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1 Executive Summary

This year serves as the first year that the Kennesaw State University Aerial Robotics
Competition Team (KSUARCT) will be competing in the Society of Automotive Engineering
(SAE) Aero Design East Division in the advance class category. The purpose of the advance
class division is to construct a large size bomber-type aircraft and a small size Colonist Delivery
Vehicle (CDA). The Bomber and CDA were designed and fabricated to achieve all of the goals
set forth in the competition rulebook. The large bomber aircraft will carry releasable payloads, a
FPV camera, and altitude logging capabilities. The CDA will be capable of a glide ratio between

three and four and safely reach its destination without tripping the shock sensors onboard.

The design approach for this year is to ensure the bomber will successfully takeoff, fly,
release the CDA, release the other releasable payloads, and land. It is projected that the CDA
will be able to glide to the target zone assuming it was released from the bomber at the

appropriate time window.

KSUARCT finds that the competition plane is within the SAE Aero Design rules, and
within the team and university’s guidelines. The team would like to thank Kennesaw State
University (KSU), SAE, and our faculty advisor, Dr. Adeel Khalid for their support, and

enabling us to compete in the SAE Aero Design East 2019 Event in Fort Worth, Texas.
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2 Schedule Summary
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Figure 1. Gantt Chart Timeline

The timeline of the project began one month before the rules released. Due to the changes made
to the rules, most of that progress was lost since it dealt with nitro motors. With the addition of
designing the CDA and the dependencies of the CDA design on bomber performance, the design
of the bomber had to be delayed. After initial design of the CDA was completed, bomber
continued. Due to a funding delay with Kennesaw State University, the preliminary design was
delayed by one month. This was due to the unknowns in designing the structural frame of the
bomber. An increase in bureaucratic steps to order and receive parts that led to an additional two
week delay in testing. These delays in the five month timeline led to a significantly decreased

testing time window and an increase in expected design time compared to ideal conditions.
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3.1 Environmental Considerations
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The differences between Standard day and Fort Worth, Texas environment based off historical

data are as follows:

Difference

Air Density Temperatur | Pressure (Ibf/ft"2)
(Slugs/ft"3) e (F)
Standard Day 0.002377 59 2116
Average Percent 0.587% 6.55% 1.64%

Table 1 Environment Differences

Another environmental consideration that is taken into account is wind. Following a review of

historical weather data for Fort Worth, Texas, wind during the competition could range from

zero to twenty miles per hour. As a way of compensating for this, the Bomber cruise speed was

set to be at fifty feet per second to be able to handle a twenty mile per hour head wind.

3.2 Competitive Scoring and Strategy Analysis

The first objective of the conceptual design is to understand how the rules and scoring relate to

the design of the aircraft. After reviewing the score equation, the score of one water bottle is

equivalent to two Nerf footballs. Because of this, assuming that all payloads land in the supply

zone, a payload set is defined as one water bottle and two nerf footballs. An excel document was

made to graphically represent how the different payloads affect scoring, weight, and size

required for payload bays.



Figure 2 Scoring Graph
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Following review of this graph, it was determined that the amount of colonists the CDA(s) can

carry is the biggest limiting factor. This data has been summarized in the table below.

Colonists | Payload | Weight of Dropping | Score with 16 1b total | Score with 30 Ib total
Sets Payloads (remaining is static) (remaining is static)

9 2 41b 49 77

15 3 61b 6l 89

24 4 8 1b 79 107

30 5 10 1b 90 118

35 6 12 1b 100 128

40 7 14 1b 110 138

41 11 221b OverWeight 141

Table 2 Scoring Summary

This table allows us to more accurately make design decisions about payload versus weight

without the general more payload equals a higher score after designing a iteration of the CDA.
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4 Engine

Figure 3 Engine Test Stand

The Engine was tested to determine the maximum thrust produced with a 750 watt limit using a
scale, multimeter, and tachometer.

Throttle vs. Watts
10

Thrust
w

o 100 200 300 200 s00 500 700 200
Watts

Figure 4 Engine Data

After testing different engines and prop sizes, the Cobra 4130/20 with an APC 20x8 inch
propellor was selected due to it being capable of producing approximately seven pounds of thrust
after removing an assumed loss. Dynamic testing of the motor and propellor setup was not

possible due to limited equipment available to the team as well as budget and time restrictions.
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5 Design Layout & Trades
5.1 Overall Design Layout

According to the data gathered from table 1 as previously discussed, we decided to make

iterations for our CDA first.

Figure 5 CDA V1.0

Airfoil: AG35 || Chord: 3in || Span: 3ft

In this iteration, the AG35 was selected as a basic airfoil that suited the needs of our mission. A
standard tube was selected as a fuselage to house the colonists. A V-tail was decided on to be the
main control surface of the aircraft in order to reduce weight from electronics in the aircraft. It

was determined that nine ping pong balls could be carried by one CDA.

Figure 6 Bomber V1.0
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The large size of the two payload sets require a large diameter fuselage compared to the rest of
the plane. Three possible configurations of payloads were made to determined the size required

for the fuselage as seen in Figure 7.

Side Views: 15% scale Footballs are 2x2

OH o
oO@—

o o o

Diameter = 23 cm Diameter = 23 cm Diameter = 26 cm
Distance to furthest CG ~ 6" Distance to furthest CG ~ 8" Distance to furthest CG ~ 10"
Figure 7 Payload Layout

This style of configuration would likely better work if the payloads could be further away from
the CG longitudinally as seen by the Figure below. An additional fuselage configuration was

looked at.

Figure 8 Bomber V2.0

Airfoil: S1223 || Chord: 14in || Span: 10ft
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The blended wing configuration allows a fuselage that generates less drag than V1.0 and allows
for the easier release of payloads. The downside to this style of configuration is that the wings
are further away from the CG, generating more torque on the structural frame. The additional
torque requires the frame to be stronger and heavier than the V1.0 frame. Due to the decrease in

drag and faster release of payloads, the blended wing configuration was selected.
5.2 Trade Studies

After multiple iterations of the CDA, the following iteration was produced.

Figure 9 CDA V5.0

Airfoil: AG35 || Chord: 3in || Span: 3ft

This version of the CDA installs the finer details into the aircraft including holes to touch the
colonists, a storage location for the electronics, a more detailed wing backpack to angle the

wings properly while holding the g-force sensors, and a stronger bracket for the V-tail.
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6 Analysis
6.1 Analytical Tools

The tools used to assist in design were SolidWorks, SolidWorks Simulation (FEA), and
Solidworks Flow Simulation (CFD). Solidworks was used to make the design. Solidworks
Simulation was used to perform structural calculations on the frame of the bomber. Solidworks

Flow Simulation was used to perform numerous CFD calculations on the bomber and CDA.

6.2 Developed Models

Figure 10 Bomber V2.6

6.3 Performance Analysis
6.3.1 Steady Level Flight

The bomber was designed to cruise at fifty feet per second at altitudes under two hundred feet
with a drag that is half of the reasonable output of the thrust. This drag number of three pounds

will allow cruising at fifty percent throttle.
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The CDA has had successful test flights with a glide ratio of almost four achieved from a
hand thrown velocity. A velocity that is a fraction of the intended initial velocity. This data
shows that during competition conditions the CDA will have a glide ratio of around four, which

is the designed ratio.
6.3.2 Bombing

The mechanics and theory we used for bombing was perfected by the end of World War Two.
The basic figure below shows the required variables, courtesy of the United State Air Force.
Altitude will be provided by the avionics and the time off fall is approximately two and a half
seconds or one hundred feet based off of both theory and previous competition footage. The
difference between the actual range and whole range is negligible due to the short distance that
the aerodynamic payloads are falling, the assumed under thirty mile per hour winds, as well as
the large size of the target. The whole range is theoretically calculated and based off of the
bomber cruising speed the plane will have a two second window over the target. Assuming the
bomber is lined up properly during the run, the team is confident in its ability to hit the target

successfully.

RELEASE POINT
{J____TIME OF FALL DISTANCE

ALTITUDE
(TIME OF FALL)
DROPPINGE
ANBLE

>
~——ACTUAL RANGE—— <TRAIL—
WHOLE nanse-—J

Figure 11 Bombing Path
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6.3.3 CDA Flight Path

THe CDA was designed to have a glide ratio between four and three and between fifty feet per
second and ten feet per second. CFD tests have been run to determine the glide polar as shown

below. Physical flight tests were conducted to verify the correct glide ratio at low speeds.

Glide Polar

== Period 1

/—\

Sink Rate (ftX/ftY)

50 40 30 20 10

Velocity (ft's)

Figure 12 Glide Polar CDA

6.3.4 Lifting Performance, Payload Prediction, and Margin

The main wing uses a S1223 airfoil. This was chosen based off of the high C1/Cd values in
Reynolds numbers around 300,000 that was able to lift fifty five pounds while maintaining a low

enough drag to fly in the current configuration.

2120123
2119.092
2118.080
2117.028
21150496
2114.964
2113.932
2112.001
2111.860
2110837
Pressure [Ibfit*2]

CutPlot1: contours

Figure 13 S1223 Airfoil CFD
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Multiple CFD’s were run at different wingspans and velocities to determine flight performance

at a constant chord in terms of lift over drag, lift, and change in cruise speed with a set weight.

7t (1b) 8ft (1bf) oft (1bf) 10ft (1bf) 11ft (1b)
velocity (ft/s) L o LD L D LD L o ) L ) LD L o /D
20 6.8 02 -34 805  -0.26 -30.9615 931 035 -266 105  -0.43 -2a6512| 1199 -053|-226226
22 g4, 024 35 985  -0.33 -20.8485| 1136  -0.43 -26.4186 128 052 246154 145 -0.54 -22.6563
24 10, 028 357143 1177 04| 20425 1359 051 -26.6471 154  -0.63 -24.4444 173 077 -22.4675
26 117| -0.32 -365625| 1374  -0.45 -30.5333| 1595  -0.51 -26.1475 181,  -0.73 -24.7945 203 -0.89 -22.809
28 157 -0.38 -36.0526 1616  -0.54 -29.9259  18.65  -0.71 -26.2676 21 -0.85 -24.7059 237  -1.06 -22.3585
30 159  -0.46/-345652| 1866  -0.63 -29.619  21.47 08 -26.8575 | 2407  -0.96 -25.0729 272  -1.21 -22.4793
32 181 -052 -34.8077 2129  -D.72| -29.5694 247 093 -26.5591 277  -111 -2a955 31 -138 -22.4638
3a 207 06 -345 74315 082 -29.4512 278  -1.05 -26.4762 315 -1.28 -24.6094 348  -1.56 -22.3077
36 232 066 -35.1515 | 2718 -0.93 -29.2366 311 -1.16-26.8103 357  -1.47 -24.2857 39)  -1.74 -22.4138
38 358  -0.73/-353425 3055  -1.05 -29.0952 348  -1.32 -26.3636 391  -1.57 -24.9045 435  -1.94 -22.4742
40 288  -0.83 -346088 3377  -115 -20.3652 3871  -147 -263333| 4397| -176 -24.983 481  -2.165 -22.2685
T & 317 091 -348352| 3684  -116 -31.7586 425 -159 -267925 a9l 204 240196 531 237 -22.4051
aa 35 -1.02 343137 4081  -1.37| -29.7883 468 -1.76 -26.5909 525  -2.09-25.1196 586  -2.63 -22.2814
a5 385 -1.13/-341593| 4477  -153| -29.2614 5106  -1.91 -26.733 577  -2.29-25.1965 638  -2.87 -22.23
a8 az|  -122 3a4262| 4875|  -1.65| -29.5455 56 -2.12|-26.4151 62.6, -2.53 -24.7431 699  -3.16-22.1203
50 aa7  -124 -36.0484 5266/ -177 -29.7514 605  -2.29-26.4192 67.8  -2.75 -24.6545 755  -3.45 -21.913
52 ag2|  -14s -33931 572  -1965 -29.1837 643  -2.41 -26.9295 739 -2.97 -24.8822 815  -372 -21.9086
54 532  -1.57 -33.8854 616  -2.08 -29.6154 69 -2.41 -28.6307 79.4 3.2 -24.8125 875  -3.04 -22.2081
| ] 57 -166 -34.3373 661  -2.24 -20.5089 764  -2.01 -26.2543 856  -3.45 -24.8116 049]  -432 -219676
| 58 608  -1.72 -35.407 711 -2.44] -20.1393 797 -2.87 -27.97 931 -3.91 -238107| 1012  -a55 222418
| 50 658  -1.03 340033 7605  -2.59 -29.3629 864  -3.21 -26.9159 981 -3.99/-245865| 1084 -187|-222587

Figure 14 Lift and Cruise Speed

Wingspan at// Temp 63F// Pressure 2151.74// Humidity 60%

L/D

=]

wn

Lo
[
S

Velocity (ft/s)

g T g BT g ST 10t e 111t

Figure 15 Lift Over Drag

After reviewing the two figures above, in addition to the historical thrust to weight ratio of a

bomber and the environment considerations, the chord of the airfoil had to be decreased. This
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decrease in chord allowed a cruising speed of fifty feet per second with a lifting force equivalent

to the weight based off of a historical thrust to weight ratio.
6.3.5 Runway

A CFD was run at multiple points along the zero to fifty feet per second graph to determine the
function of the plane drag and lift as a function of speed. This data was put into equations with

the thrust from the engine to determine the following assuming no wind and standard day.

Distance To Takeoff ~200 feet

Seconds to takeoff ~7 seconds

Table 3 Runway Performance
6.3.5 Shading/Downwash

Based upon historical data our Downwash angle is to be found aft of our wing at an angle of

attack of eight degrees with the downwash angle of our tail at four degrees.
6.3.6 Dynamic & Static Stability
A dihedral has been added with the CG below the dihedral to act as a stable aircraft.
6.4 Structural Analysis
6.4.1 Design Loads

Based off the projected weight of the aircraft and consideration given to historical thrust to
weight ratio for a bomber, theoretical calculations were done to determine loads as a function of
safety factor. This allowed the team to build a load table and pick different materials to look at

weight, size, ease of manufacturing, etc.
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In Diameter Diameter  Density Volume Yield Strength Total Weight
Name (in) [If tube] (in) (Ib/in"3) (in"3) (psi) 6' Cost 3' Cost 1' Cost Total Cost (Ibs)

High-Strength Grade 5 Titanium Rod w/o Certification 0.375 0.16 3711 120,000.00 $88.10 $49.34 $19.38 $421.12 5.938
Hard High-Strength 7075 Aluminum Rod 0.375 01 371 62,000.00 $22.21 $12.66 $5.33 $106.83 3711
High-Strength 2024 Aluminum Round Tube 043 0.5 0.1 17.179 42,000.00 $41.06 $23.81 $9.85 $197.90 1.718
6061 Aluminum Round Tubes 0.402 05 01 23.327 35,000.00 $33.31 $19.65 $8.33 $161.22 2.333
6061 Aluminum Rectangular Tubes 0.25 0.375 01 26.25 35,000.00 10.58 HKEX NIA $52.90 2.625
High-Strength 1144 Carbon Steel Rod 0.3125 0.28 25.771 100,000.00 $6.16 $3.39 $1.48 $29.51 7.216
High-Strength Steel Threaded Rods 1/4"-20 0.25 0.036 16.493 150,000.00 $14.91 $8.72 $6.88 $75.24 0.594

Figure 16 Frame materials

Aluminum 6061 and 2024 were found to be the best candidates for the fabrication of critical

areas of the aircraft frame.

6.4.2 Frame

A SolidWorks FEA analysis was run on the frame with different materials, and the frame shown

in Figure 17 below shows the chosen aluminum frame. The results showed the frame have a

safety factor under landing conditions of at least four. The aircraft was arranged so that the CG is

at the quarter chord of the main wing. The FEA analysis proved to be inaccurate when compared

to the actual testing done on the aluminum frame with proper incisions. The incisions were

points at which holes were bored in to the frame, which dramatically decreased the strength.

Physical testing was conducted and the frame had to be double mated with additional aluminum.

Figure 17 V2.6 Frame
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For the CDA, the loaded aircraft weighs less than nine ounces. Due to this weight as well as the
materials that were used such as carbon fiber, a structural analysis of the CDA was deemed not
necessary. The aircraft was arranged so that the CG of the aircraft is at the quarter chord of the

main wing.

6.4.3 Control Surfaces

After conducting controlled tests within Solidworks FEA, the elevator which is the biggest
control surface has a reaction force of two and a half pounds at ninety degrees of rotation at
cruise speed. The servos used for the control surfaces can handle at least an additional twenty

percent of that value.

7 Avionics

Pixhawk || Servos || Landing Gear || Payload Bays || Camera || Pitot Tube

The Bomber aircraft is controlled using two Pixhawk flight controllers. The first of these is used
to control the landing gear and the control surfaces of the aircraft. It is connected directly to the
pilots controller. The second Pixhawk is used to control the payload bay servos, fpv camera and
is the main data logger for the plane's altitude,velocity, and point of CDA/payload drop points.
This Pixhawk is connected directly to the ground station. The use of two flight controllers in this
manner makes sure that the pilot has no control over bombing and the bomber has no control
over flying. Testing done on the accuracy of the altitude sensor on the Pixhawk determined that

the embedded sensor was accurate within a foot, which are the requirements in the rules.
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APM 3.1 || 2 Servos (V-tail)

The CDA uses a mini APM 3.1 flight controller to control the two servos in the V-tail. The set
program adjust for slight disturbance in order to maintain a set course. This system allows
control of the aircraft while minimizing weight from electronics, with the slight disadvantage of

the glider’s accuracy being left up to the pilot and bomber.
-mRo Pixhawk Flight Controller (Pixhawk 1)

-mini APM 3.1

Figure 18 Pixhawk Figure 19 mini APM 3.1

8 Manufacturing

Figure 20 Frame
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For the bomber, the main wing and empennage airfoils were hot wire cut. The fuselage airfoil is

covered in monokote. The aluminum frame is machined out on a milling machine / vertical drill

press. The motor mount and rear landing gear mounts were milled using a CNC machine. The

front landing gear rod had to be partly machined using a lathe.

For the CDA, our fuselage was created by using a PVC pipe as a mold for a carbon fiber tube

which we then slid off the pipe and trimmed down to size. The wing backpack, tail bracket, and

electronics holder were 3d printed from PLA+ printing material. Wings were cut out of foam

using a hotwire and then duct taped. There are wood spars in the wings that slid into the wing

backpack.

9 Cost

The estimated cost of parts of the Bomber aircraft is:

Frame $300
Airfoils $20

Avionics $400
Total $720

Table 3 Bomber Cost

The estimated cost of parts of the CDA aircraft is:

Frame $15
Airfoils $1
Avionics $110
Total $126

Table 4 CDA Cost
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10 Conclusion

Overall, the CDA was designed first and underwent five design iterations until a final design was
determined and then performed multiple test flights. The bomber has been through two major
iterations and six minor iterations. The bomber has been strenuously, theoretically tested and the
frame was tested in physical trials to confirm its usability. Particularly, the team made sure to put
an emphasis on the control surfaces to withstand turbulent weather conditions, and that the
elevator could withstand twenty percent of maximum wind load during flight. Additionally, the
frame is double mated to resist load fatigue and other possible forms of deformation.The two
aircraft, after being put through thoroughly conducted tests and iterations, have been equipped
with avionics consisting of two Pixhawks, APM 3.1 Flight Controller, servos,and an fpv camera.
The current design now stands at a total cost of $846 USD. Moving forward into competition, the
team believes that the design and calculations will provide for sufficient support in satisfying our

mission requirements as the team participates in this year’s SAE Aero Design East 2019 event..
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Appendix

Bending Stress
(max) =

Moment of
Inertia (Rod) =

Moment of T*((.5"D)*4-(.5"d)"4)

Inertia (Tube) =

Formulas

L ={ Cl¥p*(v"2)*Awing)2

D ={ Cd*p* (u2)*Aexp) 2

v = SQRT](2L)/(pAICY] = SQRT](2D)/(pAdCd)]

M*5"D

m* (5" D)M

4

3

Plang Angle 0 deg
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TEST:
Bending Stress 32 * M
(Rod) = ™ DA3
Diameter: 0.125

Stress =

Bending Stress

1126480.862

32 * M * D

(Tube) =
COuter Diameter:

Inner Diameter:

™ (D4 - d4)

0.5
0.402

Stress = 30235.11754
Moment of
S-s)"4
Inertia ( )
(Sq. Tube) = 12
Bending Stress E*M*D
(SQ. Tube) = (D 4 -d™4)
Outer Side: 0.375
Inner Side: 0.25

Stress =

Thrust Engine (lbs) ~ Drag from Plane (Ibs)  Dragtotal (Ibs) Cd
01 (.166615144 -0.06661514403 0.03015 5.166
02 0.166615144 0.03338485597 0.03015 5.166
03 (.166615144 0133384856 0.03015 5.166

30625.47692

Aexposed (fth2) Lift () Al(ftA2) v(ftfs)

4067180411 22.54959
496718041 2254959
406718041 22.54959

0
3
0
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EMPTY CG
0.5% STATIC MARGIM

LOADED CG
0.1 5% STATIC MARGIM

W

EamETaneT
10 L

EMPTY CG 15137 INCHES
FROM DATUM A

WEIGHTED CG 15140
INCHES AWAY FRO M
DATUM A

[T —MEAN AERODYHAMIC CHORD

Glicle Pelar

nk Mate 0T

ac k] n
WL Midel
PERTIMEMT DATA
TEM DETAIL
WING SPAN 37 7 IMCHES
AIRFOIL AG-35
EMPTY WEIGHT & OUMCES
BATTERY CAPACTY 400 MILLLAMP HOURS
FLIGHT COMPUTER MAINI APM 3.1
SERWD TORGLE .37 OUNCE * INCH
SERVO LOCAIDMNS K2 AT TAIL

MOMENT ABOUT DATUM A

TEM WEIGHT FORCE DISTAMCE FROM  [RESULTED wa O RAEMT

(O] DATLRA A (1) [OZ-IM]
BATTERY &7 1 &7
FLIGHT RECIEVER 1 1 Al
SERWIDS [K2) 1& 22 3.52
FLIGHT COmMPUTER 21 1 21

PAYLOADS [H9) & 14 1204

el .\..]Iff‘..in..f

DR. BY: J. W, HUMNTER

DATE:  1/24/201% SCALE: 1:5

=

" KENNESAW

ST STATE JNIVIRSITY =,

TEAM: KSU

OF 1




