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1. EXECUTIVE SUMMARY

This report details the design, testing, and manufacturing of the Georgia Institute of Technology There
Will Be Buzz entry in the 2010-2011 AIAA Design/Build/Fly (DBF) competition. This aircraft was designed
to successfully complete three hand-launched flight missions: a low weight speed mission, and two
endurance missions with internally carried payloads, all while minimizing empty weight to maximize the

total score.
1.1 Design Process

The primary objective for There Will Be Buzz was victory; this would be achieved through the
development of a light, compact aircraft that can fit in a carry-on suitcase. Conceptual design was started
by translating the key mission requirements and mission scoring equations into design requirements.
Next, the team chose a configuration that qualitatively maximized the total score from a wide design
space. In the preliminary design phase, the configuration was further defined by evaluating different
motors, batteries, propellers, and airfoils. Through this process, weight estimates, drag estimates and
aerodynamic coefficients were calculated and introduced into a flight simulation environment that
estimated mission performance. To further reduce the design space, a trade study analysis was
completed using the flight simulation results. After the trade studies were completed, detailed design
finalized all dimensions, airfoils, propulsion system components, and the method for integrating all of

these components.

1.2 Key Mission Requirements and Design Features

A successful system design and high score come from the successful balance of key mission
requirements. Specific design features were developed for each mission requirement and scoring

element to maximize system performance and the overall competition score.

Empty Weight: The aircraftds empty weight i's theis
composed of the weight of the airframe and propulsion system. To minimize weight and increase the
score, the entire aircraft has been designed to be as minimalistic as possible, including structure, sizing,

materials, batteries, motors, and propellers, while completing all three missions.

Storage and Assembly Constraints: The aircraft and all of its components are required to fit in an

FAA legal-sized carry-on. This constraint complements the empty weight scoring by encouraging the most
compact design possible. The | argest component of the aircraf
about Thg éntall number of components both minimizes weight and drives assembly under the five

minute requirement.
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Hand Launch Requirement: Instead of the short take off and landing requirements from previous

competitions, the aircraft must now be hand-launched, thereby adding a human element to the design.
Structure, weight, and propeller thrust had to be adjusted to accommodate the launcher. Aerodynamic
performance requirements, including stall velocity, were adjusted due to the lack of a rolling takeoff. The
light, compact design required by other constraints helped the team achieve successful, consistent hand

launches.

Payload Requirements: Two of the three missions require the storage of an internal payload: golf

balls and steel bars. While equivalent in terms of aerodynamic performance, the geometry and structure
were designed to safely accommodate either payload. Additionally, the payload requirement has a large
influence on the Mission 2 and 3 score. The aircraft was designed to carry its own weight in payload and

maximize the mission score.

Flight Time: The first mission requires that the aircraft complete as many laps of the designated
fight path as possible in four minutes to maximize score. Accordingly, the propulsion system was
designed to sustain near full-throttle flight for the entire duration of the four minutes while completing four

to five laps, and still weigh as little as possible.
1.3 Performance Capabilities of the System

All of the specific design features created to maximize the performance of the system can be summarized

by the following performance capabilities:

Empty weight of 0.6 Ibs

1:1 payload-to-aircraft empty weight
4 minute high-speed endurance

4-5 lap capability empty

Simple, safe hand launches
Successful assembly under 5 minutes

Securely store the required payloads

=A =4 =4 4 -4 -4 -4 -4

Proven capability through 2 prototypes and
22 test flights to date (as seen in Figure 1.1)

Ultimately, the final design is a compact flying-wing design, with the aircraft designed to simultaneously
minimize weight, size, and assembly time, while maximizing hand-launch, payload, and range
capabilities; the propulsion system is designed to provide enough power to fulfill ambitious performance
characteristics but weigh as little as possible; and the aircraft architecture and testing designed to build on
previous teams 0e coenxinuirgrtd pushctee emvéldpé of practical, minimalistic designs.
There Will Be Buzz is confident that this design solution has been optimized to best accommodate all

performance requirements and maximize the total score.
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2. Management Summary

There Will Be Buzz consisted of eleven students: two seniors, three juniors, two sophomores, three
freshmen, and a graduate student. Eight of the eleven were returning members from the 2009-2010
Georgia Tech DBF entry, Down to Buzzness. There Will Be Buzz combines the right amount of
manpower witht he conti nued advantage of a core of experience

knowledgebase and pass it down to newer members.
2.1 Team Organization

The team used a hierarchal structure to establish leadership and responsibility amongst its senior
members, and have the responsibilities fow downt o t he teambés neweinFignetber s, as
This hierarchy served as an outline only, as all team members collaborated extensively to reach
deadlines, share ideas, learn the various disciplines, and produce a more successful aircraft. The work
was divided during the design phases into aerodynamics, structures, electrical, propulsion, and CAD,

while during construction, testing and report writing, all team members participated fully.

Carl Johnson Michael Cancienne
(Faculfty Advisor) (Pifot)
David Moroniti, Grad Tom Neuman, Jr.

(Chief Engineer) T {Org. and Repoit)

| 1
Daniel Simms, Ir. Vivek Viswanathan, 5r. David Trawick, Sr.

(CAD and Structures) {Aerodynamics) (Electrical and Prop.)

JP Shivanandan, So.
Mustafa Kothawala, Fr. George P. Burdell, So.
Dhruv Thakkar, Fr.

Andrew Burrel, Jr.

Justin Rainone, Fr.

Figure 2.1: Organization chart, with returning members as group leads (italicized)




2.2 Milestone Chart

o
i{é ﬁ

A milestone chart was established at the beginning of the design process to capture design and

manufacturing goals as well as major deadlines. Progress was recorded and monitored by the team

leaders to ensure all major milestones were met. The team worked throughout the entire school year, and

established stringent deadlines early in order to gain testing and flight experience before the April

competition. The team met frequently with faculty advisor Carl Johnson to discuss progress. The

milestone chart is shown below in Figure 2.2, capturing planned and actual timing of major events.

Preliminary Design

Detailed Design
Design Freeze

Manufacturing
Aircraft Prototypes
Prototype 1
Prototype 2
Prototype 3
Final Aircraft

Flight Testing
Proof of Concept
Competition Laps
Competition Payload
Endurance Testing
Final Aircraft

Report

Draft

Editing

Due Date
Design-Build-Fly

Preliminary Review

Design Month | 5,4.10| Sep-1d Oct-10| Nov-10| Dec-1d Jan-11| Feb-11] Mar-11 |Apr-11
Aircraft Design I R R R I [ > Estimated
Conceptual Design
> Actual

% > Completion Date

% 20-Jan-11

% 1-Mar-11

15-Apr-11 %

Figure 2.2: Aircraft design milestone chart showing planned and actual timing of objectives i major

dead|l
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3. CONCEPTUAL DESIGN

The Conceptual Design phase was used to evaluate the competition rules, translate them into design
metrics, and produce a feasible design configuration that maximizes the score. The team performed a
guantitative scoring analysis in order to pinpoint scoring drivers, and a qualitative translation of specific
mission requirements and rules into characteristics that a successful aircraft must possess. These were
combined in Figures of Merit (FOMs), a metric applied to weigh different design choices against each
other. The FOMs were applied to a design space of over 55,000 possible aircraft configurations, and
yielded a single conceptual design that There Will Be Buzz is confident will be the best aircraft. The

resulting configuration is a lightweight flying wing with a tractor propeller.
3.1 Mission Requirements

3.1.1 Mission and Score Summary
The AIAA Design/Build/Fly 2011 Competition consists of three flight missions and the design report. The

total score for each team is calculated as seen in Equation 3.1:

4 > hm— e > W= @)

Where TFS stands for the Total Flight Score from all three missions, calculated using Equation 3.2:

Jaqs v @2

Missions 1-3 are each weighed differently, as discussed further below. The last component of the score is
RAC, or Rated Aircraft Cost, a term describing the highest empty weight (EW) of the aircraft in any of the
missions, as seen in Equation 3.3:

1=rd ey hry Arg (3.3)
Therefore empty weight is a direct score driver, whereas various performance factors of the design are

lumped into TFS, comprising of Missions 1-3. All missions are flown along the same distance and pattern:

3

Figure 3.1: Competition flight course split into flight sections
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The individual portions of the flight pattern seen in Figure 3.1 are as follows:

Successful hand launch

Climb to safe altitude

180° U-turn, 500 feet from the start/finish line
1000 feet downwind

360° turn along the backstretch

180° U-turn

500 feet upwind / Successful landing

N o g A~ w NP

Each lap is approximately 2000 feet long, or roughly half of a mile when accounting for the turns involved.
A complete successful lap is defined as beginning and finishing across the start/finish line while still in the
air. The pattern is flown a different number of times for Missions 1-3, and each of the missions is weighed

differently.

Mission 1 7 Dash to Critical Target i the aircraft must complete as many laps as possible during

4 minutes, with the time beginning whe mumbdreflapsiisr cr aft |

counted to the last full lap completed within the four minute interval. To yield a score, the humber of laps
is normalized by the maximum number of laps completed by any team flying Mission 1, as seen in

Equation 3.4:

Voggin = x> 00 el ger (3.4)
T3 000 100 - W=

Mission 2 i Ammo Re-Supply i the aircraft must complete three laps while flying with a team

supplied minimum 30x40 steel bar P a ylauachidg wihtthe rexdra
payload. The score is calculated as the weight of the payload divided by the flight weight (gross takeoff

weight) of the air cr attd-weight ratio.IMession R is weighell the naost ofall tladfet 6 s

missions, as seen in Equation 3.5:

w42 ] | (35)
%0 Isrml B
Mission 3 i Medical Supply Mission i the aircraft must complete three laps while flying with a

X

team selected number of golf balls stored internally. This includes hand-launching with the extra payload.
The number of golf balls carried is normalized by the maximum number of golf balls carried by any team
successfully completing Mission 3, as seen in Equation 3.6. This mission is weighed less than M2, but

both payload missions are weighed more than M1.

. 400 > - Wl || v (2.6
TLem oo Jo0 g - W[ Fmv '
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3.1.2 Aircraft Constraints
Thecompetition rules stipulate speci fi c propolsicsystam, nt s on

and payload:

Size and Storage i the aircraft and all components necessary for its assembly and operation
must be stored inside an FAA legal sized soft-case carry-on suitcase. The FAA legal size is a case that
does not exceed 45 dimensional inches (height + width + length), with no single dimension exceeding
220. This means that no single solid congotoallydb@mdvenof t he
smaller to fit inside the carry-on. There is no requirement that the aircraft be unassembled; however, if the
team determines some di mensi on, f othendoolstorapgk iethewvasegs pan,
and assembly time must be considered. There is a five-minute assembly limit. The radio transmitter does

not need to be stored in the case.

Propulsion System i the aircraft must be propeller driven and electrically powered, with all

components of the propulsion system commercially available. These include the motor, propeller, speed
controllers, receivers, and batteries. The battery selection is limited to NiCd or NiMH, but may be of any
cell count, voltage, or capacity. The entire propulsion battery may weigh no more than 3/4 of a pound,

and is limited by a blade style fuse to a 20 amp current draw.

Payloadit he aircraftdéds payloads for Missions 2-and 3 r
lines of the airframe. The golf ball payload will be provided by the competition administration. The steel
bar payload will be team provided, but the dimensions must be at least 3 6 x @hbice of thickness is left
up to the team to use in determining payload weight. Both payloads must be securely fastened to the

aircr aft 0 sthasthey doadt shift @ cose loose during flight.

3.1.3 Scoring Sensitivity Analysis

The scoring sensitivity analysis of Figure 3.2 visualizes the driving score factors in Missions 2 and 3, both

three-lap payload missions, which represent 5/6 (83%) of the possible TFS. Included in the score is the
normalization by RAC. The ranges were selected based
realistic aircraft confi dguwrca toirdn si.s Tuhseaidtemsiomalizefitifelacyrl otao
lifting capability of the aircraft relative to its own empty weight, similar to Mission 2 scoring. For Mission 3,

the maximum number of golf balls is defined as the maximum payload, or the highest Empty Weight

multiplied by the highest Payload Factor, so the sensitivity analysis reflects its own ranges.

The vertical Score axis is normalized as a percentage of the best combined M2+M3 Score, not
necessarily reflecting the maximum possible score of five points, because DBF is an exercise in
performing trades to optimize combined performance. The optimum is therefore obtained by minimizing
Empty Weight while combining a high Payload Factor. Either an increase of 0.10 Ibs. in Empty Weight or

a decrease of 0.06 Payload Factor cause a 10% loss of the maximum combined M2+M3 Score.

11 @.]f
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Figure 3.2: Missions 2 and 3 scoring sensitivity analysis

The remaining 17% percent of the score is in Mission 1, the speed ferry mission. Although it only
represents a small fraction of the score, in order to compete with the best teams overall, Mission 1 would
also have to be competitive. Its scoring sensitivity is seen in Figure 3.3. The maximum realistic number of
laps completed by any team was estimated to be 8, reflecting an average flight speed of approximately 90
feet per second for four minutes. Every lap under 8 is a loss of 0.125 points out of the single possible
point for M1, or only 2.1% percent of the maximum possible TFS of 6 points. Additionally, every lap under
8 means the propulsive system needs to generate the equivalent of 10 ft/s less thrust, possibly saving
weight.

12 %
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Figure 3.3: Mission 1 score sensitivity analysis

3.1.4. Understanding the Hand Launch Requirement

Since the hand launch requirementaddsahuman f actor to the aircraftods
the team sought to gain a firm understanding of the requirement before translating it into design. Using a
store-bought glider, various team members practiced a hand-launched takeoff in the style stipulated by

the competition rules. The team gained a conceptual grasp of the ergonomics and structural requirements

of hand-launching an aircraft.

3.2 Translation into Design Requirements

3.2.1 Qualitative Design Requirements
The competition rules and scoring requirements were translated into qualitative design metrics that could
be used to evaluate and choose an aircraft configuration. These are summarized in Table 3.1:

Table 3.1: Translation into Design Requirements

Mission/Scoring Requirement Design Requirement
Hand Launch Low stall speed, good grip design
Low flight times High thrust, low drag
High payload High lift
Internal payloads Internal bays
Low weight Efficient structure
Case storage Compact structure

13 @
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The final configuration needs to fulfill requirements which clearly divide into two components, as follows:

1 Performance: high lift-to-drag ratio (L/D), high thrust, and low stall speed

1 Structure: a compact, efficient structure with internal payload bays, and a good hand grip

3.2.2. Figures of Merit

From the gquantitative scoring sensitivity analysis in Section 3.1.3 and the qualitative translation into
design requirements in the section above, There Will Be Buzz was able to select and quantify specific
metrics that will be used in the down-selection of aircraft configuration, Figures of Merit. These were
assigned an importance of 0 through 5, with 5 being the most important factor and 0 being a non-factor in
design, as seen in Table 3.2. Weight was determined to be the most critical scoring factor (FOM = 5), and
the hand launch a design factor critical to any successful flight (FOM = 3). Both speed and storage were
assigned FOMs of 2, because speed does not impact score as significantly, and component storage is a
relatively flexible design feature.

Table 3.2: Figures of Merit

Figure of Merit
Weight
Speed
Hand Launch
Storage

3.3 Configurations Considered

After determining the FOMs and requirements, the next step of Conceptual Design was establishing a
design space that considered all possible aircraft concept configurations. The Matrix of Alternatives
contained five major categories: wings, fuselage, empennage, propulsion, and landing gear. With all
component alternatives considered, the design space contained over 55,000 different potential
configurations, shown in Table 3.3:

Table 3.3: Complete Matrix of Alternatives

Components Alternatives
Wing Layout Flying Wing Biplane Conventional | Tandem Wing
Wing Attachment Low Middle High Blended
Fuselage Shape Blended Rounded Circular Square
Number of Fuselages | 0 1 3 4
Tail Type V-tall Conventional | H-Tall T-Tall
Tail Attachment One Boom Two Booms On Fuselage
Number of Engines 1 2
Engine Location Pusher Tractor Both
Landing Gear Skids Tricycle Tail Dragger

14
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3.4 Component Weighting/Selection Process

To downsize the design space from all possible configurations presented in the Matrix of Alternatives,
gualities of different options were measured against each other with each Figure of Merit multiplied by a
Scoring Value, described in Table 3.4. The alternative with the highest total quality was then selected for
further stages of the design.

Table 3.4;: FOM and alternatives weighting values

Score Value
1 Inferior
3 Average
5 Superior

3.4.1 Wing Layout

Four wing configurations were compared to each other based on the FOMs as seen in Table 3.5. The two
main FOMs that make a flying wing superior to a conventional wing layout are weight and storage. With
Conceptual Design being a qualitative analysis, the team built upon its experience from previous
competitions and determined that flying wings are in general a lighter design, due in part to the lack of
empennage. The tail-less aircraft would also be simpler to store in the carry-on and assemble, since there

would be no need for a removable tail assembly or c ont r o | | be

nes t o connected

control surfaces.

Table 3.5: Weighting for number and style of wings

Wing Layout

N <

A

ST N

N

FOM Weight Flying Wing Biplane Conventional | Tandem Wing
Weight 5 5 1 3 3
Speed 2 3 3 3 3

Hand Launch 3 3 1 3 3
Storage 2 5 1 3 1
Total 12 50 16 36 32

The design choice of a flying wing automatically excluded the following alternatives: wing attachment,
fuselage shape, number of fuselages, tail type, tail attachment, and the tail dragger landing gear option
from further consideration. There was therefore no need for qualitative selection in the eliminated
categories.

15 @.]f
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3.4.2 Propulsion

Number of Engines: Two options for the number of engines were compared to each other based

on the FOMs as seen in Table 3.6. A single engine proved to be the superior alternative, owing to the
weight savings, thereby maximizing score.

Table 3.6: Weighting for number of motors

Number of Engines

FOM Weight One Two
Weight 5 5 1
Speed 2 3 5
Hand Launch 3 3 5
Storage 2 3 1
Total 12 46 32

Engine Location: With a flying wing design, engine location is an important decision, depicted in

Table 3.7. Only one of the selected FOMs was affected by the location of the single motor/propeller
combination, hand launching. This is due to the fact that when the aircraft is thrown, a pusher propeller is
likely to strike the hand of the thrower unless specific safeguards are made. Moreover, a flying wing
design would probably be swept aft, and a Pusher may interfere with that design. The Tractor propeller
was therefore the clear choice.

Table 3.7: Weighting for engine location

Engine Location

FOM Weight Pusher Tractor
Weight 5 3 3
Speed 2 3 3

Hand Launch 3 1 5
Storage 2 3 3
Total 12 30 42

16 @.]f
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3.4.3 Landing Gear
Two options for the landing gear configuration were compared to each other based on the FOMs as seen

in Table 3.8. A skid proved to be an only slightly better alternative, so the option of using a tricycle gear

remained open to later analysis and testing.

Table 3.8: Weighting for landing gear style

Landing Gear

s

/

FOM Weight Tricycle
Weight 5 3 3
Speed 2 3 3

Hand Launch 3 3 3
Storage 2 3 1
Total 12 36 32

3.5 Final Conceptual Design Configuration

At the conclusion of the Conceptual Design, There Will Be Buzz reached a configuration designed to
maximize the total score. The design is a compact, lightweight flying wing with a tractor propeller. All of its
configuration choices were made on the basis of maximizing score by successfully completing all three
missions of the competition and producing a practical airplane that can be hand-launched. Combined with
t he t he

payload for Missions 2 and 3, and 4-5 laps completed for Mission 1. The design point was chosen based

sensitivity analysis, configurationbts design

ontheteamds real i sthecoerfit gmaati ohd FigureB.g belundisplaysa conzept.

sketch of the proposed design, drawn in Vehicle Sketchpad (VSP).
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Figure 3.4: Conceptual aircraft design showing major components

4. PRELIMINARY DESIGN

The goal for preliminary design was to further narrow the design space. To do this, design/sizing trades
for the system were evaluated. Next, airfoil selections, weight estimates, drag estimates, motor, propeller,
and battery data, and aerodynamic coefficients were calculated and introduced into a flight simulation
environment that estimated mission performance for all three flight missions. After evaluating the
successful configurations that completed each mission, a preliminary propulsion system was selected and

preliminary geometry was finalized.
4.1 Design Methodology

4.1.1. Aerodynamic Parameters
Three major propulsion parameters needed to be considered:

Wing Span: The carry-on requirements limit the span of any piece to a maximum of 22 inches, as
discussed in Section 3.1.2. If more wing area is required, the wing could be broken into more than one

piece, but connections and joints add weight, which reduces the score.

Wing Area: With a fixed wing span, wing area becomes only a function of chord length. Increased

wing area decreases wing loading for a fixed weight, resulting in decreased stall speed for hand launch,
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but a smaller wing area reduces drag, resulting in increased flight speed, and reduces weight, increasing

score.

Airfoil Selection: A flying wing requires special considerations to balance the natural pitching

moment produced by the wing. Airfoils with reflex camber lines reduce this moment. A high lift airfoil

increases payload capability, but increases drag during flight.

4.1.2 Propulsion Design

Three major propulsion parameters need to be considered:

Motor Selection: A larger motor has increased power, increasing flight speed and payload

capabilities, but weighs more, increasing the empty weight and thus the RAC. Since the highest empty
weight of any mission is used to calculate RAC, choosing a heavier, more powerful motor in one mission
would defeat the purpose of choosing a lighter, less powerful motor in other missions. The single motor

selected should therefore be selected to optimize the total mission score.

Propeller Selection: A large diameter propeller spinning at slow speeds produces similar thrust to

a small diameter propeller spinning at fast speeds. A large pitch-to-diameter ratio is most efficient at high
airspeeds and a small pitch-to-diameter propeller is most efficient at lower airspeeds. Different missions
will require different propeller performance, and since propeller selection can vary between missions, the

best propeller can be selected for each.

Battery Selection: Lower capacity batteries are lighter and help produce a greater RPM and

voltage, but higher capacity batteries can store more energy and are able to endure greater current

draws. Also, more batteries have more power, allowing the aircraft to fly faster or with a heavier payload.
4.2 Design Trades

4.2.1 Hand Launch Study

Since the hand launch requirement was a new challenge in aircraft design for the There Will Be Buzz
team, a study was conducted to determine the possible velocities the aircraft would experience upon
|l eaving a personds hand. To per f o rtedtobéditer simutate thel sgyle

of throwing that would be exp ascopppsd tothronwinh & oljeetasunld s

as a baseball. The glider was weighted to the target Mission 2/3 weight of 1.2 Ibs. Some members of
There Will Be Buzz took turns throwing the glider while being video recorded in front of a striped
measurement screen, with each stripe separated by 2 inches. By using a High Definition video camera,
recording at 30 frames per second, the amount of frames it took the glider to travel the distance of a stripe
was used to estimatet he gl i d e.rFigwe 44 sHowscan exgmple image from this process, and

Figure 4.2 shows the plot of each memberé s a t tarel the dclsieved velocities.
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Figure 4.1: Testing hand-launch velocities
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Figure 4.2: Hand-launch velocities for various team members

From this plot it is clear that a speed of 30 ft/sec is achievable from a hand powered launch of a vehicle

weighing 1.2 Ibs.

4.2.2 Wing Area Study
A critical component of the aircraftdéds design was the
be sized such that it would not stall imnmediately after launch. A graph of stall speed versus wing area for

a range of full launch weights was plotted in Figure 4.3.
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Figure 4.3: Stall speed versus wing area for various launch weights

The stall speed was selected as 30 ft/sec because of the information gathered by the hand-launch trade
study discussed previously in Section 4.2.1. With a target launch weight of 1.2 Ibs, representing 0.6 Ibs of

empty weight and six golf balls, the wing area had to be about 1.7 square feet.

4.2.3 Propulsion System Selection

A full factorial simulation was created to evaluate the effectiveness of different propulsion systems. This
involved creating a database of a variety of components: 318 motors, 55 electronic speed controllers, 54
propellers, 4 battery capacities, and 11 different battery cell quantities. In total, 41,556,240 system
combinations were considered. Using Goldstein's vortex theory from Phillip's Mechanics of Flight to
evaluate propeller performance and a physics-based electric motor model, a MATLAB simulation was
used to determine the full thrust profile for a given propulsion system. Combinations of components that
do not work are automatically filtered from the analysis, such as when a speed controller or motor cannot
handle the current draw from the batteries. Since there was such a wide range of results and weight was
determined to be the most important factor for scoring, only the top performing motors of the lowest
weight were kept. The static thrust of each combination was then plotted against the total weight of that

propulsion system, shown in Figure 4.4.
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Figure 4.4: Propulsion analysis results with Pareto frontier of static thrust

From this data, it appears that combinations which use 400mAh batteries would be an ideal design point.
However, there are more constraints for the propulsion system beyond system weight. The battery
capacity needs to last at least 4 minutes to successfully complete Mission 1, and longer to ensure a
successful landing. Figure 4.5 shows the remaining systems after those cases that could not last for 4

minutes and 30 seconds were filtered out.
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Figure 4.5: Propulsion analysis results after filtering for battery duration
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From these results it is clear that many of the 400mAh batteries fall short of being viable options. It was
decided to select a propulsion system with an empty thrust to weight ratio of about 1 to minimize weight
while ensuring sufficient thrust. The final selection consists of a Hacker A10-9L, 6 cell 700mAh NiMH
battery pack, a Phoenix 10 electronic speed controller, and a 9x4.7 propeller. This combination will

develop approximately 0.64 Ibs of thrust while pulling about 45 Watts from the battery.
4.3 Mission Model

4.3.1 Description and Capabilities

The mission was simulated via a set of first order differential equations (Equations 4.1-4.3) defining the
position and orientation of the vehicle throughout the flight. By integrating these equations over time using
a 4" Order Runge-Kutta approach in MATLAB with some simple logic defining each of the required
mission segments, it is possible to define the position, velocity, and orientation of the vehicle over time.
The equations are listed below. The thrust (T) is defined as a function of velocity with the relationship
defined by the same propulsion analysis tool used in the propulsion system selection. The drag (D) is
represented via a parabolic drag relationship. The load factor is explicitly defined for each turn segment,

but if it exceeds the estimated maximum lift coefficient it is limited to that value.

o= (4.2)
1 r
| 4.1
T 5 (4.1)
Ve 4.3
. i (4.3)
T

4.3.2 Uncertainties

The approach described above has specific limitations and uncertainties. The lack of a vertical dimension
means that it cannot capture any aerodynamic effect due to altitude changes, or for the energy required
or saved due to climbing or diving. The lack of any wind model discounts any additional drag due to
sideslip in flight, or changes in velocity depending on traveling with or against the wind. The flight path
defined for each lap assumes an idealized flight path, with the pilot turning perfectly after each 500 foot
leg and the turns being optimal turns. Finally, there are additional uncertainties in the mission predictions

due to any errors or inaccuracies in the thrust and drag predictions.
4.4 Aerodynamic Characteristics

4.4.1 Airfoil Selection
As a flying wing design, selection of an airfoil to fulfill unique requirements is critical. These requirements

are explained in Table 4.1:
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Table 4.1: Flying wing constraints on airfoil selection

Parameter Requirement Rationale

Cmo ~0 Reduce elevon workload

Increase elevon effectiveness

C.x ~0 L
mo Minimize servo force

L/D High Maximum performance

Using an estimated Reynolds number of 200,000 in cruise conditions for There Will Be Buzz, candidate
airfoils were analyzed and plotted for sectional lift coefficient, lift to drag ratio, neutral pitching moment
coefficient and manufacturability using XFOIL. Drag, lift, and pitching moment coefficient curves for top
performing airfoils were constructed. To achieve the low pitching moment requirement, only reflex airfoils
were considered. A reflex airfoil is defined as having a camber line that follows a shallow S-curve, with
the trailing edge turned upwards. The airfoil coordinates were obtained from the UIUC Airfoil Coordinates
Database. The lift curves and moment polars are compared in Figure 4.6 and Figure 4.7, respectively.
The small amount of waviness in the graphs is due to numerical instabilities in XFOIL at low Reynolds

numbers.

1.6 -

0.8 -
—=GOE741 200k

0.6 -
==MH80 200k

Lift Coefficient, C,

Fauvel 200k

O T T T T T 1
0 0.01 0.02 0.03 0.04 0.05 0.06

Drag Coefficient, Cp,

Figure 4.6: Drag polars for several reflex airfoils
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Figure 4.7: Pitching moment curves for several reflex airfoils

The examination of the drag polar show that the GOE741 airfoil has a slightly better lift coefficient but the

lower pitching moment of the Fauvel lends itself favorably for a flying wing design.

Airfoil _Manufacturability: Complex airfoil geometry, as shown in Figure 4.8, can result in

manufacturing error and any imperfections will negatively affect vehicle performance. On reflex airfoils
especially, this means ensuring the manufactured trailing edge holds the curve as designed. To reduce
manufacturing difficulty and get the desired performance out of an airfoil, that airfoil must not have high
camber or a sharp trailing edge. The airfoil must also be of sufficient thickness to make the internal
structure lighter and/or stronger, as the geometric stiffness of the structure is increased with thickness. An

airfoil that would be easier to manufacture correctly is shown in Figure 4.8:

MH-80 Difficult to manufacture Fauvel

CX

Figure 4.8: Geometry of airfoils and manufacturing properties

Wing Airfoil Thickness: In addition to manufacturing difficulty, an airfoil with a low thickness will

suffer stall effects at a smaller angle of attack, reducing the effectiveness of the elevons. For such an
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airfoil, there would be little to no buffer between flying at the maximum section lift coefficient and stalling.
The Fauvel airfoil was selected because of its combination of high maximum C_, low pitching moments,

manufacturability, and a high thickness to chord ratio of ~14%.

Centerbody Airfoil Thickness: The Fauvel airfoil was also selected for the centerbody. However,

the airfoil had to internally store two golf balls chord-wise and maintain enough thickness to still allow for
structure. To accommodate this, and because the airfoil chord was limited by storage constraints, the

airfoil thickness was increased to 20%.

Athena Vortex Lattice (AVL) was used to model the lifting surfaces of the aircraft to compute the induced
aerodynamic characteristics of the entire aircraft. AVL models lifting surfaces as an infinitely thin sheet of
discrete vortices to compute the aerodynamic characteristics of the aircraft. The geometry of the aircraft
was developed inside AVL to provide stability while matching the predetermined wing area. The
centerbody size was constrained by the internal payload requirements, so the wing span and chord were
adjusted. During the design process, the addition of winglets was also considered to improve the
aerodynamic and stability characteristics of the aircraft. The airfoil selection, stability and geometric
constraints resulted in a wing planform with a span of 28 inches, sweep of 30 degrees and a wing chord
of 8 inches. A visualization of the lifting surfaces as discretized in the AVL model for the final aircraft
configuration with winglets is shown in Figure 4.9. The AVL-calculated lift coefficient distribution of the

final configuration aircraft is shown in Figure 4.10.

Figure 4.9: Aircraft AVL Virtual Model (with winglets)
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Figure 4.10: AVL predicted lift distribution of the aircraft (with winglets)

Once the sizing was complete, the AVL model was used to calculate elevon-balanced aerodynamic

parameters. The lift curve and induced drag polar are shown below in Figure 4.11.
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Figure 4.11: Drag polar and trimmed and non-trimmed lift curves

The lift curve is shown for both trimmed and untrimmed conditions. The lift coefficient at 15 degrees is
~0.7, near the vehicle max lift coefficient. Because the flying wing configuration has no tail or vertical
surfaces, the addition of winglets was necessary to improve the yaw stability derivative (C,p) for a
minimum level of directional stability. The final configuration of the aircraft has a yaw stability derivative of
0.0469.
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4.4.3 Drag

A preliminary parasitic drag estimate was computed
approximated wusing Hoer nEluddBynamix Prayr andnentnarializechgaedaeh i n
component according to the wing reference area. Table 4.2 shows the contributions of the main aircraft

components, with Figure 4.12 displaying the same data as a percentage breakdown.

Table 4.2: Summary of drag estimates
Component Cpo Winglets
- 16%
Wing 0.019
Wing Tip Skids 0.018 Landing Gear
Landing Gear {Mono Wheel)
(Mono Wheel) 0.015 24%
Winglets 0.01 Wing Tip
Total 0.062 s
29%

Figure 4.12: Graphical representation of drag estimates

Wing: Due to its flying wing configuration, the largest single component of There Will Be Buzz is

the wing, so it was the largest contributor of drag. The drag coefficient for the wing was calculated using

Hoerner 6s method &% seen in Equation
< < oqe

Fro =dof4m *+3%1+t 1 I (4.4)
r =1y m I

where Y is the wing fuselage interference factor (assumed to be equal to 1, since the wing is the
fuselage), 'Y is the lifting surface correction, which is a function of the sweep angle of the wing, 0 is
the turbulent plate friction coefficient of the wing, which is a function of Mach number and Reynolds
number, O is the airfoil thickness location factor, 0 Gis the thickness-to-chord ratio, Y is the wetted

area of the wing and "Yis the wing reference area. The total Cp contribution by the wing was calculated
to be 0.019.

Winglets: The winglets were modeled as flat plates and their drag contributions were calculated
based on Reynolds number. Since the maximum speed of
skin friction drag was used directly to calculate the skin friction drag coefficient without any correction for

compressibility effects, as seen in Equation 4.5:

ol 1 (4.5)
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Where 'Y is the cruise Reynolds number of the aircraft which was estimated to be 200,000. The Cpo

contributions of both the winglets combined was 0.010.

Landing Gear and Wing Tip Skids: The landing gear and wing tip skids are significant contributors

to the overall drag of the aircraft. Continuing with the two landing gear alternatives considered in Section
3.4.3, Cpp was calculated for a dual wheel gear and a mono wheel gear, both depicted in Figure 4.13.
The dual wheel was modeled as a pair of cylinders with wheels at the ends; the mono wheel was
modeled as a wheel, a cylinder, and two flat plates; while the wing tip skids (common to both

configurations) were modeled as cylinders.

Figure 4.13: Comparison of prototype aircraft with different styles of landing gear

The result o f applying Hoernerds methods to the dpgpaof
approximately 0.037, even larger than the wing. In contrast, the mono wheel resulted in a Cpy of
approximately 0.015. Therefore, an aircraft configured with the mono wheel has 30% less drag than an
aircraft with the dual wheel gear. This is further conveyed in Figure 4.14, which shows a comparison in
drag break down between the two landing gear configurations. Note that drag contributions due to the
wing and the winglets remain constant, while there is a significant reduction in the drag contribution due

to the landing gear and the wing tip skids when using the mono wheel.

29 %
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Figure 4.14: Graphical comparison of drag contributions from different styles of landing gear

AVL was used to model the lifting surfaces of the aircraft to compute the induced drag. The estimated
Oswal dés ef f i dorteerful gonfiguaasion.rhe&ull drag polar is displayed in Figure 4.15, and

was calculated using the induced drag from AVL and the parasitic drag from above.
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Figure 4.15: Full drag polar
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4.5 Stability and Control

To ensure that the aircraft would be able to successfully complete the missions in the air, both static and
dynamic stability were analyzed. The fastest speeds, slowest speeds, heaviest weights, lightest weights,
cruise, climbs, and turns were all considered.

4.5.1 Static Stability Analysis

Static stability was evaluated using the vortex lattice method as implemented in AVL. The most important
stability derivatives are given for the scenario shortly after launch in Table 4.3. After launch for M3 is the
most demanding flight condition for stability. Static stability analysis for all cases showed that the aircraft
is statically stable. Since the flying wing design is controlled through the use of a control surface acting as
both aileron and elevator, elevator deflection is referring to a symmetric control deflection, and aileron
deflection refers to an asymmetric deflection. No extreme deflections are required for any control surface
and all coefficients are within a normal range.

Table 4.3: Relevant stability coefficients and derivatives for elevator-balanced trim conditions

Parameter AVL Results
Inputs W otal(IDS) 1.2
V(ft/s) 24
Deflections Uelevator (d€Q) -1.58
Ljaileron (deg) 0.0
Aerodynamic Parameters C. 0.522
U (deg) 9.9
b (deg) 0.0
Stability Derivatives C, (d/rad) -0.176
CL  (@l/rad) 3.068
Cn. (1/rad) -0.225
C,  ¢l/rad) 0.057
Damping Derivatives Cip (1/rad) -0.287
Cmgq (Lrad) -0.875
Ch, (1/rad) -0.026
Control Derivatives C, . ¢(l/degree) 0.002
Cn. u(d/degree) -0.004
Static Margin % Chord 7.3

4.5.2 Dynamic Stability Analysis

Having found the trim conditions as a part of the static stability analysis, the next step was to take the
aerodynamic derivatives about the trim conditions described earlier and investigate the dynamic behavior
of the airplane. The stability and control derivatives were obtained from the AVL, the mass properties

from the CAD file, and the stability characteristics calculated from the full twelve by twelve 6 DOF
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linearized differential equations found in PhillipsdMechanics of Flight section 9.8. The eigenvalues and
eigenvectors of the matrix showed the stability of each of the five dynamic modes, revealing that the
aircraft is stable in the Short Period, Dutch Roll and Roll modes, while unstable in Phugoid and Spiral
modes. The doubling time for the Phugoid and Spiral modes are long enough to be easily handled by the
pilot, and the stability was therefore deemed acceptable. The flight conditions used were the same as
used in the static stability section, listed in Table 4.3. The dynamic stability characteristics are tabulated
below in Table 4.4.

Table 4.4: Dynamic stability analysis for least stable case

Longitudinal Modes Lateral Modes
Mode Short Period | Phugoid | Dutch Roll Roll Spiral
Damping Rate (1/s) 12.91 -0.0204 1.768 24.49 -0.189
Time to double/half (s) 0.053 33.9 0.392 0.028 3.67
Damping Ratio 0.647 -0.0124 0.127
Damped Natural Frequency (1/s) 15.23 1.642 13.79
Undamped Natural Frequency (1/s) 19.96 1.642 13.9

4.6 Mission Performance

The lap trajectory was calculated using the mission simulation described in Section 4.3 using the
propulsion and aerodynamic characteristics of the airplane. The velocity profile for the first two laps using
a 9x4.7 propeller is shown in Figure 4.16 for Mission 1 and Figure 4.17 for Mission 2/3. The velocity
deficits correspond to the required turns over the course of each lap. The maximum velocity estimated for
the Mission 1 is 28.2 mph (41.6 ft/s), and the maximum velocity for Mission 2/3 is 27.8 mph (40.8 ft/s).
The estimated lap times using the initial propeller is shown in Table 4.5 for both mission configurations.

30 -
Lap 1 Lap 2
E
2
S
S
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Time (s)

Figure 4.16: Simulation of Mission 1 lap trajectory
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5.1 Final Design

After all optimization was completed, the final dimensional parameters are listed in Table 5.1. The
dimensions of the aircraft did not vary between the preliminary design and detailed design stages. The
final aircraft was designed for flight stability, simplicity, and to fit inside the carry-on by detaching the outer

Figure 4.17: Simulation of Mission 2 lap trajectory

Table 4.5: Simulated mission times

Mission | Propeller | Lap Time(s)
M1 ox4.7 52.8
M2/3 ox4.7 61.7

5. DETAIL DESIGN

5 inches of each wing from the centerbody.

33

Table 5.1: Final aircraft dimensional parameters

Wing Elevon
Span 28 inches Span 5 inches
Wing Chord 8 inches Chord 2.4 inches
Root Chord | 11.5 inches 1o, max 35 degrees
Sweep 30 degrees Reference area 22.8 inches
Aspect Ratio| 3.2
Wing Area | 245 | inche$ Winglet
Airfoll Fauvel Reference area 25 | incheg
Static Margin| 8% | chord Airfoll Flat Plate




6

5.2 Structural Characteristics

The structure of the airplane was designed to withstand a 2.5 g loading in the maximum payload
configuration of 1.2 Ibs. This translates into a maximum load limit of 5 g in the empty configuration of 0.6
Ibs. It was also assumed that negative loading was a maximum of 1 g fully loaded and therefore 2 g when
empty. Using these loadings and the maximum lifting capability of the airplane the operational flight
envelope was defined as shown in the V-n diagram in Figure 5.1. The maximum velocities were

calculated using the method explained in section 5.6.1.

5 -

e \lission 1
4 4

= \lission 2/3 load limit
3 4

positive stall limit =&

Load factor (Q)
[EY

-1 A
B . . ”
negative stall limit Vmax
-2 -
'3I T T T T T T T T T 1
0 5 10 15 20 25 30 35 40 45 50

Velocity (ft/s)

Figure 5.1: V-n Diagram for all missions

5.3 System and Subsystem Design/Component Selection/Integration/Architecture

To finalize the aircraft design, the following subsystems were analyzed with greater detail: radio
controller, servos, main wing, centerbody, propulsion system, landing gear, and the structural

architecture/assembly of each of these components.

5.3.1 Receiver/Controller Selection
The receiver selected is the Spektrum 6255, as it provides the required failsafe mechanism with minimum
weight. There Will Be Buzz will use a JR PCM10X radio controller to communicate with the Spektrum

receiver.
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5.3.2 Propulsion System

The propulsion system was selected using the analysis from section 4.2.2. The final selection consists of
a Hacker A10-9L, 6 cell 700mAh NiMH battery pack, a Phoenix 10 electronic speed controller, and a
9x4.7 propeller.

5.3.3 Centerbody Structure/Payload Bay

The aircraft centerbody is constructed from a combination of spanwise and chordwise balsa wood ribs
that connect together in interlocking slots. The CAD model was used to design the ribs such that they fit
together like a jigsaw. This interlocking method allows for distribution of loads across the entire structure,
as well as more efficient manufacturing. The interior of the centerbody is open, allowing for the payloads
of steel bars or golf balls to fit internally. The joints between the spanwise and chordwise ribs have
hemispherical cutouts to provide constraints for the payloads, and eliminate motion in flight without

additional structure.

5.3.4 Wing Structure

The inner wing sections are connected to the centerbody via spars and stringers. The outer wing sections
are constructed in a similar manner, with ribs connected by stringers. The outer wing sections connect to
the inner sections by wood pins, the servo casing, and are held together by tape. Although the joint is
very small, it is sufficient to transfer the load from the relatively small outboard wing area. The location of

the joint allows the aircraft to easily fit into the carry-on. A picture of this joint is shown in Figure 5.2.

Wood pin and servo casing
transfer load from outboard
wing section

Figure 5.2: The joint between outboard and inboard wing sections

5.3.5 Control Surfaces
Elevons are attached to the wing using conventional CA hinges. These control surfaces are controlled

with pushrods that are attached to servos located in the wings.
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5.3.6 Servo Selection/Integration
The servos selected for the elevons were Futaba S3114. These servos were selected by analyzing hinge-
moments for each control surface using AVL and then finding servos that had sufficient control power to

handle the calculated moments, with the lightest weight possible.

5.3.7 Motor Mount

In keeping with the team design goal of minimizing system weight to maximize overall score at the
competition, an integrated solution that combined the leading edge of the centerbody airfoil with the motor
mount was implemented. Experimental results indicated that a 1/8™ inch piece of birch plywood was

sufficient to withstand the torque and static thrust of the motor.

5.3.8 Landing Skid/Launch Grip
The landing skid is made from two pieces of birch plywood attached to the centerbody via the two main
ribs. The spacing enables the skid to double as the grip when hand-launching the aircraft. A wheel is

attached on an axle spanning the two parts of the grip to enable ground roll upon landing.

Figure 5.3: Detail views of the landing gear and winglet

5.3.9 Winglets/Wingtip Skids
The winglets are made of Depron, a low density foam, cut to the shape seen in Figure 5.3. The wingtip
skids are bent metal wires that are attached directly to the winglets. This structure is then attached to the

ribs on the outboard sections with epoxy glue.

5.3.10 Suitcase

The suitcase selected is a standard commercially available carry-on suitcase. The external dimensions of
the suitcase are 21 by 8.25 by 14 inches. The internal dimensions are 20.5 by 8 by 13. The sum of the
external dimensions is 43.25, within the 45 inch limit. The rules require that the aircraft must fit inside this

suitcase, as shown in Figure 5.4.
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Figure 5.4: The aircraft unassembled to fit in the suitcase

5.3.11 Component Summary

The full list of selected components for There Will Be Buzz is tabulated below in Table 5.2.

Table 5.2: Selected components

Components Description
Motor Hacker A10-9L
Battery 6 cell 700mAh

Speed Controller Phoenix 10
Receiver Spektrum 6255

Transmitter JR PCM10X
Servos Futaba S3114

5.4 Weight and Balance

An important aspect of stability is correct C.G. measurements. To measure the C.G., a simple calculator
was created that consisted of a list of all components, the weights of all components, and the locations of
the components along the various axes. The weight and balance was first estimated using the CAD
model and then confirmed with the prototype. The moments of inertia were calculated in similar fashion.
The results for empty and loaded scenarios are given in Table 5.3. The x-axis was measured positive aft

of the nose of the aircraft. The predicted C.G. location from the CAD is shown in Figure 5.5.
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Table 5.3: Weight and balance chart

Empty Weight Steel Bar Payload
c Weight €o Ipcatlon Moment Weight e I(_)cauon Moment
R U I R (). (in-lbs) | | Component | %y (in) (in-Ibs)
(x-direction) (x-direction)

Center Section | 0.230 3.681 0.847 Aircraft 0.604 2.593 1.566

Wing Sections 0.012 8.076 0.097 Steel Bar 0.600 3725 2935
Ailerons 0.001 11.987 0.012 Payload

Servos 0.010 8.753 0.088 Total 1.204 3.157 3.801
Motor 0.051 0.336 0.017
Batteries 0.167 2.065 0.345 Golf Ball Payload
Receiver 0.012 1.138 0.014 Weight | CC location |, ent
Receiver Battery | 0.053 1.330 0.071 CREEOment | ooy (in.) (in-Ibs)
Speed Controller | 0.015 1.388 0.021 _ (x-direction)

Landing Gear | 0.022 | 2553 0.056 Aircraft | 0.604 | 2593 1.566
Propeller 0.009 0.263 0.002 Golf Balls | 0.600 3.452 2.071
Winglets 0022 | 10393 0.229 Total 1.204 3.021 3.637

Aircraft Total 0.604 2.593 1.566

Figure 5.5: C.G. Location on CAD model

5.5 Flight and Mission Performance

5.5.1 Flight Performance

The flight performance of the aircraft is described by point performance of the vehicle. The maximum
velocity of the aircraft occurs at the point when the thrust required is equal to the thrust available. The
thrust available was calculated from the MATLAB simulation and propulsive system selected earlier in
Section 4.2.2. Multiple propellers were selected to evaluate their effectiveness at higher velocities. The

thrust required curve was calculated from Equation 5.1, where Cpoand k were calculated in Section 4.4.3.

r (5.1)

o]

Iy =20 fir +1

The graph of the thrust available/required versus velocity is shown below in Figure 5.6.
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Figure 5.6: Thrust available and thrust required vs. velocity

This data was used to find the maximum velocity for each mission. Stall speed was calculated from the

value of C .« along with the maximum load factors determined in Section 5.2. Using maximum velocity,

the turn radius and time for a 360° could be calculated for each mission. The values are tabulated in
Table 5.4.

Table 5.4: Aircraft mission performance parameters

Mission 1 Mission 2/3
Vstan (ft/sec) 21 29.7
Vmax (ft/sec) 48 46
Load Factor 5.0 25
Turn Radius (ft) 14.6 28.6
Time for 360° (s) 1.91 3.9

5.5.2 Mission Performance

The lap trajectory was calculated using the mission simulation described in the previous section using the

final propulsion system and aerodynamic characteristics of the airplane. The velocity profile for the first

two laps of Mission 1 using an 8x6 propeller is shown in Figure 5.7. The velocity deficits correspond to the

required turns over the course of each lap.
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Figure 5.7: Velocity profile prediction for Mission 1 with an 8x6 propeller

The estimated average lap time for each mission configuration using each different propeller option is

displayed in Table 5.5. From the table it is clear that using the 8x6 propeller is best for minimizing lap time

in the first mission and maximizing scoring potential.

Table 5.5: Predicted mission performance for various aircraft-propeller combinations

Mission | Propeller Tilr_naep(s)
M1 8x4.3 53.6
M1 8x6 47.4
M1 ox4.7 52.8

M2/3 8x4.3 63.6
M2/3 8x6 55.9
M2/3 9x4.7 61.7

5.6 Drawing Package

The following four pages illustrate the detailed CAD of There Will Be Buzz. A three-view diagram and

payload configuration with relevant dimensions of the aircraft is shown. Exploded views are also included

to show the internal structure of the aircraft.
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