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1.0 Executive Summary

This report presents the design, manufacturing, and testing processes conducted by Team Golfstream of
Purdue University in preparation for the 2010-2011 AIAA/Cessna/RMS Student Design/Build/Fly
Competition located in Tucson, AZ. The winner of this competition is the team that achieves the highest
overall score, which is a combination of the written design report score and the total flight score. Total
flight score is the sum of the three individual mission scores. The first mission is a dash flight where score
is based on the number of laps completed in a four minute time span. Maximizing score in mission one
requires a high flight velocity. The second and third missions are three-lap payload flights, requiring the
aircraft to internally carry steel bars and golf balls, respectively. Maximizing score in missions two and
three requires a large payload capacity. All mission scores are summed and then divided by the square
root of the rated aircraft cost (RAC). Rated aircraft cost is evaluated as the maximum empty flight weight
of the aircraft, so a low weight is desirable. Additionally, the aircraft must be hand-launched and all

aircraft components must fit inside a standard, FAA approved carry-on suitcase’.

A scoring analysis was performed to identify how to maximize score based on the key mission
requirements. From this analysis, it was determined that minimizing the rated aircraft cost would be the
most important factor in maximizing total flight score. This was accomplished by maximizing the
aerodynamic efficiency of the aircraft to reduce battery weight. A flying wing design was chosen because
of its inherent high lift to drag ratio and low overall weight. A high lift to drag ratio would help increase the
system efficiency, which reduces battery weight. Swept back wings with winglets were used to provide
pitch and yaw stability. A fuselage was mounted underneath the wing to utilize the pendulum stability
usually attributed to high-wing configurations. The fuselage was designed using carbon fiber and acts as

a skid during landing, eliminating the additional weight and drag penalty associated with landing gear.

To develop an aircraft that would yield the maximum flight score, the spiral design methodology2 shown
by the schematic in Figure 1.1 was used. Each loop in the spiral design process represents a single
iteration, during which the Raymer three phase design approach® was taken. This allowed for risk
evaluation and analysis before proceeding to the next design iteration”. Each successive iteration
advanced the aircraft toward an optimized design based on mission requirements. A series of four
iterations were performed in this manner before a final detail design was generated.

The dimensions of this final aircraft are shown in Table 1.1. The aircraft uses a tractor propulsion system
consisting of a Neu Neutrino 1210 brushless out-runner motor with a six-cell, 400 mAh NiMH battery pack

and a 5.5x3.0 in. propeller.

Table 1.1: Aircraft geometry.

Wingspan Root Chord Tip Chord Mean Aerodynamic Quarter Chord Sweep Angle
(in) (in) (in) Chord (in) (Degrees)
20 4.90 2.45 4.20 30
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Figure 1.1: Spiral design schematic.

Flight and wind tunnel tests were performed on the final aircraft design, and performance characteristics
for each mission were found. These performance characteristics are outlined in Table 1.2. Since score is
calculated by dividing total mission score by rated aircraft cost, score is maximized through decreasing
rated aircraft cost, or minimizing weight. To be competitive and increase total mission score, the aircraft

must have high flight velocity for mission one and high payload capacity for missions two and three.

Table 1.2: Mission performance and capabilities.

Mission One Mission Two Mission Three
Cruise Velocity (ft/s) 36
Turn Velocity (ft/s) 37
Takeoff Weight (Ibs) | 0.300 Takeoff Weight (Ibs) 0.400
Laps in 4:00 (min) 4 Takeoff Weight (Ibs) | 0.400 Number of Golf Balls 1
Estimated Max. Laps 8 Payload Weight (Ibs) |0.100| Estimated Max. Golf Balls 20
Score 0.50 Score 0.75 Score 0.10
Total Score 2.46
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2.0 Management Summary

Team Golfstream is comprised of Purdue University students with different backgrounds and experience
levels who share a common interest in aeronautics. During the first few weeks, the members familiarized
themselves with the contest rules and analyzed the scoring system. Team members were then divided
into sub-groups based on experience levels and areas of interest.

2.1 Design Team Organization

The focus areas of the sub-groups were: aerodynamics, structures, dynamics and controls, and
propulsion. These sub-groups worked to optimize the aircraft with respect to their focus area in
conjunction with the overall team goals. Keeping team efficiency and communication in mind, each team

was assigned a team leader. Figure 2.1 illustrates the team organization.

Purdue University

AlAA DBF
Pilot — Graduate TA | Faculty Advisor
Mick Setar Meal Allgood | Dr. Ebenezer Gnanamanickam
Team Lead
Taom Finn
|
| | | l
Aerodynamics Lead Structures Lead DE&C L ead Propulsion L ead
Tarm Tarltan Landan Baur Raheel Mazhary Kent O'Meil
| I | I
Aerodynamics Team Structures Team D&C Team Propulsion Team
Dan Murzyn Corbin Crenk Jardan Towles-Moare Andy ¥u
Jasan lafigliola Parithi Gavindaraju Micalaus Caniza Stephen Bachhuber
Frank Priar Lee Wiwi Daniel Ha Di-ka

Bill O'Meill

Special thanks to Dillon McKenzie-Veal for CAD help.
Figure 2.1: Team organizational chart.

2.2 Milestone Chart

To streamline the design process, a Gantt chart was used to identify milestones to aid in keeping the
team on schedule. Figures 2.2 and 2.3 present the corresponding charts outlining the fall and spring

semesters.
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Figure 2.2: Fall milestone chart.
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Figure 2.3: Spring milestone chart.

3.0 Conceptual Design

Conceptual design involved analyzing mission requirements, scoring equations, and design constraints to

determine the aircraft configuration that would yield the maximum score.
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3.1 Mission Requirements

The AIAA Design/Build/Fly Competition for 2010/11 consists of three flight missions. Requirements for
these missions and competition constraints are given in the contest rules for the 2010/11 AIAA DBF
competitionl. The goal of the competition is to successfully complete the missions, achieving a maximum

total score while adhering to all competition rules.
3.1.1 Aircraft and Payload Requirements

The theme for this year 6s compedri tummaahvahiclla Aajedrordftdi er P o |
configuration deemed ideal for scoring other than rotary wing or lighter-than-air may be used. Contest

specified aircraft and payload requirements are as follows:

1 Maximum battery weight of 0.75 lbs (only NiMH or NiCd batteries).
1 20 Amp fuse limit.
1 The aircraft must be hand-launched for takeoff.
I A suitcase must contain the whole aircraft and tools necessary for assembly, except the
transmitter.
f The sum of the suitcasebs external di methai ons (|

maximum dimension of 22 in.
1 All payloads are internally stored. Mission two uses steel bars and mission three uses golf
balls.

1 The steel bars are 3x4 in., with the thickness determined by the team.
3.1.2 Mission Profiles

Each team will attempt to complete the three missions with a maximum of four total flight attempts. The
aircraft must be assembled and inspected within a five minute time span before each mission is
attempted. The mission course is shown in Figure 3.1. The aircraft will be hand-launched, fly the 500 ft
upwind leg, fly the 1000 ft downwind leg with a 360° turn, and fly the last 500 ft leg to complete one lap.
Each mission must be completed before the next mission can be attempted. The aircraft must land on the

runway without sustaining any major damage for an attempt to be counted as successful.

360 Degree Turn

[ | —

1 1
| |
| |
| |
: [ Starting Line :
S I
| I
I 1
| ]

500 500
. Ft Ft N
Figure 3.1: Course layout™.
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Each mission was designed to simulate a potential assignment for a soldier portable UAV. Mission one is
a dash flight to complete the maximum number of laps within a four minute time limit. Mission two is a
three lap payload flight with the team supplied steel bar. Mission three is a three lap payload flight with
the competition supplied golf balls. The team selects the number of golf balls to be carried. Loading time

is not a variable in the scoring equations, and flight time only factors into the score for mission one.
3.1.3 Scoring

Scoring equations were analyzed to determine the factors with the largest influence on overall flight

score. In these equations, weight is measured using pounds, as specified by competition rules.

Mission 1 Score = Njaps/ Nmax

]

Niaps IS the number of completed laps flown.

Nmax is the maximum number of successful laps flown by any team for mission one.
Mission 2 Score = 3 * Payload_Weight / Flight_ Weight

Payload_Weight is the weight of the steel bar carried.

Flight_Weight is the aircraft weight immediately after a successful flight.
Mission 3 Score = 2 * Npais/ Nmax

Npaiis is the number of golf balls carried.
Nmax IS the maximum number of golf balls successfully carried by any team for mission three.

Total Flight Score = Mission 1 + Mission 2 + Mission 3

Total Team Score = Written Report Score * Total Flight Score / +/RAC

RAC = Max(EW,, EW,, EWS5)

1 Rated aircraft cost (RAC) is the maximum empty weight of the aircraft recorded immediately
after a successful scoring flight, where EW, is the post-flight weight with the payload

removed".
3.2 Translating Mission Requirements to Design Requirements

An initial scoring analysis was performed by perturbing baseline scoring parameters. This analysis proved
inconclusive, as the sensitivity changed drastically with the RAC. This simplistic scoring analysis was
replaced by an in-depth scoring analysis that sought to eliminate design variables. This scoring analysis
takes into account al/l potential scoring scenarios for
has a 20 Amp fuse and a 0.75 Ib battery pack limit, it was evident that the aircraft would be smaller than
previous competitions. Scores from missions one and three are nondimensionalized by the best

competition values, so baseline estimates of these maximum values were made. To determine the
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maximum score for mission two, a new variable, payload weight fraction, was defined as the payload
weight divided by the flight weight. Historical data for payload weight fractions was researched using past
DBF reports; however, no conclusive trend was found. Additionally, all historic data was obtained from

aircraft much | arger t han this year 6s expected size

Concerns arose over how the payload weight fraction
approaches the minimum feasible weight limit. For instance, some quantities such as glue and wood only

scale in discrete values. To more accurately estimate how payload weight fraction changes with the
aircraftdéds empty weight, a -210DBH cempetitioa aircraftonas bait andP ur due 6 s
fl own. I n Figure 3.2, a trend wasaircda# ang this gpneatler ozt we en |
version. It was hypothesized that an aircraft could become so small that it could no longer carry a

payload. Based on this hypothesis, a point is placed at the origin, representing a very small aircraft

incapable of carrying a payload. This point was critical in generating a curve fit to estimate how payload

fraction may vary with lightweight aircraft. Although this is a small sample size from which to draw a trend,

these mark actual experimental data points and served as a starting point for the analysis. Using the

curve fit from Figure 3.2, the maximum payload weight can be estimated from the associated rated

aircraft cost, eliminating one scoring variable. The number of variables was further reduced by assuming

that carrying more golf balls would not increase the profile drag. Therefore, the number of golf balls could

be calculated based on the payload weight fraction. Score can be estimated by number of laps, rated

aircraft cost, payload weight fraction, and maximum baselines.

Payload Weight Fraction Estimate

0.6

0.5

0.4

0.3

0.2

7 oz. version of ] o —
01 2009-2010 aircraft Award-winning 2009-
2010 DBF aircraft

Payload Weight Fraction

0
1 2 3 4 5 6

Weight (Ibs)

-0.1

Figure 3.2: Payload weight fractions from Purdue aircraft.

A rudimentary Monte Carlo simulation was conducted using potential aircraft for all cases. This is a type
of computational method that relies on taking repeated random samples to compute results. In this case,
random baseline values were used to represent all conceivable planes and scenarios. Based on this

simulation, Figures 3.3, 3.4, and 3.5 were generated.
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Figure 3.5: Score scenario.

Figures 3.3 and 3.4 describe scenarios where the winning aircraft weighs 4.64 oz, flies four laps, and
carries one golf ball. For both scenarios, the maximum number of laps was 12 and the maximum number
of golf balls was 21 and 33, respectively. This illustrates that, for most cases, a lower RAC is more
important than carrying the most golf balls or flying the most laps. One scenario in which this is not the
case is depicted in Figure 3.5, where the winning aircraft weighs 21.4 oz, carries six golf balls, and flies
10 laps. These also represent the maximum values for each scoring variable. As long as one team
successfully flies a large number of golf balls, the lightest aircraft will score highest. This trend breaks
down when all competition aircraft are relatively light and fly a comparable payload. In this case, the

lightest aircraft scores high, but not the highest.

Using this information, building the lightest possible aircraft became the priority. The target weight of the
aircraft was increased from 4.64 0z to 4.80 oz to allow for a 0.16 0z margin of error during manufacturing.
This dictated building a 4.80 oz aircraft that could complete four laps, carry one golf ball, and carry one

steel bar weighing the equivalent of a golf ball.
3.2.1 Translating Mission Requirements to Design Requirements Summary

1 Aircraft Assembly i Create a design solution that can be assembled within five minutes while
remaining as light as possible.
1 Mission One: Dash to Critical Target i Create a design solution to successfully and timely complete

an unloaded flight with the minimum possible weight.
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1 Mission Two: Ammo Re-Supply i Create a design solution that successfully carries one steel bar
equivalent to a golf ball in weight for three laps.

1 Mission Three: Medical Supply Mission 1 Create a design solution that carries one golf ball for three
laps.

1 Manufacturing T Produce a 4.80 oz aircraft that is easy to manufacture and repair.
3.3 Concepts and Configurations

The initial scoring analysis established that the aircraft needed to be as lightweight as possible. The
aircraft must also be designed to fly all missions in accordance with the competition rules. Combining the
need for a lightweight aircraft along with scoring in all missions, a payload of one golf ball for mission

three and its equivalent weight in steel for mission two was decided.
3.3.1 Brainstorming

A comprehensive conceptual design process was necessary to ensure a successful aircraft, as design
changes are more costly later in the design process. An objective tree, a morphological matrix, and a
house of quality (HOQ) were used to translate the mission requirements into design requirements, as

shown in Figure 3.6 and Table 3.1.

Purdue AIAA
DBF Solution
|
\ 4 \ 4 \ 4
Lightweight Low Risk Deployable
l '—I—V v—l—v
\ 4 \ 4
Light Battery and Simple Robust Stable Easy Hand
Propulsion Frame Control Assembly Launch
I I
\ 4 \ 4 \ 4 ¢
High Efficiency Low Light Simple Easy High Neutral High
System Drag Materials Repairs A/R C.G. Cimax

Figure 3.6: Objective tree.

The HOQ was used to assign numerical values to mission requirements based on the design constraints
from the objective tree. Table 3.1 shows how the importance of each item was ranked based on the
scoring analysis. Initially, missions two and three were treated separately, but as the process progressed,

it was determined that the two missions could be combined, as they were similar in scoring.
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Table 3.1: House of quality.

+ + + + - - + -
Design - > | -
Requirements | ¢ |8 S 215 2 15 |2
o 15 IS 3RS
Customer S g % T |d 2 o E z
Requirements E |3 @ |8 |g | |£ |5 |8
(What) < o (T R S R 2
Mission 1 HighSpeed [0.18[ 7 HEHIEN ¢ |6 | > IEN 2
Light Weight |0.08| 4 8 7 8 9 7 3 4 | Moderately Important
Mission 2&3 [Light Weight |0.14| 4 8 7 8 9 7 3 4 | [Somewhat Important
Carry Capacity |0.12| 6 9 8 9 8 4 8 2 | |Least Important
General  [Stable 0.06 S 6 1 0| 4 6 1 8
Robust 0.08| 5 1] 3 1138 |2 11| 6
Absolute Importance 6 9 3 7 2 4 2

Multiple conceptual designs were generated based on the HOQ analysis. Figure 3.7 shows sketches that
depict various potential aircraft configurations. Using the importance rankings in Table 3.1, aircraft design

features were then determined using figures of merit (FOM).

~
a Fae

Figure 3.7: Conceptual design sketches.

3.3.2 Aircraft Configuration

Figures of merit were used to determine the appropriate design configurations based on previously
determined design requirements. Several possible aircraft configurations and concepts were analyzed. In
an effort to remove the subjective nature of the figure of merit analysis, trade studies and historical data
were utilized. The findings of these studies for each configuration were then used to assign the numerical
values of each performance factor. The scoring analysis and other design constraints were considered
when allocating the percentage weights of each performance factor. The following outlines the

considerations for weighting used in this analysis.

1 Weight was shown to be the most crucial factor in the scoring analysis.

9 Lift to drag is critical for speed, range, efficiency, and payload capacity.

1 Flight stability is an important factor, but less significant than weight or lift to drag.

1 Manufacturability is a concern because a simple, reliable, and repairable design is important.

Purdue University i Team Golfstream E Page |12



|

Packability will be a small factor, since the aircraft should fit into the suitcase in one piece.
Launchability is moderately important.

Weight balance is a concern for configurations that may alter the location of heavier components.

Thrust must be adequate to overcome drag at the desired flight conditions.
Drag effects influence the size of the propulsion system and the efficiency of the aircraft.

1

1

1

1 Landing without sustaining damage to the aircraft is required for a successful mission.

il

il

1 Assembly time is a small concern because the allotted five minutes should be more than adequate.
3.

3.3 Wing Configuration

The wing configuration is the most significant characteristic of an aircraft concept, as it has the largest
influence on flight performance. A range of wing configurations, including a monoplane, biplane,
canard/tandem wing, and flying wing, were considered. A figure of merit analysis was performed to find
the configuration that best met design requirements. Numerical values were assigned based on the

results of a theoretical aerodynamic trade study. The conclusions of this analysis are in Table 3.2.

Table 3.2: Wing configuration FOM.

Monoplane Biplane Canard/Tandem| gjying wing
Wing

Weight 35% 3 2 4 4
Lift/Drag 35% 3 2 4 5
Flight Stability 15% 3 3 2 1
Manufacturability | 5% 3 3 2 2
Packability 5% 3 3 3 4
Launchability 5% 3 4 2 2
Total 100% 3 2.35 3.45 3.7

The following provides an explanation of the considerations in Table 3.2.

1 Monoplane i The monoplane configuration is the most general aircraft configuration. This is used as
the baseline for comparison.

1 Biplane i The biplane was considered to have more lift for a given wing span than the monoplane.
Additionally, braces placed between wings can allow for a strong, lightweight structure. The biplane
configuration, however, has more drag than the monoplane due to bracing structure, which leads to
adverse aerodynamic effects due to the close proximity of the wings.

1 Canard/Tandem Wing i Canard/tandem wings use a lifting wing in front of the main wing for stability.
This offers greater overall lift when compared to a monoplane, as the control surface also produces
lift. With this configuration, the main wing is positioned in the downwash induced by the canard or

forward wing. This can increase the induced drag from the main wing, which decreases the overall lift
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to drag performance. Furthermore, the canard/tandem wing configuration can suffer from a high stall
speed due to the canard/forward wing stalling before the main wing.

1 Flying Wing 7 The flying wing configuration is expected to have the best lift to drag ratio because of
the minimal wetted and frontal area. The flying wing is also expected to be the lightest, as this
configuration does not require structure for the tail section. Since pitch and yaw stability must come
from either the wing itself or surfaces attached to it, there are stability issues associated with this
configuration. This reduces the moment arm of these control surfaces, reducing control authority.

The flying wing configuration was chosen due to its favorable lift to drag ratio and low weight. Stability

concerns were noted and addressed during the preliminary and detailed designs.
3.3.4 Vertical Stabilizer Configuration

Next, a range of vertical stabilizer configurations were considered. This included no stabilizer, a single
central stabilizer mounted to the wing, a stabilizer mounted to a boom, or winglets. Numerical values were
assigned based on a theoretical stability analysis conducted for the various configurations and their

associated sizing. The figure of merit study is shown in Table 3.3.

Y

Table 3.3: Vertical stabilizer configuration FOM.

Merit Weight None Single Central | Singe Boom Winglets
Manufacturability | 35% 5 3 2 4
Stability 50% 1 3 4 4
Drag Effects 15% 4 3 3 5
Total 100% 2.85 3 3.15 4.15

The following provides an explanation of the considerations in Table 3.3.

1 Nonei A flying wing with no vertical stabilizer will have no yaw control; yaw stability must come from
other features.

1 Single Central i A central vertical stabilizer will be located close to the center of gravity (C.G.) of the
aircraft. This requires a larger stabilizer, which will increase weight and drag.

1 Single Boom i A stabilizer mounted on a boom adds weight due to the boom structure, but the
stabilizer is smaller due to a larger moment arm.

1 Winglets i Winglets act as a pair of vertical tails, providing stability in the yaw direction. This effect is
increased with wing sweep as the winglets move further aft. Additionally, winglets can reduce induced
drag.

From the above considerations, winglets were chosen because they would provide the necessary control

with the smallest weight and drag penalty.
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3.3.5 Landing Gear Configuration

Competition rules stipulate that the aircraft must land on the paved runway without sustaining significant
damage. Furthermore, the landing gear configuration must facilitate a hand-launched takeoff. For these
reasons, several landing gear configurations were considered. These include tricycle and bicycle landing
gear, as well as a landing skid. The tail dragger configuration was omitted due to the lack of a tail. Table

3.4 illustrates the FOM for the landing gear configurations considered.

Table 3.4: Landing gear configuration FOM.

TN

Merit Weight Tricycle Bicycle Skid
Manufacturability | 10% 3 2 4
Weight 50% 1 2 5
Ground Handling | 40% 5 2 2
Total 100% 2.8 2 4.5

The following provides an explanation of the considerations in Table 3.4.

1 Tricycle i The tricycle configuration was used as the baseline design. Tricycle landing gear exhibits
predictable and reliable ground handling.
Bicycle i Poor ground handling characteristics eliminated this design.
Skid i The aircraft will land on a reinforced skid attached to the bottom of the aircraft. This minimizes
weight and drag by adding minimal material.

Weight is the driving factor in this design and played a large role in this analysis. The FOM for landing

gear led to a skid type configuration.
3.3.6 Motor Location

Motor location is important, as the propulsion system is the heaviest aspect of the aircraft. Positioning the
motor has a large influence on the C.G. and maintaining a positive static margin for the aircraft. Table 3.5
illustrates the FOM for motor configurations considered.

Table 3.5: Motor configuration FOM.

,/-.:
Merit Weight Tractor Pusher Twin Tractor
Weight 45% 3 3 1
Weight Balance 15% 3 2 4
Thrust 25% 3 3 4
Launchability 15% 3 2 3
Total 100% 3 2.7 2.5
The following provides an explanation of the considerations in Table 3.5.
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Single Tractor i The single tractor system benefits from high propeller efficiency, as well as keeping
the C.G. ahead of the aerodynamic center.

Single Pusher i The single pusher configuration shifts the C.G. aft, and hand-launch ability becomes
an issue, as the launcher& hand is directly in front of the propeller arc during the launch. Additionally,

the propeller efficiency is decreased due to the wake of the aircraft wing.

Twin Tractor i The twin tractor system provides an increase in thrust, but the additional motor and

required electronics increases the propulsion system weight.

The figure of merit analysis shows that a single tractor motor is the best option for the aircraft, as this

solution gives the best combination of the desired merits.

3.3.7 Suitcase Fit

The aircraft must fit into a standard carry-on suitcase, so packing configurations were drafted and

analyzed. The compared configurations are displayed in Table 3.6.

Table 3.6: Wing packing configuration FOM.

s S\ P

Merit Weight One Piece Hinged Wings Two Piece Three Piece
Manufacturability | 30% 5 3 4 3
Weight 60% 5 2 3 1
Assembly Time 10% 5 4 3 2
Total 100% 5 2.5 3.3 1.7

The following provides an explanation of the considerations in Table 3.6.

1

1

One Piece i The aircraft remains as a single piece and fits into the suitcase as a single unit. This
solution produces the minimum weight of any configuration.

Hinged Wings i This provides a simple and quick solution for assembly, but penalizes the scoring
with higher weight. It also greatly increases manufacturing complexity.

Two Piece T This configuration is adequate in maximizing space utility, but requires some assembly
time. The joints also require extra support, which increases weight.

Three Piece i This is the least ideal setup compared to the others, as it requires more support for the
joints and adds extra weight. The joints also reduce internal volume for payload capacity.

Although all of these concepts are capable of satisfying the five minute assembly time, weight is the

ultimate influence. Joints require additional support, which increases weight and are structural weak

points. A single piece wing eliminates the need for joints and simplifies storage in the suitcase.
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3.3.8 Morphological Matrix
Figures of Merit were used to select the configurations that demonstrated the most favorable

characteristics. A morphological matrix documenting the selected configuration is shown in Table 3.7.

Table 3.7: Morphological matrix.

Components Configurations
Wing Configuration Monoplane Biplane Canard Flying wing
Vertical Stabilizer None Central Boom Winglets
Landing Gear Tricycle Bicycle Skid
Motor Configuration Tractor Pusher Twin tractor
Packaging One piece Hinged wings Two piece Three piece

3.3.9 Review of Conceptual Design
The final conceptual design is a swept, flying wing aircraft with a single tractor motor and winglets, as

seen in Figure 3.8.

-

Figure 3.8: Conceptual design.

4.0 Preliminary Design

The chosen aircraft concept was a flying wing with a single tractor motor and winglets, as shown in Figure
3.8. The spiral design methodology was used to develop a concept and converge on a final design. With
this method, a design was progressed through the conceptual design, preliminary design, and
manufacturing phases. The resulting solution was then tested and compared to design requirements.
Using test data and further analysis, a revised design concept was then proposed and the process was

repeated. The aircraft design was iterated in this fashion until a maximum scoring aircraft was achieved.

Within the paradigm of the spiral design approach, preliminary design is where specific aircraft
parameters are analyzed and defined. To reach decisions on the specifics of the aircraft design, several
computational models were used to ensure the resulting aircraft demonstrates desired characteristics.

The various sub-phases of the preliminary design process are shown in Figure 4.1.
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Preliminary Design Process

Rules & Mission Analysis % Constraint Analysis <4—- Sizing <+—> Mission Analysis

L=~ 1

Minimize Weight —  Maximize Speed ~ — Mame"uze Payload
apacity

Figure 4.1: Preliminary design process.

4.1 Models

Computational models were used to carry out design constraint analyses on the mission performances
and determine how they affect the total score. The computational models used were either Purdue legacy
models, freshly developed tools, or a combination of the two. Initially, a constraint and scoring analysis
was performed to establish preliminary design space and the resulting aircraft parameters. A preliminary
design point was chosen and these values were then used in the aerodynamics, dynamics and controls,
structures, and propulsion analyses.

4.1.1 Constraint Model

A constraint analysis model was used to translate design requirements into a bounded design space.
Previous Purdue DBF aircraft and contest rules were examined to determine aircraft and mission specific
parameters such as aspect ratio and payload weight fraction. These were then used in lift, speed, and
power equations to generate specific power and wing loading for different phases of flight. The process

used to define aircraft sizing constraints is shown in Figure 4.2.

Aircraft
Parameters

IA

*‘

Calculate Cp, L/D, k,
etc.

v

Calculate Specific
Power, Wing Loading

|
v v v v v v

Takeoff Climb Maximum Cruise Turn Landing
Speed
| | | | | |
Y

Optimized
Parameters?

\ 4
Constraint
Diagram

Figure 4.2: Constraint model.

Purdue University i Team Golfstream E Page | 18



|

4.1.2 Mission Model

A mission model was created to estimate the power and energy requirements of each mission. To do this,
missions were broken down into the distance and time for takeoff, climb, cruise, maximum speed, and
turns. The predicted power requirements for each flight phase were found and integrated over time to
determine total energy required. The maximum power required and total energy required then served as
the lower bounds for motor and battery selection, respectively. Figure 4.3 illustrates the process used for
mission modeling®.

Input
Wing Loading (W+o/S), Aspect
Ratio (AR), Specific Power
(Watts/Ibs), Flight distance (x)
v
Calculate Drag Coefficient (Cp), Wing Area
(S), Takeoff Weight (W+o)

v

Main Program Loop
Calculate Velocity (V), Power Required (W), Flight Time (s)

|
v v v v v v
Takeoff Climb Mggig;ém Cruise Turn Landing
I I I I I I
v

Calculate Energy Required (Wh), Mission
Specific Battery Weight (Wg)

v v v
Mission 1 Score Mission 2 Score Mission 3 Score
1 | |
v

Total Score

Figure 4.3: Mission model.
4.1.3 Aerodynamics Model
In order to define the wing so that it would exhibit the desired characteristics, a multistep approach was
taken. Aspect ratio, wing area, and wing span were based on the constraint sizing analysis. From these
requirements, lift coefficients were determined for the 2-D airfoil section. This data and additional
requirements for stability and drag culminated in an ideal airfoil. Wing planform was then investigated to

find the geometry that provided the highest lift to drag performance and acceptable stability
characteristics. Figure 4.4 illustrates this process.
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Input
Aspect Ratio (AR)
Wingspan (b)
Wing Area (S)
v

Calculate lift envelope (C.), Reynolds
number (Re)

Input > ¢

Airfoil v

Create 2-D lift curve, drag polar,
pitching moment curve

Optimum
Airfoil?

\/

3-D sweep/taper analysis
Calculate 3-D Lift/Drag

Output Airfoil,
Lift, Drag Input

Figure 4.4: Aerodynamics model”.
4.1.4 Stability and Controls Model

One of the main concerns with a flying wing design is stability; therefore an extensive analysis on both the
longitudinal and lateral stabilities of the aircraft was conducted. To simplify the preliminary analysis, it was

assumed that these two stabilities were uncoupled and two separate analyses were conducted.

Due to the lack of a vertical tail structure, the lateral stability of the aircraft was a concern. Winglets were
optimized to produce a desired correcting force without compromising maneuverability. The winglet
design was configured to decrease induced drag. Winglet analysis was based off of a vertical tail
analysis. Specifically, the size of each winglet was determined by halving the vertical tail size obtained
from the vertical stabilizer analysis outlined by Raymer®. Figure 4.5 demonstrates the process used to
determine winglet sizing.

Input Wing Span (b) & » Obtain Initial Vertical ' __y, Reduce —

Area (Sw), Tail Volume Tail Size (Svr) Winglet Size
Coefficient (Cyr) *
Output Acceptable
i i i N response due
Optimal Vertical ¢ Select previous winglet size 0 p du
. ; before undesired response to crosswind
Stabilizer Size (Svr) perturbation?

Figure 4.5: Winglet sizing model.
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Longitudinal stability is difficult to achieve without the horizontal stabilizer. Subsequently, static margin
(S.M.) was closely studied to ensure adequate stability and control. Static margin is based on the location
of the C.G. relative to the aerodynamic center. Changing the C.G. location is most easily accomplished by
altering the arrangement of the electrical components within the fuselage. The key part of this analysis is
determining the optimum component locations to achieve the desired C.G. location. This process is
outlined in Figure 4.6.

Input Wing Span (b), Wing » Obtain Neutral Obtain Aircraft | Calculate Static
Taper (), Aspect Ratio Point Xp Center of Gravity Xcq Margin
Change ) ;
Component 4N— DSe T\;lrid
Locations o
lYes
Output

Desired Static Margin and
C.G Location, Xcq

Figure 4.6: Static margin model.

The initial stability and control analysis was performed using a MATLAB program named Flat Earth®. This
is a program developed by Dr. Andrisani, a professor at Purdue University, and his students. It gathers
the relevant parameters of an aircraft and computes its stability derivatives by solving the equations of
motion with numerical integration techniques. In addition, Simulink was used to predict the dynamics of

the aircraft given perturbations in the control surfaces or external forces.
4.1.5 Structural Model

Structural modeling analyzed the properties of different materials commonly used in model aircraft. It was
then determined how the structure could be designed to minimize weight while maintaining necessary
structural integrity. Strength and density properties were analyzed to determine the ideal material for each
aircraft component. Preliminary results from the constraint and aerodynamic models for span, aspect
ratio, and airfoil thickness were used as input parameters. Calculations for stress and moment of inertia
were then iterated for spars of different shapes and cross section dimensions. Structural weight was
calculated from the density and volume of materials used. Weight from glue joints was ignored in this
model. Figure 4.7 illustrates the process used to determine the optimum wing spar dimensions. The focus

was to minimize weight to maximize overall score.
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Input Aircraft Input Material
Parameters Properties
I ¢
v l

Calculate Structural
Weight
v

Calculate Mechanical
Properties

Check _
Mechanical Change Spar/Rib
_— > .
Constraints Variables
A

v

Is weight
minimized?

v

Output spar design,
estimated weight

Figure 4.7: Structural model.

4.1.6 Propulsion Models

An efficient and lightweight motor, propeller, and battery combination was needed to maximize the overall
score for the competition. The motor and propeller efficiency curves were calculated from aerodynamic
data and specifications provided by manufacturers. The aerodynamic data was derived from
experimentation and the Goldstein method®. Total efficiency was calculated from the propeller and motor
curves. The power outputs of motors with ideal efficiencies were used to determine system voltage, flight
time, and required battery capacity. From the battery and motor choices, the system weight was

calculated. This process was repeated until the best motor and propeller combination was found.
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wattage, and flight time

Output Propulsion System
Figure 4.8: Propulsion model.
4.2 Design Trades

The constraint and mission modeling processes were performed to provide preliminary aircraft
parameters. Each subsystem was then analyzed to further define aircraft parameters and develop

theoretical performance expectations.
4.2.1 Constraint Model Results

The constraint model used mission requirements to find the design space based on specific power and

wing loading. This design space, shown in green, is depicted in Figure 4.9.
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Figure 4.9: Constraint analysis.
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The shape of the constraint curves show that the ideal design space is restricted by the takeoff, maximum
velocity, and turn phases of flight. Due to the hand-launch requirement, tests were performed to
determine the maximum possible takeoff speed. A maximum launch speed of 28 ft/s was found and used

for modeling the takeoff curve.

The results of the constraint analysis, combined with other aircraft parameters, were then used to
determine which constraint values gave the maximum score. This score corresponded to a specific power
of 65 Watts/Ibs and a wing loading of 9.4 oz/ft*.

4.2.2 Mission Model Results

All three missions were simulated to determine the minimum energy required, which was then used to
determine the minimum battery weight. Mission one, the dash flight, requires the most total energy
because it has a higher flight speed and flies a greater distance. The results of mission oneés f | i ght

simulation can be seen in Table 4.1.

Table 4.1. Energy use breakdown by flight leg, mission one.

Leg Power Required|Velocity | Time | Distance |Energy Used, Leg
(watt) (ft/s) (s) (ft) (W*h)
Takeoff 23.0 3155 | 0.8 17 0.005
Climb 24.7 33 7.2 238 0.049
Max. Speed 32.9 40 193.6| 7745 1.769
Turn 30.7 36 27.4 986 0.151
Total N/A N/A  |229.0| 8986 2.056

The total energy needed to complete four laps for mission one was found to be 2.056 W*h, which was
used as a minimum value for propulsion analysis modeling. In this analysis, one assumption made was
that voltage remained constant as the battery drained, so conversions from watt-hours to milliamp-hours
used nominal voltage discharge for an approximation. Propulsion efficiency was based on that of previous

Purdue DBF aircraft and may deviate for smaller scales.

Using the results from the constraint and mission model analysis, in conjunction with their respective
inputs, initial aircraft sizing parameters were established. Further performance analysis models were
based on the parameters outlined in Table 4.2.
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Table 4.2: Aircraft sizing parameters.
Summary

Aspect Ratio 5.44

Wing Area (in.”) 735
Wingspan (in) 20

Payload Weight (Ibs) 0.100

Empty Weight (Ibs) 0.174

Total Battery Weight (Ibs) 0.126

Takeoff Weight M1 (Ibs) 0.300

Takeoff Weight M3 (Ibs) 0.400

Total Energy Required (Watt-hours) | 2.056

4.3 Aerodynamics Results

Aerodynamic results were determined through the use of analytical models and traditional calculations

based on empirical trend fits. These results are outlined in the following section.
4.3.1 Coefficient of Lift Envelope Calculations

It was important to find the lift coefficient (C,) envelope that would generate the necessary lift for each
mission based on the preliminary aircraft dimensions. This lift envelope was then used to eliminate airfoils
from consideration. From the constraint analysis and mission models, flight speed, wing loading, and
flight weight were determined. These values were then used in the equation below to calculate the
required C_ envelope for missions two and three, as these had higher lift requirements. The results can
be seenin Table 4.3.

E L
" (gews)
Table 4.3: Estimated and calculated flight values.
1 (s Pyul| u(ftss) S (ft) L (02) C.
Takeoff 0.002208 28 0.51 7.0 1.01
Cruise 0.002208 36 0.51 7.0 0.61

4.3.2 Airfoil Selection

Following the coefficient of lift envelope calculations shown above, a range of airfoils and their lift
characteristics were investigated. A total of 53 different airfoils were compared during this analysis. The
airfoils that best met the C, requirements and further demonstrated other desired characteristics were
chosen for additional comparison. The most notable of these other characteristics is the airfoil pitching
moment coefficient (C,,). Since the aircraft will rely solely on the main wing for pitch control, the moment
created from the wing must allow for stable, level flight. For any aircraft to have positive static stability, it
must have a positive static margin. In steady level flight, this would require that the C, about the
aerodynamic center have a positive value. This narrowed the eligible airfoils to only those with small

camber, and included airfoils that exhibited reflex. Some of the airfoil designs that were compared

27

Purdue University i Team Golfstream Page | 25



|

included: Martin Hepperle, Eppler, and NACA series. Airfoils were analyzed using XFLR5’ for 2-D viscous
flow over a range of angles of attack. Aerodynamic characteristics such as C, and C,, vs. alpha as well as
the drag polars were recorded and then compared. To estimate Reynolds number, an assumption of flight
conditions was made based on mission modeling. Table 4.4 shows the assumed flight conditions of
Tucson, AZ.

Table 4.4: Assumed flight conditions.

Tucson Flight Conditions
Dynamic viscosity (slugs/ft*s) 3.69E-07
Density (slugs/ft®) 0.002208
Chord length (ft) 0.3175
Cruise speed (ft/s) 36
Reynolds number 66420

From the XFLR5 analysis, the list of airfoils was narrowed down to five. C;, C4vs. C,, and C,, plots of these

airfoil characteristics are shown in Figures 4.10, 4.11, and 4.12.

Lift Coefficient, Re = 66420

1.5
1 Z %"
05 —(J25209
Q —E180
0 E184
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-10 -5 0] 5 10 15 20
Alpha (degrees)
Figure 4.10: Lift curve comparison.
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Figure 4.11: Drag polar comparison.
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Figure 4.12: Pitching moment coefficient comparison.
Figures 4.10, 4.11, and 4.12 show that these airfoils meet the C, requirements for cruise outlined in Table
4.3. Furthermore, the CJ25209 and the Martin Hepperle 70 (MH70) are shown to have the highest lift and

also meet the C,takeoff requirements. A higher lift coefficientwili ncr ease the aircraftods

the aircraft payload potential. This higher payload potential would then increase the score for missions
two and three. From the drag polar, it can be seen that the MH70 has a higher lift to drag ratio than the
CJ25209. This is beneficial since a higher lift to drag ratio reduces the amount of power required,
increases aerodynamic efficiency, and reduces battery and overall flight weight. Overall, the MH70 airfoil
has a higher Cax higher lift to drag ratio, and a desired C,, curve based on the criteria outlined above.

The MH70 was chosen for these reasons; its geometry is shown in Figure 4.13.
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Figure 4.13: 2-D geometry of the MH70 airfoil.
4.3.3 Sweep and Taper Analysis

Following the airfoil selection, the planform shape and its effects on lift, drag, and stability were
investigated. It was noted that with a flying wing, the elevators are on the main lifting plane. This means
the elevator deflection required to create a ptchup moment al so reduces the
of attack. Although this is similar to a conventional aircraft, the effects are more pronounced due to the

close proximity of the elevators to the center of gravity. The elevator acts like a negative flap by
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decreasing camber, which dramatically decreases the lift on the entire wing. This makes it important to

also account for the effects of the elevators when investigating different wing planforms.

To better understand the lift and drag performance of different sweep and taper combinations, XFLR5
was used to create C_ vs. Cy plots for elevator deflection angles of +5 degrees. The maximum static
margin was then chosen for each sweep and taper combination so that, for an elevator deflection of 5
degrees, the steady state C, value was maximized. This was done to find the highest C, values that could

be achieved by the aircraft and their associated stability.

Wing sweep was varied from 20 to 40 degrees in 10 degree increments for an initial taper ratio of 0.5.

The resulting performance for the different wing sweeps is shown in Table 4.5.

Table 4.5: Effects of sweep.

Effect of Sweep for Taper Ratio = 0.5
Sweep (degrees) 20 30 40
Crmax 0.8 | 0.75 | 0.7
Lift to Drag 14.04 | 13.99 [ 13.9
Static Margin (% MAC) 12 16 20

While low sweep angles provided the highest lift for the best lift to drag ratio, higher sweep angles could
afford a larger static margin due to the increase in elevator control authority, providing higher stability.
Based on these trends, it was determined that the desired choice would be the lowest wing sweep
possible that still allowed for an adequate static margin. Initially, a static margin of 12% mean
aerodynamic center (MAC) was deemed acceptable by the dynamics and controls analysis. This resulted
in a wing sweep of 20 degrees to be chosen. Flight tests later showed that this configuration provided
inadequate control and stability. The next design iteration addressed this issue by increasing wing sweep

to 30 degrees. This allowed for a static margin of 16% MAC with a C,,ax of 0.75.

With a sweep angle chosen, the effects of taper ratio were then investigated. Taper ratio was varied from

0.33to 1, and the same analysis was performed. The results are shown in Table 4.6.

Table 4.6: Effects of taper.

Effect of Taper for Sweep = 30 degrees
Taper Ratio 0.33| 0.5 1
Cruax 0.7 |0.75]0.76
Lift to Drag 13.8| 14 |141
Static Margin (% MAC) 12 | 16 | 18

From Table 4.6, it can be seen that as taper ratio is decreased from 1 to 0.5, lift to drag increases as well
as Cmnax performance. As the taper ratio is further decreased from 0.5 to 0.33, however, the achievable
CiLmax and L/D remain approximately constant. This means that the only notable difference between a

taper ratio of 0.5 and 0.33 was the slightly higher static margin that could be set for the smaller taper
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ratio. From these results, a taper ratio of 0.5 was ultimately selected as this would simplify manufacturing

and have minimal effects on lift and drag characteristics.

Based on these analyses, a wing sweep of 30 degrees and a taper ratio of 0.5 were chosen. The
performance of this configuration is shown in Figure 4.14. The Cy is revolved about the static margin of
16% MAC, meaning all steady state values lie on the y-axis. Moment coefficient curves were not created

for near stall conditions as the numerical method used in XFLRS5 failed to converge at these points.
4.4 Stability and Controls Results

The first design iteration had a sweep angle of 20 degrees which was determined from the aerodynamic
analysis. Flight testing concluded that the aircraft was unstable and exhibited inadequate elevon control
authority. This led to a redesign that increased the wing sweep to 30 degrees and the static margin to
16% MAC. Subsequently,t he aircr aft 6s edfmom havingaadonder winglet incenent drm. t

The elevons also had a greater moment to control the pitch and roll of the aircraft.
4.4.1 Elevon Sizing

The control surface design for a tailless aircraft is paramount, due to the pitch instability issues associated
with such aircraft. Elevons were chosen instead of individually actuated elevators and ailerons to
minimize the mechanical weight associated with the number of servos. Full span elevons were chosen to
maximize the effect of the control surfaces and decrease the manufacturing difficulty. The chord of the
elevons was determined from a suggested range based on the percentage of local wing chord®, The first
flying prototype used elevons that were 20% of the local wing chord. Based on pilot feedback, the size of
the elevons was decreased on subsequent models. The chord of the final elevons is 13.5% of the local
wing chord. The dimensions are illustrated in the drawing package in section 5.8. This resulted in the trim

diagram shown in Figure 4.14.
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Figure 4.14: Trim diagram for 30 degree sweep, taper ratio of 0.5, and 15% static margin.
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4.4.2 Winglet Sizing

A vertical tail sizing analysis was used to determine initial winglet dimensions. Aspect and taper ratios
were chosen as 1.3 and 0.3, respectively. These values were determined from the range recommended
by Raymer for vertical tail sizing3. Each winglet was approximated to be half of the vertical tail area. A

vertical tail size of about 12 in.? was obtained using the following equation.

Ii'_l-'“]' E;|1'."5|1'.
ST

I'l-"!'
This approach is typically used with conventional aircraft, but used here to obtain an initial value to begin

the design process. Using the aforementioned Flat Earth simulations, the stability of the aircraft was
estimated for various winglet sizes. Historical data suggested that 12 in.” is an overly conservative size for
yaw stability for planes of this configuration. To more closely match historical winglet sizing, the area was
reduced to analyze the trade-off between weight and lateral stability. By introducing a crosswind
perturbation into the analysis, and assuming no pilot input, the yaw responses were obtained. The settling
time of these responses is an indication of the stability of the aircraft. As the settling time increases, the
aircraft will take longer to return to the steady state, indicating less stability. A longer settling time does
not necessarily mean that the aircraft is impossible to fly, but rather it is harder for the pilot to control.
Therefore, the | ower i mit of the vertical stabilizer

4.15 shows the correlation between vertical stabilizer sizing and settling time.

Vertical Stabilizer Sizing Effects on Yaw Stability
% 30
Z % 25
S320 N\
S8 = —
=& 10
3 s
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0] 5 10 15
Vertical Stabilizer Size (in.2

Figure 4.15: Vertical tail/winglet sizing effects on yaw stability.

Figure 4.15 shows yaw stability is insensitive to reductions in the vertical stabilizer size from 12 to 6 in..
This suggests that there is no need to have a vertical stabilizer as large as 12 in.> while the lower limit for
size should be around 6 in.%. Given the length of the tip chord combined with the suggested aspect and
taper ratios, a vertical stabilizer size of 9 in.%, or winglet sizes of 4.5 in.?, was chosen. This was deemed
reasonable as it is a significant reduction from the initial size 12 in.”> while maintaining a safety factor of

1.5. This analysis was used to understand the general stability trends as winglet area is varied.

This winglet was used for the first few design iterations of the aircraft and proved to provide sufficient

stability. Subsequent iterations of the spiral design focused on designing the winglets to improve the
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aerodynamic efficiency of the aircraft whi | e mai ntaining yaw stability.

winglet was studied to decrease drag. Testing outlined in section 8.1.2 details the performance of both

winglet designs. Whitciofignré4l6desi gn is illustrated
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Figure 4.16: Wh i t ¢ o prbpbsed wingletdesigna.

This design produces winglets with a total vertical surface of 6.13 in.. The areas of these winglets lie at

the lower limit of the recommended range, as shown in Figure 4.16.
4.4.3 Static Margin

Static marginisani mport ant p ar a me ts tongitudliralrstatic btabilitya The absenéetoba

horizontal tail limits the range of neutral point locations, decreasing the range for stable C.G. locations.

This analysis assumes that the aircraft is in power-off condition, which is acceptable because a horizontal
thrust force has a negligible contribution to the static margin. The effects of the fuselage were also
assumed to be insignificant. By modeling the aircraft as a flying wing without a horizontal stabilizer, the
aircraftds neut r al apradynanic centei of tba wing. Givem ithe wingtgéometry, the

aerodynamic center can be computed using the following equations given by Raymer®.

b {1+ 24 2 0+a+2%)
Hae, = vMACtan(d.) + 0.25MAC: yMAC = El-l-—.:'-. = 3 1—+:-'-.

Based on these equations, the location of the aerodynamic center was determined to be 3.81 in. aft of the

leading edge of the root chord.

According to Nickel and Wohlfahrt, the static margin of a stable, tailless aircraft should be between 15%
and 20% MAC®. Based on the desired static margin, the location of the center of gravity can be calculated
from the following equation”. SM « MAC

Mpg =

a

Yac
Based on the desired static margin, and the location of the aerodynamic center, the location of the center
of gravity needs to be between 3.04 and 3.24 in. aft of the leading edge. The C.G. location is more

sensitive than the neutral point simply because it changes significantly with component placement in the
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fuselage. Since the location of the payload will have a significant effect on the C.G. and therefore static
margin of the aircraft, it is desirable to place all payloads directly at the C.G. of the aircraft. This was
considered when designing the component layout of the aircraft system and would prevent the static

margin from changing significantly between missions.
4.5 Structural Model Results

Structural differences between flying wings and conventional designs limited the possible wing
configurations. To conserve weight and improve aerodynamic characteristics, a central fuselage structure
was not desired. Unfortunately, the wing did not provide adequate space to house the electronics and
payload; therefore, a fuselage was necessary. Some electrical components, such as servos, could still be
stored within the wing to minimize fuselage size.

Stress calculations were performed to determine the minimum structural weight required to build a wing
using ribs and spars of different materials. Simple beam theory and the equations below were used for
the stress analysis of multiple spar configurations™®.

My b

g=—:1=—

I 12
Assumptions were made to simplify the process of determining the ideal spar design. One assumption
was considering the spar as a rectangular cantilever beam. Loads were placed on the wingtips to
simulate the required wingtip test. This wingtip test was a simple analysis that approximates distributed
loading seen during a 2.5 G turn*’. Max stress was determined for a variety of spar configurations.
Research found that the ultimate tensile strength of RC grade balsa was about 770 psilz. Results of the

model can be seen in Table 4.7.

Table 4.7: Spar results.

Spar Type Max Stress (psi) Weight (0z) | % Ultimate Stress
Solid 638.66 0.053 83.16
Box 683.55 0.037 89.00
I-Beam 683.55 0.037 89.00

A box spar was chosen over an I-beam because it provided the same strength and was easier to
manufactur e. The shear webo6s pl acherirhambetweemthetsgarecaps ac k si de
provided a larger surface area for glue. A D-tube structure was also created by wrapping balsa sheeting
around the leading edge, covering the top and bottom of the wing. This D-tube, shown in Figure 4.7,

creates a closed structure which provides additional torsional rigidity.
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Sheeting

— Shear Web

- Spar Cap

Figure 4.17: D-tube structure.
Once the spar was designed, the ribs needed to be positioned along the wing span. Rib spacing is
generally one third of the chord length, which equates to 1.63 in. between ribs and a total of 12 ribs. Once
ribs were placed, they were optimized to minimize weight while meeting strength and stiffness

requirements.
4.6 Propulsion Model Results

The propulsion system, as shown in Figure 4.18, was selected by choosing a complementing motor,

battery, speed controller, and propeller that would complete all missions for the lightest weight.

Speed

-
Battery Controller

-> Electric Motor = Propeller = Aircraft

Figure 4.18: Propulsion system diagram.
Battery packs were selected by analyzing cell configurations that would minimize weight while meeting
the 32 Watt design requirement from the constraint analysis. NiIMH batteries have an energy density
ranging from 27-55Wh/Ib, which is significantly greater than the energy density of (NiCd) batteries which
range from 20-36Wh/Ib*. Based on the average energy densities shown in Figure 4.19, NiMH batteries

were chosen.

50

40 A

30 - m NiMH

20 - T mNicd
10 - E—

Watt-hours/Pound

Battery Chemistry

Figure 4.19: Battery chemistry comparison.
A comparison of battery packs ranging from 1.2 to 12 V was performed based on the estimation of energy
needed from section 4.2.2 and an allotted flight time of 4.5 minutes. This time was based on the time
requirement for mission one and an additional factor of safety for landing. The top three performing

battery packs are displayed in Table 4.8.
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Table 4.8: Battery pack comparison.

Voltage | Capacity | Cell Type | Cell Weight Battery Discharge
Cells V) (mAh) (mAh) (02) Weight (0z) Rate (Amps)
1 1.2 1851.85 2200 1.53 1.53 24.69
2 24 925.93 1500 0.81 1.62 12.35
6 7.2 308.64 400 0.27 1.62 4.12

Using weight as the main constraint, one 2200 mAh cell was the lightest option; however, this
combination was eliminated because the discharge rate exceeds the 20 amp fuse limit. The next lightest

combination was either a two-cell 1500 mAh pack or a six-cell 400 mAh pack.

Possible motors were chosen based on the 32 Watt power requirement. Twelve motors, including both in-
runners and out-runners, were initially analyzed to determine the ideal motor for this application. The list

of motors shown in Table 4.9 was narrowed down to three based on weight and efficiency.

Table 4.9: Motor comparison.

Motor Type |Weight (0z)|Kv (RPM/volt) (OEI’T\S) (An|10ps) %oorw:ru(owu)s
E-Flight Park 250**  |Out-Runner|  0.49 2200 0.25 | 0.45 50
Neu Neutrino 1210"° |Out-Runner|  0.49 1850 0.21 0.4 75
Neu Proton 507% In-Runner 0.52 5300 0.18 | 0.42 50

Efficiency curves were generated for each of the motors based on these specifications and the two
potential battery packs. It was found that all motors were more efficient with the six-cell battery pack as
opposed to the two-cell battery pack. Therefore, the six-cell 400 mAh battery pack was chosen as the
main propulsion pack. Though the Neu Proton 507 has the highest overall efficiency, the higher Kv value
of this motor would require a gear box to adjust the propeller efficiency to an acceptable level. A gearbox
adds weight and complexity, so the Neu Proton 507 was eliminated from consideration. The Neutrino and
the Park 250 have identical weights, but the Neutrino has a higher efficiency. Based on this analysis, the
Neu Neutrino 1210 is the most ideal motor for this application with a maximum efficiency of 79.5%. The

efficiency and power output of the E-flite Park 250 and Neu Neutrino 1210 are compared in Figure 4.20.

E-flite Park 250 Neu Neutrino 1210
100 100 100 100
%0 —Pulwer output % % —Polwer output 20
a0 — Efficiency 80 80 —Efficiency 20
70 r 70 = 70 /‘ 70 >
0 €]
80 60 60 60
% 50 / 50 .E % 50 | 50 .5
Z / L 8 z l' w0 g
30 / - 30 LW 30 / 30 W
20 / . 20 20 / 20
10 10 10 10
0 / 0 0 / -0
0 5 10 15 20 0 5 10 15 20
| (Amps) | (Amps)

Figure 4.20: Motor efficiency trends.
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For the preliminary design, a propeller was chosen utilizing eCalc, an online propeller efficiency
calculator, with inputs from the Neutrino and the six cell 400 mAh battery pack™®. Table 4.10 compares a

list of commercially available propellers which were used to calculate propulsion system efficiency.

Table 4.10: Propeller comparison.

Diameter x Pitch (in.) | Static Thrust (oz) | Efficiency (%) | Flight Time (min)
5.5x2.5 5.94 85.1 6.84
5.5x2 4.92 84.7 8.06
4.6x3 4.49 83.2 10.17
5x3 5.53 84.8 7.92

Based on the results from eCalc, the ideal propeller for the propulsion system is a 5.5x3.0 propeller. Of
the considered propellers, the 5.5x3.0 provided the highest thrust and overall system efficiency while
allowing for the desired flight time. Further analysis using a blade element momentum theory code based
on Goldsteiné seamxjrwmcbtmhel aad flight testirgy will be used to verify these results.

4.7 Estimated Aerodynamic Characteristics

Airfoil analysis in section 4.3.2 concluded that the MH70 airfoil provided the best 2-D aerodynamic
performance. It was then important to find the lift and drag for the entire aircraft for the expected flight

conditions. The following relations were used to estimate the drag coefficient.

CD = CD: + CD:C:.: + CDL
The first two terms on the right-hand-side of this equatond es cr i be t he dragraodtrethirdds pr of i
term describes its induced drag, £;. £; can be estimated by the equation below.
¢

TARe

Cp, =

XFLR5 was used to theoretically calculate the C, vs. alpha curve, the drag polar, and the wing efficiency

factor of the 3-D wing. Screen shots from this analysis are shown in Figure 4.21.

Figure 4.21: XFLRS5 analysis.

The freestream velocity was set to 36 ft/sec based on estimations from Table 4.4. This corresponded to a

Reynolds number of 66420. The results of this analysis are shown in Figures 4.22 and 4.23. It is

Purdue University i Team Golfstream Page |35



|

important to note that the XFLR5 simulation is based on the wing only, and does not include the effects of

the fuselage or winglets.

XFLR5 Full Wing Simulation Drag Polar
1.5 0.1
1 — 0.075 //
c, 05 Cp, 0.05 =
0 — 0.025 —
0.5 0
5 OAlpha{deSgrees) 10 15 0.5 0 %LS 1 1.5

Figure 4.22: C_vs alpha of the complete wing. Figure 4.23: Drag polar of the complete wing.

The constants necessary to predict the a i r c dragdf perforsnance were then derived from Figures 4.22
and 4.23. The coefficient of profile drag, Cp,, was determined to be 0.022 by the point at which C, equals
zero. Cp, was calculated to be 0.026 by using a second order curve fit on the existing drag polar. Only the
Cp region prior to the stall angle of attack was used to create this curve fit. The span efficiency factor was
then determined to be 0.98 using XFLR5 simulations. Wing loading was used in conjunction with wing
area and estimated cruise speed to calculate a Cq of 0.45 for mission one and 0.60 for mission two,
respectively. Cpq for the fuselage and winglets was estimated using surface area, form factor, and skin

friction coefficients. The drag estimates computed for each mission are displayed in Table 4.11.

Table 4.11: Drag estimates for each mission.

Mission One | Mission Two |Mission Three
Cpo Wing 0.022 0.022 0.022
Cpo Winglet 0.005 0.005 0.005
Cp, Fuselage 0.010 0.010 0.010
Total Cp, 0.037 0.037 0.037
Cpi Wing 0.013 0.024 0.024
Total Cp; 0.013 0.024 0.024
Total Cp 0.058 0.069 0.069

Total drag and lift for each mission were then found using the Cp values, C, values, flight velocities, and
wing area. The higher drag in missions two and three are partially attributed to the higher lift required to

carry the payload. The values in Table 4.12 show the expected cruise conditions for each mission.

Table 4.12: Total lift and drag for missions one, two, and three.

Mission One | Mission Two |Mission Three
Average Total Drag (0z) 0.752 0.896 0.896
Alpha (degrees) 4.5 6.5 6.5
Total Lift (0z) 4.80 6.40 6.40
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Table 4.13 illustrates the important stability derivatives of the aircraft. The computed derivatives indicate a
stable system. It should be noted that U arefers to deflections of the elevons in the opposite directions

while U eorresponds to elevon deflections in the same directions.

Table 4.13: Stability derivatives.
Cwuu -0.579 Ch, ua| -0.016
Cwv, ue| -1.180 C  ual 0.203

3.657
1.250

0.028
-0.246

CLu
C..

Cnb
Ci s

ie

4.8 Estimated Mission Performance

Combining all the preliminary design models resulted in a unified design for the aircraft. Estimations were

asomade for each missionds perf or man46e These esimationsifarg i n a

mission performance are shown in Table 4.14.

Table 4.14: Estimated mission performance.

Mission One Mission Two Mission Three
Cruise Velocity (ft/s) 42 Cruise Velocity (ft/s) | 36
Turn Velocity (ft/s) 37 | Cruise Velocity (ft/s) | 36 Turn Velocity (ft/s) 36
Flight Time (s) 239 | Turn Velocity (ft/s) 36 Flight Time (s) 180
Takeoff Weight (lbs) 0.300 Flight Time (s) 180 | Takeoff Weight (Ibs) | 0.400
Laps Payload Weight (Ibs)| 0.100 | Number of Golf Balls
Max. Laps Takeoff Weight (Ibs) | 0.400 Max. Golf Balls
Score 0.50 Score 0.75 Score 0.10
Max. Empty Weight | 0.300
Total Score 2.46

5.0 Detail Design

After progressing through four iterations of designing, building, and testing, a detailed final design was
converged upon. The final dimensions of the aircraft, as well as associated characteristics, are
documented in this section.

5.1 Dimensional Parameters

The dimensional parameters for the final aircraft design can be seen in Table 5.1.

Table 5.1: Aircraft dimensions.

Wing Winglets Elevons
Span (in.) 20 Height (in.) 2.49 Span (in.) 9.15
Root Chord (in.) 4.9 Root Chord (in.) 2.45 | Chord (% Chord) 135
Tip Chord (in.) 2.45 Tip Chord (in.) 0.50 |Elevon Area (in.z) 12.32
e | 0 | ot | e | Macoetecton | 5
Wing Area (in.?) 73.5 Fuselage
Aspect Ratio 5.44 Length (in.) 8.06
Taper Ratio 0.5 Width (in.) 3.25
Airfoll MH70 Height (in.) 1.03
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5.2 Structural Characteristics and Capabilities

An aircraft structure must be as light as possible while still meeting strength and rigidity requirements.
Focus was placed on two key areas to minimize structural weight: wings and fuselage. Experimental tests

and analysis identified areas of improvement for these structures. These tests results are in Section 8.1.3.
5.2.1 Wing

One of the necessary requirements of the wing structure is to withstand a simulated 2.5 G wingtip test
during technical inspection, representative of a distributed load seen in flight. This corresponds to a
bending moment at the root chord of 60 oz-in. A D-tube at the leading edge was used in the final design
to provide the required bending and torsional strength. The spar caps configuration consisted of a base of
3/32 in. and a height of 1/8 in. A shear web of 1/16 in. balsa connected the spar caps. Caps were placed
over the ribs to provide surface area for applying mylar covering. The grain for the spar caps was oriented
spanwise to match the direction of the compressive and tensile loads. The grain for the shear web was
oriented vertically to provide greater stability for the spar caps and minimizes crack propagation in case of
failure. A longeron provided an attachment point for the elevons. This also provided additional bending
and torsional strength to the wing. The final spar configuration was chosen based on the experimental

results shown in Section 8.1.3. This design failed at a load equivalent to 3.5 G.
5.2.2 Fuselage

The requirement for a hand-launched aircraft eliminated the need for landing gear for takeoff, allowing for
the possible use of a landing skid. To save weight, reduce drag, and maintain simplicity, a decision was
made to use a skid configuration for landing. The fuselage provided a suitable platform to act as the
landing skid. Additionally, it supported the payload and housed the electronics. Fiberglass, carbon fiber,
and built-up balsa fuselages were considered for weight reduction. Following a trade study, carbon fiber
was ultimately chosen due to its low weight and durability. The final fuselage design consists of a single
piece carbon fiber shell of 1/32 in. uniform thickness. The single piece fuselage structure eliminated
failure due to joints and reduces the construction complexity. The molded shell allowed for minimal
internal structure while providing a higher payload volume. The durable nature of carbon fiber composites
also prevented structural damage upon landing. The carbon fiber fuselage has demonstrated more than
adequate structural integrity and resistance to abrasion during numerous hard landings on asphalt.
Additionally, the composite structure appeared to flex and absorb impact loads instead of cracking, as

was apparent with the initial mylar-covered balsa prototype fuselage.
5.3 System Design, Component Selection, Integration, and Architecture

The designed aircraft contains multiple systems that, once integrated, make it a simple, sturdy, and
lightweight aircraft. The wing was constructed as a single piece to reduce weight and assembly time.

Furthermore, the 20 in. span fits within the dimensional constraints of the case, making storage and
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removal of the aircraft simple and efficient. The only required assembly is the attachment of the fuselage
to the wing. A small tab at the front of the fuselage fits into a slot along the bottom of the leading edge.
The wing is fitted with two blind nuts that line up with holes drilled through the fuselage. To secure the
fuselage to the wing, two nylon bolts are inserted through the fuselage and into the blind nuts. The
receiver chosen was the Spektrum AR6255, which was the lightest 2.4 GHz receiver on the market to
meet the failsafe requirements. Blue Arrow S0361 servos were selected for being the lightest servos
available on the market to provide adequate torque. A Castle Creations Phoenix 10 speed controller was

chosen for being the lightest, fully programmable speed controller available on the market.

The carbon fiber fuselage encloses the receiver, speed controller, batteries, and payload. The use of
carbon fiber minimizes weight and maximizes the internal payload volume by eliminating the need for
internal supporting structures. The electrical components are secured internally with lightweight Velcro,
making alterations simple. The steel bar sits inside a recess in the fuselage, and is sandwiched between
the fuselage and the wing. This secures the steel bar from all sides. The golf ball is confined by cleats in

the fuselage structure. When bolted together, the fuselage forms a secure housing for the payloads.

To illustrate the aircraft architecture, Figure 5.1 was created to display the system design and integration.

The figure is color coded to organize components into subgroups based on component responsibilities.

Payload Payload

Fuselage Cleats Recess Landing Skid Bolt Holes
Aerodynamics Mot Fuselage
Radio System . viotor Snar lainers P Chars
i Wings Mount Spar Joiners Airfoil Spars Elevons Attachment
Aircraft
Electronics Receiver Servos Rece e Transmitten
Battery
. Motor Speed
Motor
Propulsion Battery Propeller Controller Fuse

Figure 5.1: Aircraft architecture tree.
5.4 Propulsion System Analysis

The primary goal of the detailed propulsion design was to maximize the overall system efficiency while
maintaining the required amount of thrust. The advance ratio, J, which is the ratio of the flight speed to
rotational velocity of the propeller, was varied to study its effect on system efficiency. Using blade element
momentum theory and specifications provided by the manufacturer, thrust, power, and propeller efficiency
were calculated for a variety of commercially available propellers. The analysis showed that the propeller
best suited for this system is the APC 5.5x3, yielding an overall system efficiency of 39.1% at an advance
ratio of 0.4. The efficiency trends are displayed in Figure 5.2. These trends were further analyzed and

validated using flight and wind tunnel testing. Specific numbers can be found in Section 8.1.4.
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The weight and balance table was tabulated based on component weights and a distance from the front

of the motor mount, which served as a datum. The calculated C.G. of the aircraft for each mission was

between the forward and aft limits of 3.04 and 3.24 in., respectively. This is shown in Table 5.2.

Table 5.2: Weight and balance table.

Mission One Mission Two Mission Three
Component Component Component
Weight [C.G. Location|Moment| Weight [C.G. Location|Moment| Weight |C.G. Location|Moment
Component (0z) (in.) (0z-in.) | (0z) (in.) (0z-in.)| (oz) (in.) (0z-in.)
” Wing Structure 0.14 3.38 0.47 0.14 3.38 0.47 0.14 3.38 0.47
% Fuselage 0.29 3.20 0.93 0.29 3.20 0.93 0.29 3.20 0.93
% Winglets 0.03 7.81 0.23 0.03 7.81 0.23 0.03 7.81 0.23
Monokote 0.02 -- -- 0.02 -- -- 0.02 -- --
Motor 0.50 -0.32 -0.16 0.50 -0.32 -0.16 0.50 -0.32 -0.16
é Battery 1.80 4.73 8.51 1.80 4.73 8.51 1.80 4.73 8.51
g_ Speed Controller 0.22 2.25 0.50 0.22 2.25 0.50 0.22 2.25 0.50
& Electrical Fuse 0.02 2.00 0.04 0.02 2.00 0.04 0.02 2.00 0.04
Propeller 0.15 -0.68 -0.10 0.15 -0.68 -0.10 0.15 -0.68 -0.10
5 Elevons 0.03 6.30 0.19 0.03 6.30 0.19 0.03 6.30 0.19
(% Receiver 0.19 1.88 0.36 0.19 1.88 0.36 0.19 1.88 0.36
g Receiver Battery 0.36 2.41 0.87 0.36 2.41 0.87 0.36 2.41 0.87
8 Servos 0.26 4.05 1.05 0.26 4.05 1.05 0.26 4.05 1.05
Payload| Golf Ball/Steel Bars 1.60 3.30 5.28 1.60 2.97 4.75
Total 4.01 -- 12.89 5.61 -- 18.17 5.61 -- 17.64
C.G. of Aircraft (in.): 3.21 3.24 3.14

5.6 Mission Performance

With the final aircraft dimensions defined, the expected performance for each mission was evaluated. The

scores are summarized along with the flight performance data in Table 5.3.
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5.6.1 Mission One i Dash to Critical Target

In mission one, score is based on the number of laps completed in the allotted four minute time span. For
an estimated cruise velocity of 42 ft/s and a turning G load factor of 3 Gs, it will be possible for the aircraft
to complete four laps. Since the score calculation for this mission requires the maximum laps achieved by
any competing aircraft, an exact score cannot be calculated. Assuming that the maximum number of laps

completed will be eight, score is estimated to be: M1 =4/8 = 0.5.

5.6.2 Mission Two I Ammo Re-supply

Mission two is a three-lap payload flight where score is based on payload weight fraction. The final
aircraft design allows a steel bar of 0.1 Ibs to be carried, resulting in a flight weight of 0.400 Ibs. The score
for mission two is estimated to be: M2 = 3*(0.1/0.4) = 0.75.

5.6.3 Mission Three i Medical Supply

Mission three is a three-lap payload flight where score is based on the number of golf balls carried. Since
the score calculation for this mission is nondimensionalized by the maximum number of golf balls carried
by any competing aircraft, an exact score cannot be calculated. Assuming that the maximum number of
golf balls carried is 20, score is estimated to be: M3 = 2*(1/20) = 0.1.

5.7 Flight Performance
Dimensional parameters and mission profile predictions for the final competition aircraft are summarized
in Table 5.3.

Table 5.3: Flight performance.

Mission Mission Mission
Aircraft Parameters Mission Parameters One Two Three
L/D max 13.5 Takeoff Weight (0z) 5 6.6 6.6
Cio 0.17 Payload (0z) 0 1.6 1.6
Clmax 1.1 Stall Speed (ft/s) 23.4 26.9 26.9
Choo 0.058 Climb Rate (ft/s) 25 25 25
Max Thrust (02) 4 Cruise Speed (ft/s) 40 36 36
Max Speed (ft/s) 47 Mission Score 0.50 0.75 0.10
Max Range (ft) 11000 Total Score 2.46
Max Takeoff Weight (0z) 6.6
Max Payload (0z) 1.6
Flight Weight (0z) 5

5.8 Drawing Package

The drawing package was created from the aircraft design parameters and selected component
configurations discussed in preliminary and detail design. CATIA was used as the computer aided design
(CAD) package for designing components and configurations. The created drawings were used by the
team for manufacturing parts and estimating the C.G. of the aircraft. The following images document the

aircraft designed by Team Golfstream for the 2010-2011 DBF competition.
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