also be seen in Table 5.1 of Chapter 5.

4.4. Aircraft Control

e Yaw Control — After the vertical stabilizer size was determined, the rudder was dimensioned to be able
to counteract a cross wind of more than 15 miles per hour during take-off using a sideslip angle of 11.5
degrees. Using an estimated rudder size, a plot was created, shown in Figure 4.5b, to observe the
trend of the lift coefficient in the yaw direction versus the change in rudder deflection angle.

This trend was analyzed at different deflection angles to determine if the estimated size of the rudder
could create enough moment to attain proper control in the cross wind. The estimated size of 3.5
inches width of rudder was large enough with a 10 degree deflection to control the aircraft in a cross
wind of 15.4 miles per hour, equating to 11.85 degrees sideslip. Using the equation Cyg*AB+Cns"Ad=0,
Cns was found by analyzing Cls across the tail.

e Roll Control — To have proper roll control, the aircraft has to have adequately sized ailerons. Again,
based off prior DBF experience, the desired roll rate was 20 degrees per second. Based on this
criterion, the ailerons were sized using the same method as the vertical stabilizer. Figure 4.5a shows
the plot of the roll coefficient of lift versus deflection of the ailerons, Cls. The equation used for aileron
static stability was C,*Ap+C;5*Ad=0, where Cls was integrated over the half span of wing with y, — y,
representing the length of the aileron. The stationing of the ailerons and the deflection could then be
adjusted to determine the optimum aileron size. Due to the highly-cambered airfoil, the ailerons were
decided to be used by only deflecting one upward to achieve the desired roll. Deflecting an aileron
downward would mainly cause extra drag and not help in producing the roll desired. Using an aileron
chord width of 1.75 inches, the length across the wing span was determined to be 1.5 feet with a 10

degree deflection of one aileron.
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Figure 4.5: Plot of (a) Roll and (b) Yaw Coefficient of Lift vs. Deflection
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4.5. Dynamic Stability

Dynamic stability calculations are performed to determine the inherent stability of the aircraft. If the
aircraft is more inherently stable, it will quickly correct itself when flown in an adverse flight position. The
dynamic stability took into account the atmospheric properties, the mass moments of inertia, and the
sizes found for the surfaces of the aircraft. Seventeen stability derivatives were calculated in order to

analyze the longitudinal and lateral motions of the aircraft and the results are shown in Table 4.1.

Table 4.1: Stability Derivative Coefficients

Cx, | -0.4556 | Cz, | -3.5973 | Cmg| -1.1105
Cys | -02638 | Clg | -0.0143 | Cmy | -3.1057
Cy, | 0.0000 | €I, | -0.9549 | €m,| 0.0000
Cy, | 12874 | €I, | 01518 | €ng | 0.0552
Cz, | 1.7266 | Clsa | 0.0235 | Cn, | -0.1283
Cz, | 46697 | Cls | 0.0588 | €n, [ -0.0250

Figure 4.6 is a plot of the eigenvalues for both the longitudinal and lateral motions. The circles are
the long period in blue, and the short period in black. The triangles are the Dutch roll in orange and the
spiral mode in red. The eigenvalues were determined by solving the state matrix of the plant of the

aircraft found in reference [6].
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Figure 4.6: Longitudinal and Lateral Motion Eigenvalues

4.5.1. Longitudinal Stability

The longitudinal stability modes are motions caused by changes in altitude and airspeed. They
consist of both the long period, or phugoid, and short period. As can be seen from Figure 4.6, the
eigenvalues are negative and therefore stable. The short period is more negative than the long period
and is therefore more stable. The periodic motions of both modes were plotted and the dampening times
and ratio’s were determined. The long period damps in about 200 seconds and has a damping ratio of

0.024 and the short period damps in less than 3 seconds and has a damping ratio of 0.56.
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4.5.2. Lateral Stability

Spiral mode, roll mode, and Dutch roll mode describe the lateral motion of the aircraft. Spiral mode is
influenced by changes in bank and heading angles and was determined to be slightly positive, hence
slightly unstable. The instability, however, was expected since most conventional aircraft are unstable in
spiral mode. Nevertheless, the pilot should be able to correct for the minor instability of the aircraft.

Roll mode is affected purely by motion from roll angle, ®, and its time derivative Ap. The roll mode’s
time constant is equal to -1/L, which for this aircraft is 0.0445 seconds. As would be expected because of
the very negative eigenvalue, roll mode was very stable and damped in less than 1 second with a
damping ratio of 1. Dutch roll mode is made up of mostly sideslip and yawing motions. The yaw rate of
the aircraft oscillates and takes approximately 15 seconds to converge. The damping ratio was between
the two longitudinal modes at 0.117. The longitudinal and lateral stability results show how the aircraft
should act theoretically. However, the model for the aircraft’s plant state matrix takes in account most of
the aspects, so flight testing of the prototype will reveal more information about the stability of the aircraft

and improvements will be made as necessary for the final plane.

4.6. Drag Analysis

Parasite drag was analyzed for each component based on the preliminary sizing. In subsonic cruise,
parasite drag consists mostly of skin-friction drag which is dependent on the Reynolds number. However,
at the end of the fuselage, there is additional drag caused by separated flow, which depends on the
upsweep angle of the fuselage. First, the Reynolds number for the wing, vertical tail, horizontal tail and
gears were calculated and used to find the skin friction coefficient which in turn was used to find the
parasite drags from skin friction. Also, separation drag aft of the fuselage was calculated. Additionally,
base drag was calculated from the maximum frontal cross sectional area of the fuselage. Interference
drag could not be calculated because it included all the unknown small components of the airplane and
was therefore assumed to be 2 percent based on a historical study of drag analysis. Table 4.2 below

summarizes the parasite drag for each component with their corresponding percentage of total drag.

Table 4.2: Parasite Drag for Each Component

Fuselage 0.009336 25.48% . 20,
Vertical Tail 0.000726 7.05% 15% 25%
Horizontal Tail | 0.002950 11.82% 12%
Base Drag 0.009740 26.35%
Gear 0.002977 11.87%
Wing 0.004640 | 15.43% %
Interference Drag - 2.00% 27% 12%
Total Drag 0.030369 [ 100.00% -

With the drag analysis complete, the lift and drag for the entire aircraft was totaled which resulted in

the following performance curves shown in Figure 4.7.
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Figure 4.7: Performance Curves

4.7. Propulsion Program Analysis

A program was developed to assist in the design of the propulsion system. This program

incorporates data from the motor, batteries, propeller, gear ratio, and data from the Aerodynamics group

including airfoil information, wing size, flight speeds, and power requirements for takeoff as shown in

Figure 4.8.
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Figure 4.8: Maximum Score vs. a) Battery Weight and b) Cruise Velocity

Graph 4.8(a), taken from the aerodynamics optimization, shows the maximum score that can be

obtained with respect to battery weight. The figure illustrates the capacity and number of cells that will

maximize the score as well as the power needed for cruise conditions. The 1600 and 1700 mAh batteries

are the only two batteries considered, as designated in Figure 4.8 by the box. The total battery weight

was divided by the weight per battery, showing the number of batteries to be between 9 and 13. These

batteries will sustain a cruise velocity in the range of 50 to 60 feet per second. The values were entered

into the propulsion optimization to obtain efficiency, thrust, current, voltage, and takeoff information.

An iterative process was used to obtain the optimal propulsion configuration. A flow chart depicting

the process of optimizing the propulsion system configuration is shown in Figure 4.9.
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Figure 4.9: Propulsion Optimization Process

First, a motor was selected to test for that motor was chosen. A range of battery cells and propeller
sizes were tested until maximum current was found. Data from the parameters was observed and
compared to a theoretical value of power and thrust compiled by the Aerodynamics group. [f the power
and thrust requirements for takeoff and cruise were not met, another battery cell was then added. This
process continued until the power and thrust requirements were met. Each working combination was

recorded, and then a new gear ratio was entered.

4.7.1. Motor / Gear Ratio / Speed Controller

Brushless motors were chosen due to higher efficiency and power output when compared to brushed
motors. The model of the motor was chosen by researching a large number of motors according to
power capabilities and weight. The number of cells given from Figure 4.8 was multiplied by 1 volt times
55 amps (which was experimentally found to be the peak current for the fuse). This power determined a

motor capable of handling between 500 and 1000 watts.
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Figure 4.10: Takeoff Distance vs. Max Current and Static Thrust

The remaining motors were analyzed numerically varying the gear ratio, propeller diameter, and

number of batteries for optimization. The data was filtered to exclude information that did not meet the
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mission requirements: currents above 55 amps, takeoff distances above 100 feet, and static thrusts below

6.5 pounds as shown in Figure 4.10 on the previous pages.
The following FOMs, along with the iteration process, were used to determine the final motor:
ePower Density — This is the ratio of available power to weight of the motor. This ratio normalizes
each motor for a better comparison.
eInternal Resistance — A low resistance is needed to allow the maximum power usage by the motor.
eKv — A low Kv value allows for versatility of integrating propulsion components viable to the missions.
el,— A low |, value allows for a higher current efficiency used by the motor.

Two types of gearboxes were available for the motor selected: planetary and standard. A planetary
gearbox allows more useable space in the nose of the plane than a standard gearbox. A planetary
gearbox at the highest ratio available was selected due to its versatility with other propulsion components.

Three final speed controllers were selected due to their peak amps and efficiency. The Master-48-0-
Flight speed controller was chosen because of the ability to be programmed. The cutoff voltage for the
motor can be changed to eliminate the probability of the motor turning off during flight.

Using the figures of merit for the motor and Figure 4.9, the Hacker B50-13S motor with a 6.7:1 ratio

and Master-48-0-Flight speed controller were selected for the propulsion system.

4.7.2. Batteries

The figures of merit used to select the batteries are defined below:
eEnergy Density — The energy density is the capacity per unit weight. Each battery is normalized with
respect to weight, and the higher the value obtained, the more capacity is available per pound.
eInternal Resistance — Low resistance allows more current to advance through the propulsion system.
eEndurance - The battery pack selected must meet the time requirements for each mission.
eTakeoff Power — The battery pack must allow enough power for the aircraft to takeoff in 100 feet.
The aerodynamic group provided the propulsion team with data relating score to energy density and
battery weight. This information was plotted in Figure 4.8a). A capacity range from the data was
developed from these graphs and used to begin research on types of batteries. From an extensive list of
batteries, five different models of batteries were considered as good possibilities for their energy density,

or capacity to weight ratio. The five remaining batteries are shown in Table 4.3.

Table 4.3: Battery Information

Sanyo CP-1700SCR NiCad 1445.0 14271.60
Sanyo CP-2400SCR NiCad 2040.0 15469.19
Gold Peak GP-2200 NiMH 1870.0 18469.14
Sanyo HR-4/5FAUP NiMH 1657.5 19357.66
Gold Peak GP-2000 NiMH 1700.0 22077.92

NiMH batteries were chosen due to their larger capacity and higher energy density than NiCad
batteries. As shown from Table 4.3, the energy density of the HR-4/5FAUP and the GP-2000 are

Oklahoma State University Orange Team Page 35 of 59



superior to the rest of the batteries. Testing was done on these two batteries in order to choose the best

configuration for the missions.

4.7.3. Propeller

The propeller selection criteria were based on mission requirements and the importance of optimizing
takeoff thrust and flight speed. The FOMs for propeller design are as follows:
eTakeoff Thrust — A large amount of thrust was needed at takeoff due to the high payload weight.
High thrust could be accomplished by using both a large propeller diameter with a low pitch angle.
The maximum propeller size was set by both amperage draw and ground clearance.
ePropeller Efficiency — Propeller efficiency directly influences the required capacity of the batteries.

Larger capacity batteries will increase RAC.

A trade study was completed to optimize a propeller selection that would meet takeoff distance
requirement while maximizing cruise efficiency. This study ultimately led to the testing of 18, 19 and 20
inch propellers. Efficiency curves for 4 of these propellers can be seen in Figure 4.11. Although the 20x8
propeller did not have the maximum peak efficiency, the 20x8 propeller did have the best combination of
takeoff performance and cruise efficiency at the required advance ratio. For these reasons, the 20x8

propeller was selected. For additional propeller testing results, see Chapter 7.
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Figure 4.11: Propeller Efficiency vs. Advance Ratio

4.8. Structures Optimization

4.8.1. Pro-Mechanica

Along with physical testing, Pro-Mechanica, a finite-element analysis program that analyzes stresses

and displacements, was also used in the structural analysis of the aircraft. The program was used to
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analyze the fuselage, front and rear landing gear, and also the wing. The program lets the user specify
the material type, constraints, and loads to be applied.

The fuselage in Figure 4.12(a) was analyzed with 15 pound point loads on the nose and tail and a 15
inch-pound torque on the nose of the aircraft simulating torque from the motor. The fuselage was
analyzed with Carbon Fiber fabric. The results show the stress concentrations around the spar tube hole.
The picture on top displays the analysis with glass as the material and indicates the hole would need to
be reinforced. The picture on bottom shows the fuselage analysis with Carbon Fiber fabric as the
material. This comparison indicates that Carbon Fiber fabric would be an appropriate reinforcement for
the spar tube hole.

Figure 4.12: Pro-Mechanica of a) Fuselage, b) Wing, and c) Landing Gear

Pro-Mechanica was also applied to the analysis of the wing. A 45 pound load was applied to the wing
tip while the wing root was rigidly restrained to simulate a tip test, and Figure 4.12(b) shows that the
maximum stress occurs at the wing root, which is as expected for the base of a cantilevered beam. The
figure shows the highest stress at approximately 28 thousand pounds per square inch. This results in a
safety factor of approximately 1.5 for the ultimate strength. In addition to using Pro-Mechanica, advanced
beam theory was used to develop a model for the bending stress in the wing. These results agreed
within a 10 percent margin to the Pro-Mechanica analysis.

The landing gear was also analyzed using Pro-Mechanica. The landing gear was restrained at the
attachment point with the fuselage, and a 120 pound load was applied to the wheels. This load simulates
a hard landing of approximately 8g’s. From Figure 4.12(c), it can be seen that the highest stress
concentrations occur along the curvature of the landing gear. This result matches very well with the

physical testing observations in that the test gears usually failed by debonding along the radius of the
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gear at the leading and trailing edges. The testing will be discussed in more detail in Chapter 7. This

result helped to validate the results from the Pro-Mechanica analysis.

4.9. Performance Optimization

With sizing of the aircraft complete, the team then focused on optimizing the aircraft’s performance.
Performance optimization was used to improve the overall flight score by decreasing loading time and
also to determine the optimum range and endurance velocities for the aircraft.

In order to optimize the loading of the aircraft, approximately sixty time tests were run by the
designated loading crew. The distance from the loading area to the starting line is unknown at this time,
so the loading crew practiced using a distance of 40 feet. To see the trend of the trial runs, see Figure

4.13.
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Figure 4.13: Loading Time versus (a) Run Number and (b) Score

As can be seen in Figure 4.13(a), the loading time for the ground crew continues to improve with
practice. Nearly four seconds have been shaved off between the last timed trial run and the first. This
amounts to nearly a 1.25 point positive score difference, from Figure 4.13(b), resulting in an 8.35 percent
increase in the score with the practice done thus far. As can be seen from Figure 4.13(a), the loading
times are approaching a time around 30.5 seconds.

Performance optimization included determining the best cruise velocity for the aircraft. This included
each lap of the aircraft’s respective missions and is shown below in Figure 4.14. Since the rules did not
specify the minimum size for the wood block, the performance optimization also analyzed the case where

the wood block would essentially be the size of a toothpick or analogous to the MEW.
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Figure 4.14: Aircraft Performance Optimization

The C./Cp, plot shows that the optimum velocity for best range varies from 32 feet per second at
empty to 55 feet per second at maximum payload. These optimum velocities are expected to occur
during the Cargo Flexibility mission when the number of laps is crucial. On the other hand, the c ¥y
shows that the optimum endurance velocity occurs at 40 feet per second when carrying 48 tennis balls.

This optimal velocity is expected to occur during the Minimum RAC mission when endurance is essential.
5.0 Detail Design

5.1. Manufacturer’s Empty Weight
For this year's competition, Manufacturer's Empty Weight (MEW) is the only input for RAC. Table

Figure 5.1 below gives a breakdown of the aircraft's empty weight by major system. Both the figure and
the table clearly show the propulsion system is the major weight driver accounting for 38% of the total
weight. The two wing assemblies are the next major weight contributor accounting for 19% of the
aircraft’s total weight. The remaining systems combined only contribute 43% to the total weight, which

indicated that further weight reduction efforts should be focused on the wings and propulsion system.

Fuselage 0.67 0.94 1% 18%
Wings 1.37 1.02
Empennage 0.15 0.39
Landing Gear 0.69 0.40
Propulsion 1.93 2.00 o
Systems 0.48 0.60 7% 1%
Total RAC 5.30 5.34 --

Figure 5.1: System Weight Breakdown
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5.2. Aircraft RAC and Sizing
The manufacturers empty weight (MEW) is the only component for RAC. The RAC input parameter,

geometry, weight and balance, and systems information have been combined into the table below.

Table 5.1: Aircraft RAC and Sizing Parameters

Estimate Final
MEW (Ib) 5.30 5.34
RAC 5.30 5.34
Geometry Performance
Fuselage CL max 1.31
Length (in) 49.90 L/D pax 11.80
Max Diameter (in) 8.50 B Empty Weight Performance
Main Wing (Rate of Climb) ... (ft/s) 50
Airfoil SHaWn001XLSE Stall Speed (ft/s) 23.53
|ILarge Wing |Small Wing ||Maximum Speed (ft/s) 150
Chord (in) 9.21 8.50 Take-off Distance (ft) 9.36
Span (ft) 6.14 5.65 Gross Weight Performance (Heaviest Payload)
Area (ft?) 472 4.00 (Rate of Climb) ..., (ft/s) 15
AR 8.00 8.00 Stall Speed (ft/s) 39.99
Width ,;ier0n (in) 1.75 1.75 Maximum Speed (ft/s) 87
S./S 0.09 0.05 Take-off Distance (ft) 99.77
Horizontal Stab Weight and Balance
Airfoil SHaWNO002 Airframe (Ib) 2.89
Croot (iN) 9.60 Propulsion System (Ib) 1.93
Ciip (in) 6.60 Control System (lb) 0.48
b, (ft) 1.93 Payload System (lb) 0.125
S, (ft%) 1.30 Payload (Ib) 6.2/95/8
AR 2.86 Empty Weight (Ib) 5.30
Volume Ratio 0.51 Gross Weight (Ib) 11.43/15.30/13.43
Width g eyator (iN) 1.90 Center of Gravity (in) 21
S./S; 0.29 Systems
Vertical Stab Radio FUTABA 9Z
Airfoil NACA 0008 Servo Type #1 (3) FUTABA S3102
Croot (iN) 14.00 Servo Type #2 (elv. only) FUTABA S3110
Ciip (in) 7.00 Battery Configuration 14 Cells
h, (in) 8.00 System Battery Pack 1000 mah 5 cell
S, (ft) 0.43 Motor Hacker B50-13S
AR 2.06 Propeller 156X10
Volume Ratio 0.02 Gear Ratio 6.7:1 PGB
Width ,qger (in) 3.50 Receiver FUTABA R146IP PCM
S,/S, 0.51 Speed Controller Hacker Master 48-0-Flight

5.3. Propulsion System

The final propulsion system is comprised of a Hacker B50-13S brushless motor with a Master-48-O-

Flight speed controller, fourteen cells configured in two-seven packs, a 6.7:1 planetary gearbox and a

15x10 propeller. The propeller was selected to provide enough power to takeoff (796 W for 7.91 Ib of

thrust) and excess power to climb out while being tailored to maximize efficiency for cruise.
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The profile for Mission 1 and 2 were statically simulated using the Dynomometer and the Wind
Tunnel. The profile for Mission 1 shows the thrust, current, and power for all three laps (shown in Figure
5.2). The flight cycle simulates 20 seconds at full-throttle (takeoff), followed by 45 seconds (cruise), and

15 seconds (ground time). The final peak was the discharge after completion of the mission.
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Figure 5.2: Mission 1 and 2 Profiles

Similarly, Mission 2 shows 20 seconds at full-throttle (takeoff), 2 minutes for each set of tennis balls

(cruise), and 15 seconds between (ground time). Again, the final peak was the discharge.

5.4. Structural Design / Drawing Package

» Fuselage/Hatch — The fuselage consists of a molded composite stressed skin structure made of
fiberglass and balsa with Carbon Fiber used to reinforce areas of high stress. Also, Kevlar will be used
to reinforce holes drilled in the fuselage. The wing carry-through structure is a carbon tube and socket
in light aircraft-grade plywood, which is utilized to transfer the landing loads to the fuselage. Light
plywood bulkheads are used to reduce skin buckling and support the payload. The forward bulkhead is
the nose landing gear attachment. The hatch is cut from the completed fuselage and reconstructed
with glass on a balsa frame and held closed with small magnets. The inserts have grooves to fit the
guides created in the fuselage, which will reduce loading time by aiding in alignment. The insert is

secured by two door latch mechanisms located on the ends of the insert.

Figure 5.3: Pro-E Model of Fuselage with Each Payload
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¢ Wing — The wing is constructed using the build-up method. The finalized design was determined
through the use of analysis and testing as discussed in the Chapter 7. The wing consists of fiberglass
and balsa. A wing spar, runs between the skins. In order to reduce chances of a shear failure, the
balsa was removed from between the shear web and end caps. The rear shear web consists simply of
1/16 in. balsa due to the low shear loads. The ribs are spaced three inches apart. The first two inboard
ribs consist of light plywood to allow transfer of the loads to the spar tube. Different material was
considered for the other ribs to save weight. 1/8 in. balsa was selected as the rib material to increase
bond area with the skin. The wing is then connected to the fuselage with a bolt which also acts as an
anti-rotation device.

Figure 5.4: Pro-E Model of Wing and Empennage

eEmpennage — Both the horizontal and vertical tails are constructed using a balsa frame covered with
Microlite to reduce weight. The elevator and rudder are constructed using a balsa frame covered with
Microlite and are then connected to the tail using CA hinges.

eLanding Gear — The final design for the landing gear was determined through iterations of analysis
and testing, discussed in detail in Chapter 7. The nose landing gear is a carbon tube connected to a
carbon shock absorber. The carbon tube is mounted to the front bulkhead. A control horn is
connected to the carbon tube powered by a servo for nose wheel steering. The main gear is a bow
gear constructed of Carbon Fiber, and 1/8 in. balsa. The axles are 3/16 in. aircraft grade bolts, which

reduces weight and eliminates any need for set screw collars.

Figure 5.5: Pro-E Model of Landing Gear

eDrawing Package — The drawing package was created using Pro-Engineer and consists of the
following drawings: Flight Configuration (three-view), Exploded View, Payload System, Stowed
Configuration, and Structural / Control System Configuration. The drawings are shown on the
following five pages.
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6.0 Manufacturing Plan

The manufacturing phase of the project resulted in the culmination of the aircraft design as the
individual aircraft components began to materialize. A detailed manufacturing plan was implemented
early in the design process to ensure that the components were completed on time. Topics of interest
with respect to the manufacturing phase included the investigation of manufacturing processes,
component manufacturing techniques, and analytic methods used to evaluate the teams ability to develop

the aircraft within the allotted time.

6.1. Manufacturing Figures of Merit
*RAC - RAC is the total weight of the physical structure.

+Speed of Loading — Due to the impact that speed of loading has on the overall score, this category
was given the largest weight factor and will look at what effect any structure has on loading time.
eEase of Construction — Since students need to be able to build the structure, the ease of
construction and the timeliness of building a part have been taken into consideration.
eMaintenance — Component replacement and repair is important and is considered in this FOM.
eReliability — This category was only used for payload restraints to consider the ability of the payload

restraint to work repeatedly without failure.

6.2. Construction Methods

Fuselage
There were four methods considered in the construction of the fuselage. These methods include
balsa build-up, foam core, lost foam and mold method. The weight factors were assigned based on their

importance to the mission, as shown in the table below.

Table 6.1: Fuselage Construction Methods Decision Matrix

eBalsa Build-up Method — This method consists of creating a fuselage frame out of balsa and then
covering the frame with MonoKote skin. While this is lightweight, the framework required to handle
the expected loads might be heavier than necessary. A fuselage would be able to be created quickly
with this method but would require much precision during construction. However, repairs to both the

skin and framework would be possible without rebuilding the entire component.
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eFoam Core — Foam would be cut to the shape of the component to be constructed. Composite
material is then applied to the foam, completing the part. With the use of a CNC foam cutter, the
foam core shape is fairly easy to construct leaving little preparation work in applying the composites
to the foam. However, the added weight of the foam core without the addition of strength to the
structure is a grave side effect of this method. Also, a foam core is not beneficial since payload and
other components need to be contained within the fuselage.

eLost Foam — This method is actually a continuation of the foam core method in that after the
composite material is cured, the internal foam is then removed. This allows the fuselage to be lighter
in weight as well as house the necessary components. Unfortunately, the removal of the foam could
be very difficult in certain areas of the fuselage. Not removing all the foam could lead to an increase
in weight. Repairing this structure would also be difficult and would usually require constructing a
new component.

eMold Method — A foam plug is created to make a mold. Parts are then made from the mold. Creating
molds can be very labor intensive, but once the molds are prepared precise parts can be fabricated
quite quickly. Lightweight parts can be constructed with this method, but these parts do not repair

easily and tend to be replaced since they can quickly be reconstructed in the mold.

6.2.1. Wing

Five construction methods were considered for the wing: balsa build-up, foam core, lost foam, mold
method, and balsa/composite build-up. The same figures of merit and weight factors were used as the

fuselage construction methods.

Table 6.2: Wing Construction Methods Decision Matrix

eBalsa Build-up Method, Foam Core, Lost Foam, Mold Method — See the methods as described in
the fuselage section.

eBalsa & Composite Build-up — This method is very similar to the balsa build-up method except that
composite materials are widely used. Instead of using MonoKote, the skin will be comprised of a
balsa and fiberglass combination. Internal wing components are built using balsa and fiberglass.
This method not only has the advantage of creating very strong and lightweight parts but can be done

in relatively short periods of time although some precision in construction is required.
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6.3. Construction Materials

With the aggressive construction schedule of this project, materials must be on hand when component
construction was scheduled. Therefore, materials and components required for construction of the aircraft

were estimated in advance so they could be purchased in sufficient time.

6.4. Analytic Methods

6.4.1. Required Skills

Skills required to manufacture the aircraft were examined on a scale of 0 to 2, with 0 requiring little or

no skill and 2 requiring high skill. The matrix below identifies the skills and skill level for each component.

Table 6.3: Construction Skills Matrix

Foam Cutting 2 0 0 2 0
Composite Lay-up 1 0 1 1 0
Mold / Skin Construction 2 1 1 1 0
Wiring 2 2 2 0 2
Assembly 2 2 2 1 1
CAD / Drawings 2 2 2 1 2

6.4.2. Project Cost Analysis

At the onset of the project, the manufacturing costs for two prototype airplanes and a final airplane
were estimated to be $5000.00. Table 6.4 shows the actual costs to date which sum to be $4,616.00.
The costs shown in Table 6.4 include the material to build the second prototype and final airplane, so the

estimate of $5000 is fairly accurate.

Table 6.4: Construction Cost Breakdown

Construction |

Balsa $516 119
Composite Material $2,110 24% &
Miscellaneous Shop Supplies $1,032
Flight Controls
Servos $145
Wiring / Connectors $69 3%
Miscellaneous $27 o
Propulsion 1%
Motor & Speed Controller $520 3%
Propellers $142
Miscellaneous $55

Oklahoma State University Orange Team Page 50 of 59



OSl (& 2006

ORA r%m TEAM
6.4.3. Construction Schedule

A detailed construction schedule for both prototype and final aircraft was developed near the end of
the design phase. The schedule was based off the time to manufacture the practice parts. The prototype
and final aircraft construction schedule is shown in Figure 6.1 below.

Task Name ‘ February ﬂ March ‘April
Manufacturing L4 v
Prototype Construction v v

Fuselage Construction
Wing Construction

Tail Construction

Landing Gear Construction
Payload Insert Construction
Assemble Components "
Prototype Rollout *31

Tasakins
RSNy

Component Testing

Aircraft Testing

Final Aircraft Construction
Fuselage Construction

Wing Construction

Tail Construction

Landing Gear Construction
Payload Insert Construction m— Actual
Assemble Components Projected
[Final Aircraft Rollout

Predicted

Figure 6.1: Manufacturing Milestone Chart
7.0 Testing Plan

In designing and building an aircraft, testing of materials, parts, propulsion system and test flying the
airplane is vital for success in the competition. The material and component testing is a valuable way to
maximize performance and minimize weight by truly realizing the high strength to weight ratios for a
material or component. Therefore, testing has been performed on the materials and parts such as the
wing and landing gear that will be used. Likewise, propulsion system testing is a valuable tool for
knowing the exact limits of the batteries in flight and the thrust and power that will be used for the

missions. After all of the components of the aircraft have been tested, the aircraft will be flight tested for
optimal performance of the missions.
7.1.1. Test Objectives and Schedule

In order to have an effective testing phase of the project, test objectives were created to identify what
the team wanted to learn from testing and try to improve as a result. These can be seen in Table 7.1.

Table 7.1: Test Objectives
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Mold Construction |Practice construction method and made sample mold and part 01/17 - 02/11

Payload Release |Make prototype to test reliability and efficiency of selected release mechanism |02/07 - 02/11

Test ground control with desired landing gear configuration as well as hard
landing survivability

Determine weight of fiberglass and thickness of balsa for skins as well as for
the internal structure (ribs, spars, etc.)

Landing Gear 01/10 - 02/20

Wing Structure 01/17 - 02/20

Propeller Test propellers and run optimization code for best prop selection 02/10 - 03/04
Motor/Battery Test batteries and motor for optimal selection with aerodynamic conditions 02/10 - 02/26
Ground Crew Evaluate time it will take to load and unload the payloads 02/28 - 03/02

Flight testing to validate expected aircraft configuration and component

Al selection performance

02/19 - 04/14

Also, a Gantt chart was created to document the schedule for the testing plan. Some of the flight
testing will depend on the daily weather, but testing has proven to make a significant difference in the
past in the placement of aircraft at the competition. For this reason, maximum testing is hoped to be

achieved so the airplane can be practiced and ready for the contest.

Task Name I_February | March IApriI ﬁ
Testing Schedule v v
Propulsion Testing v hg

Wotor Testing
Propeller Testing

| Battery Testing
Speed Controller
Structures Testing
Material Testing
Component Testing
| Flight Testing v v
| Taxi Testing
Take-off and Landing Testing Predicted L .
Speed Testing — ACtUE] : '
Endurance Testing Projected L '
Payload Testing

Figure 7.1: Gantt Chart for Testing Schedule

Taxi testing will be done at both slow and high speeds to ensure that the landing gear is structurally
sound. Then, the empty aircraft will takeoff and fly to verify the calculated stability derivatives and stall
speed. Once the aircraft flies well empty, the payload will be inserted and more flight testing will be done
with all three payloads.

7.2. Material Testing

Tensile testing was done on different types of fiberglass applied to a layer of balsa wood using an
epoxy compound. An approximate weight ratio of one to one was used to determine the amount of epoxy
to use. Once the epoxy was allowed to cure, the specimens were cut out on. Four of each increment
were made and tested to be able to get an average stress value. The equipment used to test the
samples was an MTS tensile tester. The samples were placed in jaws on the tester as shown below in
Figure 7.2.
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Figure 7.2: Testing Apparatus Set-up

The tester took data at a rate of 1000 samples per second and a velocity of 0.1 millimeters per
second. The output data had to be reduced to a more usable format by removing pre-test data and
normalizing what remained. The data was then used to determine the ultimate stress, strain, and

Young’s Modulus for each material in order to input into Mechanica for further analysis.

7.2.1. Structural Testing

¢ Wings — With weight being a significant factor in this contest, constructing everything as light as
possible is a necessity. Testing is a helpful way to make sure the components have sufficient strength
while reducing weight. For example, one result has shown that material can be reduced near the wing
tip because this area does not have to carry as much load as the root of the wing. Testing of the wing
was done on a full-size prototype shown in Figure 7.3, using the composite build-up method of

construction.

Figure 7.3: Full Size Wing Test Specimen and Landing Gear

The carry-through tube that attaches the wing to the fuselage was used to restrain the wing for a
cantilever test. A load was placed at the free end of the wing using a foam cradle to avoid damaging

the wing and producing a distributed load on the wing. The wing was inverted and then attached to the
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table so that lift loads and a full aircraft tip test would be simulated when weights were placed on the
free end. The load was added in five pound increments with a measuring apparatus placed close to the
wing in order to precisely measure bending of the wing along with a video recording to keep accurate
records of the test. The wing failed with a fifteen pound load during the cantilever test. The failure was
most likely due to the carry-through tube debonding and slipping out of the ribs of the wing root. This
caused a higher than expected bending moment resulting in bond failure between the shear web and
skin along the carry-through tube. After the cantilever test was completed, a three point test was
conducted to test the rigidity of the wing rather than the carry-through structure. For this test, the wing
was simply supported at both ends and a point load was placed in the middle of the wing with
increasing weight until failure occurred. The wing failed in buckling when carrying approximately 135
pounds of weight. As the wing will never experience this great of a load, ways to reduce structure and
weight were investigated and additional wing tests were performed.

A second wing failed at ten pounds in the cantilever test and like its predecessor, it too failed at the
spar tube junction. Some quality of construction issues were also discovered. Design changes made
after this round of testing included the removal of all glass from the outer side of the skin to reduce
weight since testing showed that the strength of the skin could be greatly reduced. Shear web was also
placed on both sides of the spar tube to increase load transfer between the wing and the fuselage.
Carbon was also added to reduce the shear force in the balsa skin. A third wing was then
manufactured with these changes and was again tested using the cantilever test. Failure occurred with
a twenty pound load in buckling at a location past the spar tube connection. This was deemed a
successful test and the third wing design was then used as the prototype wing.

e Landing Gear — The landing gear is one area of the plane where weight savings can be achieved.
There is commercially available landing gear typically designed with large factors of safety resulting in
unnecessary weight additions. Therefore an in-house design can be specifically built for the criteria
needed for the mission. A combination of Mechanica analysis and physical testing was utilized to
develop the optimal gear design for this year’s competition. The Mechanica analysis was used to
determine the location of stress concentrations and probable failures. This would allow the design to
have extra material in weak areas. Several test gear were constructed after this analysis was
complete. Testing for the gear is done by a simple drop test. The test consists of making a frame as
shown in the right picture of Figure 7.3, and attaching a landing gear to it.

Once the gear is attached it is dropped from heights of four, ten, and twelve inches to simulate hard
landings. These heights were determined from assuming an approach angle of 6-10 degrees, an
approach velocity of 30 miles per hour and a carrier style landing. If the gear passes the test, the test is
repeated in order to test for durability. The gear is observed for bowing, flexing and breaking. Several
gears were constructed and tested. In each of the test gear, the primary mode of failure was debonding

in the radius of the bow gear, splitting at the balsa layer. To alleviate this problem, additional layers of
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composite were added. This time, the gear survived drops of all the heights mentioned above carrying

a fifteen pound load, but failed when dropped from a height of sixteen inches.

7.2.2. Propeller Testing

To determine the size of the propeller, it was important to understand the objectives of the missions
and the overall effects that were incidentally going to be obtained. The first mission requires a large
payload to fly the course without speed requirements. Parameters such as large thrust and a low cruise
speed would be beneficial. The largest propeller fitting both the amperage and ground clearance
requirements would prove to be most practical.

Understanding these criteria, propellers in the range of 16 to 20 inches in diameter were considered
with varying pitch angles. Wind tunnel testing optimized the propeller design based on the selected
motor/gear box configuration and allowed for the best possible design according to the mission
requirements.

In order to select the optimum propeller, the coefficient of thrust and power as well as the propeller
efficiency were determined during Wind Tunnel testing. Figure 7.4 below show the formulated data

obtained for each propeller.

[+19x10 + 19x12 + 20x8 = 20x13] [+19x10 = 19x12 ~ 20x8 = 20x13]
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Figure 7.4: Coefficient of Thrust and Power vs. Advance Ratio

By analyzing the data from the figures above, it was determined for the mission requirements the
20x8 propeller would be best possible component for the propulsion system. The 20x13 propeller draws
more current than the fuses can hold and neither of the 19 inch propellers allow enough thrust for takeoff.
After all insufficient propellers were eliminated for not meeting contest specifications, the optimal choice

for the propeller was the 20x8.

7.2.3. Battery Testing
GP-2000 and Sanyo1950 batteries were tested at full throttle using the Dynomometer in the wind
tunnel. The test involved fourteen cells of each brand at two temperature settings; the lower at 20°C and

the higher temperature was 38°C. The Figure 7.5 shows the current versus time for all sets of batteries.
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Figure 7.5: Battery Performance Test at Full Throttle

Neither battery exceeded the maximum current of the fuse and both brands lasted approximately 180

seconds. The GP-2000 batteries were the best overall brand, while the warm GP -2000’s tested as the

best set of batteries and are the choice of power for the propulsion system.

7.3. Flight Testin

g

Testing the aircraft in flight is used because flight theory calculations and programming do not
account for all components of actual flight. A preflight checklist was created to ensure the plane is in the
proper state before each flight. Checklists are used ensure that all aspects of the plane are inspected
and nothing is forgotten. The preflight checklist is shown in Table 7.2.
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Table 7.2: Preflight Checklist

Mem  Tesues 000000 T 7]
C.G. Location Properly placed

Propulsion System

-Batteries Charged

-Propeller Secured

-Speed controller Programmed

Electrical System

-Motor Secured Screws tight, firewall undamaged

-Wires Connected and secured

-Servos Working properly

-Fuse Secured

Miscellaneous

-Wings/Stabilizers Mounted securely

-Control Surfaces Proper deflection, hinges secured, control rods intact
-Payload Secured

-Hatch Latched

-Landing Gear Bolts tightened and wheels secured, no delamination in radii
-Fail Safe On

Telemetry and pitot tube equipment were installed in the prototype in order to gain experimental data
during flight. From the data, the team hopes to ensure that the estimated take-off and stall speeds are
accurate. A radar gun will be used, as well, to back up the accuracy of the pitot tube. The data received
from the flights will show the precision of the stability calculations and drag estimations. Flight testing will
be completed using each of the three payloads and empty to simulate the possibility of the wooden block
being very small.

Before the submission of this report, the Orange team was able to complete one test flight. The
aircraft was flown without any payload in approximately 15 mph of crosswind. The real-time telemetry
was collected and closely matched the predicted results. The first flight showed that control surfaces
need to be adjusted, but after minor field modifications to the ailerons and elevator, the aircraft was much
more stable in flight and had good handling qualities. Future flight testing will include further optimization
on the aircraft empty as well as with the various payloads. During the flights with payload, an in-flight
checklist will be completed to ensure all data was collected for further analysis. Since the first flight was
used to determine the stability of the aircraft, the checklist was not completed in entirety. The in-flight

checklist can be seen in Table 7.3.
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Table 7.3: In-flight Checklist

Taxing Cruise (continued)
-Tracking Straight -Turning rates (Roll and Yaw)
-Controllability -Controllability

-Stability w/ Cross-Wind -Thrust Characteristics
Take-off -Verify Modes (stability)
-Take-off speed -Stall Speed

-Ease of Rotation Decent

-Ground Roll Acceleration -Controllability

-Stability and Control -Trim Necessary

Climb -Angle of Attack

-Available Thrust (variable wind speeds) -Speed

-Power Used Landing

-Angle of Attack (V, and V) -Sink Rate

Cruise -Distance to touchdown
-Verify Endurance Speed -Time/Distance to Stop
-Check Drag estimates -Stability and Control in Cross-Wind
-Verify Elevator Deflection for trim

Issues:

During the first flight, photographs were taken of the airplane. The picture in Figure 7.6 shows the
airplane in its maiden flight.

Figure 7.6: Maiden Flight

7.4. Some Additional Lessons Learned

In a project of this magnitude, mistakes are bound to be made along the way as a part of the learning
process. Some of the lessons that the Orange team took away from this experience are shown in the
following table.
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Table 7.4: Lessons Learned from Testing Process

Construction Ensure multiple people are competent at each task

Construction Plan ahead for material orders and have a back-up plan so work does not have to stop
Construction Ensure balsa for fuselage skins fits properly to avoid air bubbles

Construction Verify critical measurements before making any cuts

Construction Regularly check on parts under vacuum to ensure leaks are caught before damage occurs

Construction Bond fuselaie halves toiether before removini from the mold or trimmini flanies

Dynomometer Testing |Make sure torque and thrust are zeroed and calibrated before every test

Mission Profiles 14 GP-2000 cells allow an available power of 50-75 watts more than 14 Sanyo 1950 cells
Propulsion System Double check that all wiring is connected correctly

Propulsion System Check for reversed throttle signal before running up motor

As the majority of the flight portion of the testing phase will take place after this report is completed,
several lessons regarding the effectiveness of the aerodynamics of the aircraft when loaded with payload
hope to be learned from flight testing. During the in-flight tests, the pilot will learn about the control of the
aircraft with payload and will communicate with the aerodynamics team what he feels about the
maneuverability of the aircraft. The plane’s control capabilities can then be altered to better fit his style of
flying. Through the use of telemetry onboard the prototype aircraft, tests will also confirm how close drag
estimates were to the predicted values. Future improvements to the aircraft will be made based off
discoveries made during flight testing. After the prototype aircraft has been tested extensively, the final
aircraft will be constructed using all of the weight saving techniques and lessons learned during the flight

testing process.
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