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Intake area
Angle-of-attack

Angle-of-attack at zero lift
Angle-of-attack for maximum lift
coefficient

Activity factor

Above ground level

Aspect ratio

Agricultural unmanned aircraft
system

Wing span

Span of horizontal stabilizer
Span of single vertical stabilizer
Span of dual vertical stabilizer

Wing chord

Mean aerodynamic chord of main
wing

Drag coefficient

Induced drag coefficient

Parasite drag coefficient
Skin-friction drag coefficient

Center of gravity
Chord of horizontal stabilizer

Lift coefficient

Airfoll lift-slope

Wing lift-slope

Horizontal stabilizer lift-slope

Airfoil maximum lift coefficient
Wing maximum lift coefficient
Tail lift coefficient

Take off lift coefficient

Derivative of fuselage moment
with respect to angle-of-attack
Power coefficient

Thrust coefficient
Chord of single vertical stabilizer
Chord of dual vertical stabilizer
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Normal force coefficient

Normal force coefficient of the
tail

Max normal force coefficient
Minimum normal force coefficient

Diameter of fuselage
Propeller diameter
Tail angle-of-attack derivative

Propeller angle-of-attack
derivative

Change in normal force
coefficient with respect to alpha

Flap deflection angle

Oswald’s span efficiency factor
Form factor
Propeller normal force

Derivative of propeller normal
force with respect to alpha
Acceleration due to gravity
Height of fuselage

Ratio of dynamic pressure at tall
to dynamic pressure at wing
Propeller efficiency

Horsepower

Advance ratio

Gust alleviation factor
Constant based on
propeller blades

Total lift force

Taper ratio

Sweep angle at wing quarter
chord

Sweep angle at maximum
thickness

Lift-to-drag ratio

Length of fuselage

Distance of horizontal tail
quarter-chord behind center of
gravity
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Distance of vertical tail quarter- W,
chord behind center of gravity X
Moment

Moment about aircraft center of

gravity X
Moment produced by fuselage acw

Bending moment at wing root X
Moment produced by wing

Moment produced by wing X
derivative with respect to flap Cg
deflection angle X
Mass ratio

Load factor (Structures) X
Propeller rotation rate (Propulsion)
Gust load factor X

Dynamic pressure
Request for proposal
Large spray pattern turn radius

N

Small spray pattern turn radius
Interference factor
Exposed planform area

Planform area of horizontal
stabilizer
Shear force at wing root

Planform area of main wing

Planform area of vertical
stabilizer
Wetted area

Thrust
Airfoil thickness ratio

Take off gross weight
Unmanned aerial vehicle
Derived gust velocity

Velocity
Cruise Velocity

Dive Velocity

Horizontal tail volume coefficient
Operating velocity

Propeller blade tip velocity
Vertical tail volume coefficient

Width of fuselage

Longitudinal location of
horizontal stabilizer aerodynamic
center

Longitudinal location of wing
aerodynamic center

Location of wing aerodynamic
center non-dimensionalized by
wing chord

Longitudinal location of aircraft
center of gravity

Location of neutral point non-
dimensionalized by wing chord
Location of propulsion unit

Location of propeller
aerodynamic center non-
dimensionalized by wing chord
Vertical distance between center
of gravity and thrust location



EXECUTIVE SUMMARY (AL)

The Agricultural Unmanned Aircraft System (AUAS) svaroposed as an affordable
agricultural aircraft for use in crop-dusting. @eptual Design yielded three configurations for
the AUAS: the conventional configuration, the cahaith tractor configuration, and the canard
with pusher configuration. As outlined by the Resfufor Proposal, the AUAS must be capable
of taking off within 750 ft, spraying a field withimensions of a half mile by 1000 ft, and then
landing. Because the aircraft must be low in @l easy to operate and maintain, the main
design goals were set to minimize cost through ctdo of weight and to maximize user
friendliness by designing a stable, simple plane.

After analysis, these configurations were sizethdwe takeoff gross weights of around
800 Ib with spans of 20 ft and fuselage lengthsgiragn from 14-17 ft. The conventional
configuration was the lightest and shortest ofttiree. The two canard configurations were the
same weight, but the one with a pusher propulsisiesn was larger in dimensions. The
configurations were able to meet the RFP requiréspebut to varying degrees. The
conventional was able to perform slightly bettearthhe canard configurations in all the mission
segments due to its lighter body.

At this point, the leading design configurationtiiee conventional concept. However,
there are further improvements that can be madbetter achieve the design goals, which
include designing a wing that produces more liitl aaducing the weight and size of the plane.
These improvements can be attained through a metailed design process, which could

develop the AUAS into a practical option for agttaval use.



1. INTRODUCTION (JN)

The Request for Proposal calls for the design ef Agricultural Unmanned Aircraft
System (AUAS), an airplane used for aerial appibcaof liquid and solid particles on crofs.
Most existing agricultural aircraft are large, dpsaind require complex supporting equipment.
Consequently, they are unsuitable for use in urelaidped nations. There is therefore a need
for an inexpensive, easy to operate, and ruggegu duster for use worldwide.

The specific design constraints dictate that #sgigh should be an unmanned, fixed wing
airplane, controlled by a pilot on the ground. Tagload to be applied to a crop will consist of
100 liters of liquid chemical with density 64 posnger cubic foot or 300 pounds of solid
particles with density 70 pounds per cubic footaclk payload should be contained within a
hopper tank, which should be quick to load in tleédf The equipment used to pump the liquid
and solid materials will be contained within a sghaith a one foot radius weighing thirty
pounds.

The operational and performance requirements @idtett the airplane should operate at
20 feet above the ground with reserve fuel for 20utes of flight after the mission is complete.
Additionally, the maximum landing and takeoff dista is 750 feet on a gravel runway with a
width of 50 feet. The stall speed should be therajing speed divided by 1.3. The airplane
should also be capable of one to two mile ferytfis at an altitude of 1000 feet.

The aircraft and all supporting equipment shouldrbaesported or towed by a standard
pickup truck. The design must allow future upgsatte greater endurance, more payload, and
higher altitude. It should be easy to operateairepnaintain, and support. All costs associated

with its ownership and operation should be low. atidition, as many parts of the airplane as



possible, including the propulsion system, showdvdely available. Finally, the airplane must
not endanger its operator or any surrounding peoppeoperty in the event of failure.

The mission profile for the design begins with enute warm-up and taxi. Next, the
airplane will take off and climb to 50 feet AGL. h@& airplane will then fly to the desired field
and descend to an altitude of 20 feet AGL. Theserportion of the mission consists of spraying
a rectangular area measuring half a mile lengtlori®y thousand feet width with either the solid
or liquid payload. After the payload is dispersénd airplane will align with the landing site and
land. This site can be either set on the other sfdhe field so that the plane has to be retdeve
later, or it can be the same site as takeoff, wkiegeplane would have to climb back up to 50
feet, then align with the site and land. The noisgrofile is shown in Figure 1.1.

2 Climb

SIS 4 Cruize

L —
0 arm-up b 5 Landing

Figure 1.1. Mission profile with landing site on oposite side of the field

Y

Given the mission profile and design requiremenegam Two-CAN determined several
design goals. These goals set the theme on wbidhase design decisions. The primary
attributes for which the design will be optimize® éow cost and ruggedness. The final airplane
design will reflect the former of these ideals bynimizing the weight of the aircraft and by
using inexpensive parts and materials. The lagal will be met by ensuring structural

soundness and ease of maintenance and repair.



2. CONFIGURATION SELECTION (KH)
2.1. Objectives
The goal of the configuration selection process twaslentify three configurations that
were best suited to meet the requirements set fartthe RFP. At its most basic level, a
configuration consisted of a wing and a fuselagayliich was added empennage, a motor mount
and propulsion system, and landing gear. The gardtions were down-selected based on the
following criteria derived from the design goals:
The airplane must be easy to transport, hencedgsdength and half span should not
exceed 16 feet, provided that the wings are removddided for transport.
Increasing the wingspan allows the airplane to cavevider swath of field in a single
pass, meaning fewer passes are required. Thiseedhe range that must be flown.
Purchase cost should be minimized. Because cokissly tied to weight, weight should
also be minimized.
The airplane should be easy to load and unloadherii¢ld. Hence, wing or empennage
configurations that obstruct large sections offtleelage should be discouraged.
The payload and other internal components shotuldithout an excess of extra space.
At the same time, provisions should be made farrutipgrades including an increase in
payload capacity, so some extra space should bialalea
2.2. Morphology
The fuselage/wing combinations, empennages, emgyaems, and landing gear under
initial consideration are listed in Table 2.1. Maybscure components such as gull or annular

wing, cruciform or H-tail, or mono-wheel landingagevere deemed noncompetitive and omitted.



Table 2.1.

Morphological Chart

Component Types
Wing/Body Monoplane Biplane Tandem Wing
Joined Wing Flying Wing Blended Wing
Empennage Conventional T-Tail Canard
Vertical Only None Dual Vertical
Landing Gear Tricycle Taildragger Bicycle + Skids
Propulsion Tractor Pusher Wing-Mounted

Each wing/body combination was matched with ott@mponents to produce the most
competitive and reasonable configurations. Sewerfigurations received further consideration:
A conventional configuration, consisting of a monimg, conventional tail, taildragger,
and tractor.
A tandem configuration, consisting of tandem wingjagle vertical tail, tricycle gear,
and tractor.
A biplane, consisting of biplane wings, conventiaiad, tricycle gear, and tractor.
A blended wing/body, consisting of the blended wingnventional tail, tricycle gear,
and tractor.
A joined wing configuration, consisting of joineding and horizontal tail, a single
vertical tail, tricycle gear, and tractor.
A flying wing configuration, consisting of a flyingging and single vertical tail, tricycle
gear, and tractor.
A canard configuration, consisting of a monoplam&anard and double vertical tails, a
pusher, and tricycle gear.
2.3. Configuration Selection
The seven configurations were then examined basdtieocriteria listed in Section 2.1.

It was noted that the wingspans on flying wingsdtéo be very large, often exceeding what



would be easily transportable. Also, the wing khigess generally is not sufficient to
accommodate the payload in a manner that is eakath and stability is difficult to achieve.
Thus, the flying wing configuration was eliminatedit was further noted that multi-wing
configurations such as tandem and biplane are ulsegfteducing the wingspan. In this case, the
wingspan would be reduced to a point where the lswatith and range would be adversely
affected. Also, the multi-wing configurations ld#iss of the fuselage easily accessible for
loading. Thus, both multi-wing configurations wezminated. It was further noted that the
joined-wing configuration involved exceedingly coey geometry and thus would be difficult
to produce, maintain, and upgrade. Also, the ntgjoof the joined-wing fuselage was
unavailable for loading. Thus, it was eliminatedveell. Finally, it was noted that the blended
wing configuration was structurally more complexddreavier than the equivalent conventional
configuration, and the only advantage was slightdguced drag and additional space that
probably wasn’t necessary. The blended wing comnéiion was therefore also eliminated.
Three configurations were derived from the remajrghoices for detailed analysis.

The first configuration selected for analysis w#se conventional mono-wing
configuration. It was selected not only based tsnoivn strengths, but to serve as a point of
comparison for the other more complicated configars. In this case, the wings would rotate
and swing backwards flush with the fuselage foeaddransport.

Because it was not immediately apparent how tlggnerposition would affect the weight
and balance of a canard configuration, the remgitwo configurations analyzed were canards,
one a canard with pusher and the other a canaldtraittor. The canard with tractor consisted
of a mono-wing, canard, and single vertical tdilwas not immediately apparent which landing

gear configuration would be more feasible, so tigsision was left for after weight and balance



analysis was completed. For transport, the wingslevrotate and fold against the fuselage,
much like the conventional configuration. The adnwith pusher was the most complicated
configuration under consideration. Because oflyikeil/propeller interference, dual vertical
tails were used, and these were mounted to theswitay booms outside the propeller radius.
Also, in order to avoid the propeller passing tlgioiwhe spray stream, it was necessary to raise
the engine and propeller above the body axis. vEngcal surfaces would need to be removed
for transport, and the wings would rotate and fdeinst the fuselage.
2.4. External Configuration

A rough fuselage size was also determined prianit@l sizing. A cylindrical fuselage
was selected to minimize drag, with a minimum dismef 2 ft to allow the pump assembly to
fit. Most of the propulsion systems under consatien had a similar diameter. The fuselage
was to consist of three sections. The first wasogor mount section 3.5 ft in length with a slight
taper towards the front of a tractor or the reaa plusher configuration. The second section was
a cylindrical payload compartment, the length ofickhwould be determined in weight and
balance analysis. A diameter of 2.5 ft was setedte allow for structure around all major
components. The third section was a nose (pusineajl (tractor) cone which would taper from
the payload section diameter to a point. The lemdtthe cone was dictated by the fact that a
deviation from the free stream of more than 12 édegrwould produce flow separation, as
specified in Rayméf! Given the payload section diameter, a length .6f f6 was deemed

sufficient. Figures 2.1-2.3 show the configurati@amder consideration.
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Figure 2.1. Three-view of the conventional configation.
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3. SIZING ANALYSIS (AK, CC)
3.1. Initial Sizing

Initial sizing analysis was completed for threecmft configurations; a conventional
tractor, canard tractor, and canard pusher. Timdyais was done by first creating a conceptual
aircraft. The specifications can be found in T&ahie

Table 3.1. Characteristics of Conceptual Design Agraft

Wing Span Cruis_e Loite_r
(ft) Chord (ft) Velocity Velocity Svel Sef L/Dmax
(mph) (mph)
20 3 65 60 5 10.5

Using the initial sizing procedures outlined byyRer, the individual segments of the
mission were evaluated to determine the weighttivas of the mission\Wi/W.;. The takeoff
and landing weight fractions were taken from encpiridata, however the climb value was
modified. Since the climb was only 50 ft, it wast very logical that the empirical value of
0.985 would hold true since the climb would lastyoa few seconds. Therefore, an adjusted
value of 0.998 was adopted. The cruise weightifvaavas calculated using the equations and
methods discussed in initial sizing section of Rag#

After calculating the individual weight fractiorss shown above in Table 3.2, their
product was taken to find the total weight fractoorer the mission. This value was used to find
the fuel weight fraction as shown in Equation 3Heve 1.06 is used to account for the trapped
fuel. This fuel weight fraction was then put irfEquation 3.5. From here, an iteration was done
by guessing an initial weight, evaluating Equati®f at that value, evaluating Equation 3.5 at
that WJ/W,. Equation 3.6 was evaluated based on empty wéightions of other unmanned
aerial venhicles; this provided a more reasonabtvan than other coefficient sets for manned

aircraftl®!
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Table 3.2. Mission Segment Weight Fractions

Range| Enduranceg Velocity SFC AL :
m | (min) | (mphy | Y | @mn | WWo | Wi,
0 Warm-up -- -- -- -- -- 1.0 1.0
1 Takeoff -- - -- -- -- 0.97 0.97
2 Climb/Descent -- -- -- -- -- 0.998 0.968
3 Cruise/Turn 25 -- 65 10.5 2.41e-b 0.996 0.964
4 Climb -- -- -- -- -- 0.998 0.962
5 Loiter - 20 60 9.1 3.17e-5 0.996 0.958
6 Landing -- -- -- -- -- 0.995 0.954
Mo06 1Y% [3.4]
W, W
% = O.glwvo- 0.0795 [3'5]
_ We Wf
Wo _Wpayload +Wequip +V\_/0Wo + WOWO [36]

This iteration led to a TOGW of approximately 8@ for the conventional tractor
configuration. Initial sizing analysis was alsaadacted on he canard pusher and canard tractor
configurations, but the conceptual designs weralyedentical, and since initial sizing is an
extremely generalized process that takes few cordtgpn specifics into consideration, their
results were identical. Therefore, those tabutatiand calculations have been omitted. The
final TOGW of all three configurations was aroun@d8b. The weight breakdown is shown
below in Table 3.3. It is worth noting that alkdle configurations have identical results since
canards and conventional aircraft are extremelyl@im

Table 3.3. Pertinent Weights based on the Initiabizing of the Conceptual Designs

. . Empty Weight | Empty Weight | Mission Fuel | Fuel-Weight
Configuration| TOGW (Ib) (Ib) Fraction (Ib) Fraction

all 800 432 0.54 39.2 0.049

3.2. Constraint Analysis

Upon completion of the initial sizing which gentda TOGW of approximately 800 Ib,

the next step of conceptual design was to perforroomstraint analysis which ultimately
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produced a design point for a practical wing andgroloading given the mission performance
constraints outlined by the RFP. The constrairdlysis was performed on the four vital
segments of the mission profile: the take-off, seyisustained turn, and landing.

The results of the constraint analysis can be domnFigure 3.1, which includes the
design point selected. The design point chosewiéhin the allotted design space, however, it
does not fall at the absolute minimum wing loadpegmitted because the RFP places a physical
size constraint by stating that the aircraft mustitansported using a mid-size pick-up. Given
this additional constraint, it is increasingly @fflt to design an aircraft with wings that have a
large enough reference area to achieve a low woagihg while maintaining ease of
transportation and operation which would be seyédigldered if an operator was required set-up
long or bulky wings before flight.  This designipip like the initial sizing, was found by

giving little consideration to the specific paraerstunique to the different configurations.

0.2
Take-off Constraint
0.18 ) )
Cruise Constraint
0.16 Sustained Turn Constraint
Landing Constraint /
0.14 4 X Design Point
0.12
(11.5,0.1)
(PIW), 011 X _—T
0.08 -
0.06 -
0.04 -
/ i
0.02 -
0 : : : :
0 5 10 15 20 25

(W/S), (Ibffft %)

Figure 3.1. Constraint analysis diagram.
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4. PERFORMANCE (CC)
4.1. Introduction to Performance

The primary objective for the AUAS is to dispenspayload of solid or liquid over a
field measuring one half mile by 1000 ft. Givemstgoverning stipulation, it was necessary to
devise a strategy to accomplish said goal in aecsffe, efficient, and simple manner. This
section describes both the qualitative and quamnganalysis used to devise a spray pattern that
is viable to meet the constraints set by the RFP.

Additional constraints of the RFP provide that thAV must be able to perform the
mission profile outlined in Section 1. The speedvhich the UAV must operate should be 1.3
times the stall speed and the UAV must also be @bkatisfy the requirement of performing
short ferry flights between 1 and 2 miles withoaylpad at 1000 ft AGL.

Given this mission profile, it should be noted tha most essential flight segments are
the take-off and the cruise in which the UAV is mgjpong its payload and employing a tactical
flight path with multiple turns. The climb segmemtre thus omitted from the conceptual design
process as they are not severely constrained aré iggignificant in relation to the overall
demands. Consideration will, however, be giverth® loiter requirement of 20 minutes of
reserve fuel. Additionally inclusive in this studg the assessment of the variations in
performance capabilities between the different psegl configurations.

4.2. Takeoff Analysis

As set by the RFP, the vehicle must be capabla G50 ft takeoff distance. This
requirement is open-ended in that it does not intipdynecessity to design for obstacle clearance
ability beyond the runway confinement. Therefdoe the purpose of the conceptual design, it is

assumed that 750 ft is the maximum allotted grawtiddistance.
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The determination of the take-off distance is appately acquired using a force body
diagram of the plane at horizontal with respeajrimund. The acceleration of the plane is given
by subtracting the drag and friction forces fromu#t and dividing by the UAV’s mass. The
complication of this calculation lies in determigithese force values since they are all functions
of the velocity which is increasing at take-off.hél'thrust was therefore modeled by assuming
the ideal case that it is equal to the power miigtibby propeller efficiency and then divided by
the velocity. In this assumption, the propelleficegncy was held constant, and power was
assumed to be at maximum of 70 hp, a value dedwopdthe constraint analysis. The friction
force was modeled by assuming a friction coeffitgmen the known runway composition, then
predicting normal force for the maximum take-off iglg, found from initial sizing, then
subtracting the lift. The lift, as well as the glras strongly dependent on velocity and wing
geometry. This gives rise to yet another unknowariable, the lift coefficient in the take-off
configuration. However, given that all forces hasv been represented as functions of velocity
and the unknown lift coefficient at take-off configtion, a MATLAB" program was created to
determine the minimum lift coefficient needed ta tie plane off the ground within the runway
constraint. The integral of velocity divided bycateration with respect to velocity is the ground
roll distance, and by setting this distance equalatmaximum of 750 ft and numerically
integrating from O feet per secondVWeo. This process was performed over a rang€,6fo
values which directly govern the necessary takevetbcity at which lift equals drag. The
minimum take-off lift coefficient was determined &rh the ground roll plus rotation distance
became equal to or just less than 750 ft. Thigagmgh required the estimation 6%, from
Aerodynamics. The calculated minimu@a 1o values and maximum take off velocity for the

different configurations can be seen in Table 4ricbmparison. The differences arise from the
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different propose®p, andTOGW values for each configuration where TOGW suased to be

the maximum take-off weight.

Table 4.1. Required Take-Off Parameters.

Conventional Tractor Canard | Pusher Canard
Minimum C | 1o 0.934 0.977 0.978
Maximum V 1o 68.839 mph 68.077 mph 68.014 mph

The reason for determining the minimum requi@gdo is due to the proposal of omitting
flaps and other lift enhancing devices which notynallow the adjustment o, in the take-off
configuration. It may be found beneficial in fuduanalysis to employ some form of system
which allows for a dynami€, in take-off configuration if the calculatég] o values cannot be
acquired with reasonable wing incidence or tailpdroThe proposed conventional and tractor
canard configurations, which are tail draggers,naoee likely to be able to provide the necessary
wing incidence than the pusher canard configuratidmich sits on tricycle landing gear and
therefore whose wing is naturally at less of an@aongincidence.

4.3. Cruise Analysis

The cruise segment of the mission is where the U&\Mo disperse its agricultural
payload across a theoretical rectangular fieldimiessions one half mile by 1000 ft. Aside from
the field dimensions and requiring a cruise aleétuaf 20 ft AGL, this segment is open to
strategic execution for performance optimization.

It was decided that the spray pattern should bk that pictured in Figure 4.1 where half
turns are executed on the short ends of the fiBlglcompleting the turns around the short ends,
the number of necessary turns is minimized andgadrmi percentage of the cruise time will
therefore be spent actually spraying than if thegwere implemented on the long ends. Given

this decision, it was then essential to designteepawith practical turn radii. Opting to utilize
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an efficient race-track pattern, the turn radius wlzen maximized to avoid having to turn at
greatly increased speeds and load factors. THeipdEigure 4.1 also minimized the distance
flown per turn by performing 180 degree turns. skmuently, the chosen pattern creates the
necessity of two different turn radii, one largkan the other. Table 4.2 shows a spreadsheet
which implements an algorithm used to solve thetlBwl&stance, major and minor turn radii, and
total distance traveled as a function of the nundbgrasses across the field, for our desired spray

pattern.

Figure 4.1. Spray pattern for the mission

The next consideration was given to the estimateatls area capable by the selected
wingspan for the aircraft. With a wingspan of 20idwas decided that a swath width between
25 and 35 ft is possible depending on spraying lwépes. Table 4.2 was then used to select a
design point. A swath distance of approximatelyft3®as considered middle ground for the set
extrema, and then an odd number of passes wasdpiokallow for larger radii, for both the
major and minor radius, in comparison to those attaristic of swath widths for an even
number of passes. From this swath width, the nurabpasses across the field was determined
to be 33, thus requiring 16 turns per side of ieelf Because the specific pattern has an odd
number of passes, the plane will terminate on thgosite side of the field in which it starts,

which is allowable by the RFP, and eliminates agtitawhal climb.
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Table 4.2. Spray Pattern Variables Dependent of Nuber of Field Passes.

Number of Swath Major Turn | Minor Turn Er':;[laé?gg %S?)Lessl?ri]r?e
Passes Width (ft) Radius (ft) Radius (ft) -
(mi) Turn

28 35.714 250.000 232.143 17.878 21.699
29 34.483 258.621 241.379 18.665 22.319
30 33.333 250.000 233.333 19.175 21.779
31 32.258 258.065 241.935 19.962 22.359
32 31.250 250.000 234.375 20.472 21.849
33 30.303 257.576 242.424 21.260 22.39%
34 29.412 250.000 235.294 21.769 21.919
35 28.571 257.143 242.857 22.557 22.429
36 27.778 250.000 236.111 23.066 21.969
37 27.027 256.757 243.243 23.855 22.459
38 26.316 250.000 236.842 24.363 22.019
39 25.641 256.410 243.590 25.152 22.479
40 25.000 250.000 237.500 25.660 22.069

With the selected design criteria, these turn rddén needed to be validated as
achievable parameters for our proposed plane. Fh@nodynamics, a potentidl max Was
acquired as well as an averagh value for each configuration. Using these aeradyic
values, theoretical thrust, and the maximum takeasdight, a sustained turn envelope was
generated, seen in Figure 4.2. This figure is ifipeto the parameters of the conventional
configuration. The operating velocity was foundbe 72.2 mph, which is 1.3 times the clean
stall speed of 55.5 mph and is plotted in Figu& 4 he plot of the turn envelope shows that the
turn radii for the desired spray pattern do indeeds through the turn envelope, but would
require a speed increase into each turn to pretentving from having to operate at, or very

close toCy max
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Figure 4.2. Turn rate vs. velocity.

Figure 4.3 is a plot of the turn radius versus e&joand further illustrates that the speed
must be increased from the operating velocity mheturn state to lie comfortably between the

two limits of max load factor and stall speed.
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Figure 4.3. Turn radius vs. velocity.



19

To quantify these statements, Table 4.3 lists t@mum and maximum velocities for

which the major and minor turns can be performato listed, is theC, and load factors at the

extrema, or where the turn radius plots intersketlimit plots. Table 4.3 also quantifies the

absolute minimum turning radius at the corner vigyjoghere the two limit curves intersect, and

the minimum turning radius possible at operatingesh

Table 4.3. Turning Radii and Their Required Parameers

At Vop At Vcorner F\)minor Rmaior
L o Max. Min. Max. Min.
Min. Limit - Min. Limit | Ggie | Gimit | Limit | Limit
Turn Radius (ft) 255.31 217.06 242.42 242.42 257.58 257.58
Velocity (mph) 72.16 98.49 102.06 76.40 104.03 71.59
Load Factor 1.69 3.15 3.04 1.89 2.98 1.66
CL 1.44 1.44 1.29 1.44 1.22 1.44

An important note to make is that the turn analysas been completed assuming a

constant weight equal to that of the conventiomatlfiguration at maximum take-off weight. If
the weight were considered to decrease through ntiesion, the wing loading would
consequently go down and shift the stall limit lieftrigures 4.2 and 4.3. This shift would open
the sustained turn envelope to allow these target fadii to be performed at lower velocities
and turn factors. This analysis repeated for #reand configurations yielded the opposite effect
in which the stall limit shifted right due to thé@rger proposed weight, thus meaning they would
require a larger speed increase going into turns.
4.4. Mission Time

The time for the cruise mission, given the rang@h®6 mi, and considering the spray
legs are carried out at operating speed and tims &atrtheir minimum allowed speed atn&, is
This number is the maximum cruiseetias it assumes constant weight

17.6 minutes.

throughout, and the minimum possible turn velocity.
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4.5. Fuel Estimation

The RFP requires that the plane carry fuel forn@@utes of flight additional to the
mission. Using a maximum specific fuel consumptiatue for a motor of comparable power to
that used in the performance analysis, it was deted that the cruise portion would require
7.818 Ib of fuel. The 20 minutes of reserve fuaswaming this time is spent loitering at the
velocity for minimum power, requires an additior&890 Ibs for each configuration. These
estimations again consider that the weight is matebsing and are thus upper limits to the true
values.
4.6. Trade Studies

An appropriate area to look for the ability to irape mission performance would be the
cruise spray pattern. The baseline analysis sludiswath distance that nearly bisected the
approximated extrema, therefore, the effect of alemn from this middle ground should be
considered. In order to reduce the flight patltagise in hopes of reducing fuel and mission time,
at larger swath distance shall be considered. nBseasing the swath distance to approximately
34.5 ft and again picking an odd number of passesaximize turn radii and reduce the chance
of needing higher turn speed and load factors,sggdepoint of 29 passes is studied. The major
and minor turn radii deviate by less than 0.5%, éwav, the required flight path reduces by
12.2%. With this adjustment, the spray time disings to a mere 15.4 minutes and only requires
6.86 Ibs of fuel which is a decrease of 12.3%.

Another important aspect to consider with this d®ais how the altered turn radii affect
the turn speeds and load factors. The minor tadius could be completed between 76.84 mph
on the stall limit with a load factor of 1.92, ah@1.95 mph with a max load factor of 3.04. The

major turn radius could be completed between 7inB& at the stall limit and a load factor of
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1.65, and 104.13 mph with a load max factor of 2.980 parameter increases that are very
significant are observed for these new turn raliis making this swath distance change a viable
and quite practical option should a spray appaia¢ugble to achieve this criterion.
4.7. Future Work in Performance

There were several assumptions made throughouypaHfermance analysis to simplify
the initial calculations which serve to help diffatiate between the configurations and provide a
baseline from which to build upon. One major agstiom made throughout was that the weight
of the UAV was constant and equal to the take-taffes Therefore, a dynamic weight model is
to be designed. Another major assumption througtimianalysis was that the thrust available
was calculated assuming ideal conditions. A magmacdhic thrust model must be incorporated
which accounts for a changing propeller efficieriagtor. Additionally, time and fuel weight
considerations will be made for the take-off, clinsimd landing segments for a more accurate
mission prediction. In order to produce a bettel tonsumption model, there is a necessity for
a fuel consumption function dependent on power #@mdst. Lastly, an important factor to
consider will be to determine a practical way tothe maximum take-off weight condition more

comfortably within the calculated turn envelope.
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5. AERODYNAMICS (AL)
5.1. Introduction to Aerodynamics

The aerodynamics portion of conceptual design feassed on selecting a wing that
would meet the RFP requirements. This first rezgfiselecting an airfoil and then creating the
wing geometry. Analysis of lift and drag for tHede configurations was conducted to provide
data regarding the performance of the wing. Tistddies were also conducted to select various
aspects of the wing geometry.

While designing the wing, many of the RFP requeais were taken into account. In
order to design the plane such that it would bg éasepair and maintain, the wing geometry
was designed such that it would be relatively sempi shape. This would allow for
unobstructed access to the body of the plane. falsen into account was the requirement that
the plane must be able to be carried or towed staadard pickup truck. Since the wing is the
widest part of the plane, it was to be designeshast as possible while still being capable of the
providing the necessary performance needs. Thasgsnncluded the generation of adequate lift
for takeoff and for the turns that would be perfedhduring the spraying of the field. All these
design requirements were taken into account duheglesign of the wing.

5.2. Airfoil Selection and Wing Geometry

The initial airfoil was selected by looking thrdugirfoil data of various books. The
maximum lift coefficient was taken into consideoatiduring this process because of the takeoff
distance and the turning requirements. The NACA2ldirfoil was selected for the initial wing.
This airfoil was chosen because it was relativeypte in shape and also had a maximum lift
coefficient of 1.6. The thickness ratiéc, of this airfoil is 12% and occurs at the quadkeord

location. The data for this airfoil can be seeffrigure 5.1 below.
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Figure 5.1. Experimental lift and drag data for theNACA 1412 airfoil.*!

From the constraint analysis, the planform arethefwing,S.s, was set at 69.6ft. With
this constraint, a trade study on the aspect nade performed to compare the lift and drag
performance. This study was conducted on the adioreal configuration only, since the trends
would be the same for all three configurationsguFeé 5.4 shows the lift-drag polars for various
aspect ratios. It can be seen that at @walues, the correspondir@y values are all around
0.03. However, a€, approache€, max the drag increases at a higher rate for loweeasp
ratios. With the requirement that the plane mesable to be towed by a pickup truck, the span
of the wing needed to be as short as possiblevadt determined that the wing would have an

aspect ratio of 6.0, a span of 20.43ft and a cbhb@&i4ft.
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Figure 5.2. Lift-drag polars at variousAR.

Another trade study examined the effect of varyimg taper ratio,. At a taper ratio of
0.44, the lift distribution closely matches the dfstribution of the elliptical wing, which is idé
for the minimum induced drdg. Thus, a taper ratio of 0.4 was the baseline tongarison.
This study was also conducted on only the convaatioonfiguration. Figure 5.3 shows that as
the taper ratio is decreased; maxWill increase, which delays stall. Figure 5.4pikys the drag

coefficient for various taper ratios.
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Figure 5.4 shows th&p will decrease as the taper ratio decreases. Vbbille figures
show that decreasing the taper ratio would be l@akfthe changes in stall angle and drag
coefficient are too small to outweigh the benedita simple, rectangular wing. Thus, the taper

ratio was set to be 1. Since the operating velaeduld be around Mach 0.1, it was decided that
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wing sweep was not necessary. This was basedstérical data that compared the wing sweep
vs. Mach numbéf A straight wing also allows easier maintenana r@pair as outlined by the
RFP. All three configurations were designed witis wing.
5.3. Lift, Drag, and Efficiency Analysis Method
From the airfoil data, the maximum lift coefficteaf the wing,C_max was calculated
using Equation 5.1
C

= 09C, . CosL o5 [5.1]

L,max
whereC max IS the maximum lift coefficient of the airfoil andy 2sc is the sweep angle at the

quarter chord location. The lift curve slog,, was found using Equations 5.2-575,

S

C., = midih L (F)
AR2b2 tan2 L maxt Se><p [52]

2+ |4+ 1+
h? b?
b=1- M? [5.3]
_C, [5.4]
201 b

F =1071+d/b)? [5.5]

In these equations,maxtis the sweep at the maximum airfoil thicknels, is the exposed area

Sref

of the wing,d is the diameter of the fuselage, amds the wing span. Since— (F)was

exp
greater than 1 in our calculations, meaning theylisdoroducing more lift than the portion of

wing it covers, it was set to 0.98 as suggesteBRdymer?

_ CL,max
CL,max

a

+a0 + DaCL,max [56]

La
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Equation 5.6 gives the stall angles. max Where ¢ max IS the correction term due to vortex
flow with the C. and o, the lift at any angle of attack could be caloedator the linear portion
of theC_ vs curve. The lift-drag polar can be reasonablynested wherC, nax and ci max
known.

In order to calculate the drag coefficient, theagde drag must be estimated. This was
done by using the component buildup method outlimedRaymer to find the parasite drag
coefficient Cpo .  Essentially, the parasite drag on each compoiseastimated, normalized

with respect t&Ger and added together using Equation 5.7.

(C ,cFFchSwe ,c)
(CDo)subsonic = f S t + CD,misc + CD,L&P [57]

ref

In this equation,C;. is the skin-friction drag coefficienkF. is the form factor,Q. is the
estimated interference fact®,etc is the wetted area of component Cp misc IS the drag that
comes from features such as the landing gear aray $wom, andCp ¢p iS the drag due to

leakages and protuberances. The induced dragecealdulated by Equation 5.8

2
R [5.8]
" peAF
wheree, the Oswald span efficiency factor, for a strawmgitg is
e=178(1- 0.045AR%®)- 064 [5.9]

Summing the parasite drag coefficient and the iedudrag coefficient will give the drag
coefficient. The lift-drag polar was plotted usi@g and Cp at various angles of attacks to
provide an idea of the performance of the wing.
5.4. Lift, Drag, and Efficiency Results

Coefficients for lift and drag were obtained fakeoff, cruise, turn, and landing using the

method outlined in Section 5.3. For the convergtiozonfiguration, these values are shown
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Table 5.1. The values f@p, do not change because the configuration duringrtission stays

the same.

Table 5.1. Mission Segment Coefficients for the Cerentional Configuration

C Cpbo Co L/D
Takeoff | 0.93 0.030| 0.054 17.3
Cruise 0.85 0.030 0.074 11.5
Turn 1.44 0.030| 0.156 9.2
Landing| 1.23 0.030 0.123 10.0

The longer landing gear of the canard with traetod increased tail dimensions, create
more parasite drag than the conventional configamatThus,Cp, for this configuration is 0.033,
compared to 0.030 for the conventional. The irgeana drag also causes a decreas€ln The

coefficients for the canard with tractor configumatare shown in Table 5.2.

Table 5.2. Mission Segment Coefficients for the Cand with Tractor Configuration

CL Cbo Co L/D
Takeoff | 1.00 0.033] 0.069 14.5
Cruise 0.85 0.033] 0.077 11.0
Turn 1.44 0.033| 0.159 9.0
Landing| 1.23 0.033 0.126 9.8

For the canard with pusher configuration saw ghslincrease irCp, compared to the
canard with tractor. This was because there weoevertical tails and a larger front wheel for
the tricycle landing gear configuration on thisra For takeoff, the drag was less than the drag
of the canard with tractor configuration because¢hefreduction of induced drag due to ground
effect’” Since the wing is closer to the ground, there lgas induced drag. The coefficients

for this configuration are shown in Table 5.3.
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Table 5.3. Mission Segment Coefficients for the Cand with Pusher Configuration

CL Cbo Co L/D
Takeoff | 1.00 0.034| 0.067 14.9
Cruise 0.85 0.034| 0.081 10.4
Turn 1.44 0.034| 0.170 8.5
Landing| 1.23 0.034 0.134 9.2

The lift coefficients for each of the three coniigtions were the same for a given
mission segment. This is due to the fact thawimg was the same for all three configurations.
For the same reason, tkg max Value for all three configurations was 1.44 at max €qual to
19.17°. The span efficiency factor calculated fraquation 5.9 was 0.87 for all three
configurations.

Based on these results, it can be seen that theeobional plane performs best out of the
three configurations. It has less drag due tosthmeller size of the tails and landing gears in
comparison to the two canard configurations.

5.5. Future Work in Aerodynamics

Future work will consist of creating a more degdiimodel for lift and drag. A CFD code
will be constructed in order to predict the pressdistribution, which can then be utilized to
predict the lift and drag on the plane. The desigmn airfoil more tailored for the mission
profile will also be developed. More trade studigB also be conducted in order to maximize
the lift while minimizing drag and weight. To ingwe the ability to transport the plane on the

ground, reduction in the dimensions of the wind alo be investigated.



30

6. PROPULSION (MS)
6.1. Introduction to Propulsion

The design of the aircraft's propulsion system wmaainly dependent on the motor
selection. The horsepower of the engine defineddiameter of the propeller. Once the most
ideal diameter was calculated, the propulsion systgperformance was evaluated. The air
intake to cool the engine was also dependent orsé¢lexted motor's horsepower. Fuel types
were the final consideration in evaluating the ddatk propulsion systems, and the main
emphasis was applied to the rate of fuel consumptibhe final engine selected combined ideal
horsepower and low fuel consumption.

6.2. Methodology
6.2.1. Engine Selection

Agricultural aircraft typically have a lower powérading value than do conventional
propeller aircraft. The need for higher thrustues at lower speeds is why the weight to power
ratio is lower in agricultural aircraft. Historicgalues show that an 11 Ib/hp power loading
value is reasonable for agricultural applicatiomsnpared to a 14 Ib/hp value found in most
single engine general aviation aircraft. Using TM@GW value calculated during the initial
sizing and the power loading, the desired horsepealee was calculated.

The maximum altitude in the mission profile was A®) and the air density change from
sea-level to 1000 ft was only 3%. The performaoicthe motors selected were effective up to
15000 ft, therefore, altitude considerations wezglected.

6.2.2. Propulsion System Selection
The need for short takeoffs and landings also plage important role in engine and

propeller selection. The engine selected needdthte a higher horsepower rating than most
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conventional aircraft, and with higher horsepowaetarger diameter propeller was required to
absorb the extra power. Diameters were calculéded?, 3 and 4-bladed propellers using

Equation 6.1, where }is a constant dependent on the number of blades.
D =K, #(hp) [6.1]
Once the appropriate diameter was calculated foln salected motor, the propeller’s static tip

velocity was found using Equation 6.2. The pragé&l helical tip velocity was then calculated

and checked to ensure the tip velocity did not edc@50 fps, using Equation 6.3.

(Vﬁp )static =pnb [6:2]
(\/ﬂp)helical = \/t'% +V2 [63]

In the helical tip velocity analysis, the aircrafthaximum velocity was set at 100 mfh.

The selected engines that failed to have a hefipalelocity below 950 fps required a
gearbox. The installation of a gearbox reduceptbeeller’s rotation rate and decreases the tip
velocity.

In order to maximize the aircraft's performance takeoff, the propeller disk loading
needed to be evaluated. Normal values for singégne aircraft range from 3-8 hgifiand the
optimal disk loading value was found to be 3 Hpft

The efficiency of the propeller was found usinguBtipns 6.4 and 6.5. The calculated
advance ratio, J, and the power coefficient, Cprewtben referenced to Figure 13.12 from
Reference 2 to find the appropriate propeller &fficy value. Also, assuming an activity factor

of 100, from historical information, the chord velwas calculated using Equation 8!6.

1=V [6.4]
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. _5500m) [6.5]
p - ,.n3D5
100 R, [6.6]
AF=TF o

After the efficiency of the propellers for a motwas found, the thrust produced by each
motor was determined using Equation 6.7. Equafidh was used to find the static thrust

produced from each candidate motor system.

_550hpYr, [6.7]
ForwardFlight V
T _ ¢ 550(p) [6.8]
Static —
c nD

p

The thrust coefficient to power coefficient ratiasvfound using Figure 13.11 from Reference 2.
6.2.3. Engine Air Intake

One concern for the selected propulsion systemtiaamount of air needed to keep the
motor cool. The air needed to cool the engineeases the drag of the aircraft and can reduce
the engine’s effective horsepower by 10%. Sineedtincraft was unmanned and airflow across
the cockpit was not an issue, an updraft coolinghot was implemented. The updraft flow
across the motor allows the exit flow to enter filee stream at a lower pressure region than it
would if a downdraft method were used. The updragthod is more efficient than the downdraft

method. The intake cooling area was found usinggkqgn 6.9.

__(hp) [6.9]
Atooling - 2.2\/c|m

The exit area was set at 80% of the entrance ardaempandable to 200% through a hinge

mechanisn?
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6.2.4. Fuel System

The aircraft’'s fuel system was mainly dependenttioa motor configuration selected.
The specific fuel consumption data was locatedheneingine tech sheets. Since the amount of
fuel needed for the given aircraft's mission pefitas small, the fuel was stored in a discrete
fuselage tank’
6.3. Results
6.3.1. Engines Selected

Online research resulted in 17 different motor pmkises. The motors selected were
based on the design point of 11 Ib/hp, resulting2rty hp needed. Motors were selected based
on maximum horsepower values, and a wide rangeoddbnsm were selected to determine if any
trends or trade-offs could be made between m&lofEhe motors that were evaluated are
displayed in Table 6.1.

Table 6.1. Researched MotorS™%!

. Powel, .y

Engine (HP) RPM ax

Bernard Hooper (SPV580) 47.5 5250
HKS (2cyl/4str-680cc) 60 6200
Limbach Flugmotoren (L1700 60 3600
Zoche Aero-diesels (ZO 03A) 70 2500
Mikron 111B 75 2760

UAV Engines Ltd (AR682) 75 6000
Limbach Flugmotoren (L2000 80 3400
Rotax (912 UL DCDL) 81 5800
Jabiru Aero Engine (2200A) 85 3300
Limbach Flugmotoren (L2400 87 3200
Bernard Hooper (SPV-8) 91 5000
UAV Engines Ltd (AR682R) 95 7000
Howells Aero Engines (HAE-10D) 100 2500
Rotax (912 ULS DCDL) 100 5800
Lycoming (O-235-H) 115 2800
Rotax (914 UL DCDL) 115 5800
Diesel Tech (PowerLite-100) 135 2500




34

The highlighted motors in Table 6.1 were selected passed to the next step in the propulsion

system selection. The remaining engines were eéitad because they had either too much or

too little horsepower, placing them outside theiglespace.

6.3.2. Propulsion System Selected

The initial propeller sizes were selected basethendeal propeller diameter for a given

horsepower motor. The values for 2, 3 and 4-blaategdellers are tabulated in Table 6.2.

Table 6.2. Diameter and Helical Tip Velocity Valus for 2, 3 and 4-Bladed Propellef "%

. Viip,2b, Viip,ab, Viip,ab,
=ngine Dzs(t) | Darlft) | DanlD) helical(ft/S) | heiical(ft/S) | nhelical(ft/S)

Zoche Aero-diesels (ZO 03A) 4.92 4.63 4.34 660.17 623.31 586.5[7
Mikron I11B 5.00 4.71 4.41 737.70 696.07 654.56
UAV Engines Ltd (AR682)| 5.00 4.71 441 1578.51 1486.48 1394.51
Limbach Flugmotoren (L2000)5.08 4.79 4.49 916.91 864.4( 811.98
Rotax (912 UL DCDL) w/GR 5.10 4.80 4.50 654.03 617.5% 581.1P
Jabiru Aero Engine (2200A) 5.16 4.86 4.55 903.88 852.1% 800.5p
Limbach Flugmotoren (L2400)5.19 4.89 4.58 882.19 831.78 781.4p
Bernard Hooper (SPV-8)| 5.25 4.94 4.63| 1382.03 1302.02 1221.y2

When the disc loading was set equal to 3, the pi@pdiameter increased and thus

became more efficient. The tip velocities thatemd 950 fps required a gearbox to be installed

in order to reduce the propeller’s rotation ratel fwer the tip velocity? Table 6.3 shows the

gearbox ratio needed to apply a 3 Hpiiwer loading.

Table 6.3. Tip Velocity with Power Loading = 3 andsearbox? *2

: GearBox| Vipneical | Weight

Engine PousM | patio1: | sy | (bf)
Zoche Aero-diesels (ZO 034) 4.83 - 649.09 121
Mikron I1IB 5.00 - 737.30 152
UAV Engines Ltd (AR682)[ 5.00 1.68 946.43 112
Limbach Flugmotoren (L200D) 5.16 - 930.94 169
Rotax (912 UL DCDL) w/GB 5.20 2.43 665.74 134
Jabiru Aero Engine (22004) 5.32 - 931.35 132
Limbach Flugmotoren (L2400) 5.39 - 914.14 181
Bernard Hooper (SPV-8) 5.51 1.54 947.70 75
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The highlighted motors in Table 6.3 were consideaddquate enough to continue while the
remaining engines were eliminated due to their Wteig The Bernard Hooper engine was
eliminated because the propulsion system was Bligiverpowered at 91 hp, and it lacked
detailed specifications for further researdline motor system is also not currently in prodarcti
The propeller diameter used for the remainingudatons was the one found to meet the
disk loading requirement set by performance. Siaggacultural aircraft have higher power
loadings than most conventional aircraft, a 3-biageopeller was chosen to absorb the extra
horsepower. A 3-bladed propeller was also usedesinhad a 5% higher static thrust value
when compared to a 2-bladed propulsion systeifhe Zoche Aero-diesel did have less static
thrust than the other three engines; however Fif§ureshows as the velocity increased the diesel
engine maintained thrust better. Table 6.4 shdwesdritical propeller information for each
remaining propulsion system. The Zoche Aero-dgeseline has a better efficiency and thrust

to horsepower ratio at the aircraft’s top speed.

500 = 70che Ae.ro
= UAV Engines
450 + \ —— Jabiru Aero
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Figure 6.1. Thrust-velocity curves for the candidge motors/® 1°*2
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Table 6.4. Engine and Propeller Performance Data ***%

Engine . Pitch | Chord T/hp
i (deg) (f) | (Ib/hp)
Zoche Aero-diesels (ZO 034) 0.80 22 0.309 3.00
UAV Engines Ltd (AR682)| 0.65 10 0.320 2.44
Jabiru Aero Engine (22004) 0.63 12 0.341 2.36
Rotax (912 UL DCDL) w/GB 0.70 20 0.333 2.63

6.3.3. Engine Air Intake

The size of air intake needed for each motor wegseddent on the motor’s horsepower
and the climb velocity. The climb velocity was ds#ue to the airflow being most restricted at
higher angles of attack rather than steady-levghtf”? Table 6.5 shows the cooing air intake
area needed for each motor.

Table 6.5. Air Intake Area for Selected Enging& 1012
Engine A (ft?)

Zoche Aero-diesels (ZO 034) 0.32
UAV Engines Ltd (AR682)| 0.34
Jabiru Aero Engine (22004) 0.39

Rotax (912 UL DCDL) w/GB 0.37

The use of the Zoche motor system minimized thg draated by the intake, which can reduce
the available thrust by 10%.The air intake for the tractor configurations waacpd under the
leading edge of the cowling, and the exit behirg riiotor on top of the cowling. The pusher
variation has its air intake at the top of the gogland exits at the bottom, and this allowed the
airflow to be pulled through the engine compartmsnthe propeller.
6.3.4. Fuel System

The fuel system selection is mainly dependent ugmenfinal motor selected, and the

Zoche Aero-diesel was the lead motor through th&igdeprocess. The diesel motor’s fuel
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system performance was exceptional having the $estific fuel consumption value, 0.381
Ib/hp/hr at maximum power and 0.357 Ib/hp/hr afsgconditions®

The amount of fuel required was also decreased twétzoche motor because the motor
only consumes 2.3 gal/hr while cruisi[ﬁ]gThe Jabiru Aero Engine was the next closest and it
consumes 4.0 gal/f¥! The Rotax and UAV Engine systems each consumed &wgal/hr,
which almost triples the amount of fuel neededtfr aircraft’'s mission profil€% ! A simple
off-the-shelf fuel container was used because tteeadt did not need a large fuel tank. Since
the aircraft consumes 2.3 gal/hr of diesel fuaratse, a 7 gallon fuel tank provided enough fuel
to perform the mission profile with 20 minutes ofra fuel capacity. The fuel tank was also
designed for a gasoline engine to be interchangeaith the Aero-diesel, and the gasoline
engines would need a larger fuel capacity to cotaplee mission.

6.4. Future Work in Propulsion

The motors selected will need further evaluatiothtr performance at the given flight
conditions. They have been analyzed at full tleottonditions, but they still need to be
evaluated at 75% to properly determine the crulsgacteristics. Most of this information will
need to be obtained from the manufacturer as itneaseadily available online.

Actual propellers will need to be found that méwt tequirements of configurations or
plans will need to be sent to a propeller manufactto have them designed. An ideal propeller
could be designed to improve the performance ofrtbtor and further increase fuel economy.

The motor integration process to the aircraft anéctual weight build-up of the
propulsion system parts need to completed. Thematight estimates now seem slightly

heavy, but there is no hard data to support thaiscl
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7. STABILITY AND CONTROL (JN)
7.1. Introduction to Stability and Control

The subject of stability and control refers to sieéection of wing and stabilizer positions,
control surface sizes, and center of gravity lasainecessary to give the aircraft positive static
and dynamic stability in the longitudinal, laterahd directional axes, as well as satisfactory
handling qualities. Static stability describes thiéal response of a system to a disturbance.
Dynamic stability refers to the response of thglame over a longer period of time. A method
used to determine the longitudinal static stabiifyan airplane is presented and applied to the
Request for Proposal in Section 7.3.

Desirable handling qualities result from a comboratof sufficient stability in the
longitudinal, lateral, and directional axes as veslIsufficient control over the same three axes.
To achieve these goals, the horizontal and versitadilizers of the airplane must be chosen to
give the airplane sufficient stability. Additiomgl the ailerons, elevator, and rudder must be
sized sufficiently to provide positive control ove airplane, even in extreme situations such as
a crosswind landing. The methods used to makeeteterminations at a conceptual design
level are described in the following section.

7.2. Tail and Control Surface Sizing

The RFP provides no specification regarding stigbitr handling qualities besides a
vague requirement of “easy operatiéi. Therefore, the airplane should be designed to have
positive stability in all axes as well as suffidiecontrol authority in all situations. At the
conceptual design stage, first order approximatimmstail and control surface sizes may be
obtained by analysis of historical data. One wawhich this may be accomplished is through

the use of tail volume coefficients. The tail vole coefficient is a non-dimensional value
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relating the size of the horizontal or verticalbstiaer to the size of the main wing. The

horizontal tail volume coefficient is defined by

1S
v, =
" Sref6 [71]

wherely, is the distance between the quarter-chord of tirzdntal stabilizer and the aircraft
center of gravitys, is the planform area of the horizontal stabiliZgy; is the planform area of
the main wing, and is the mean aerodynamic chord of the main winlge Vertical tail volume

coefficient is similarly defined by

v =S
bSef

[7.2]

wherel, is the distance between the quarter-chord of émgcal stabilizer and the aircraft center

of gravity, S, is the planform area of the vertical stabilizerwl b is the span of the main wing.
Historical data demonstrating trends in horizoatad vertical tail volume may be found

in Ref. [16]. From these data, empirical formulas representiegwto correlations may be

obtained. These are given by the following twoagopns:

2
V, = 027+ 073x Ve L [7.3]
SrefC
h.’L
V, = 0,032+ 030x £ °F [7.4]

ref
wherew., h., andL. are the width, height, and length of the fuselaG@embining Equations
7.1-7.4, expressions for the planform areas thzdwotal and vertical stabilizers may be obtained.

The lengths of the horizontal and vertical stabil&zfrom the center of gravity were initially

chosen based on historical values. A trade stualy performed to determine the effects of tail
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location on the size of the tail. The resultsho$ trade study for the horizontal stabilizer of th

conventional configuration are shown in Figure 7.1.

30.00

<
25.00 N

20.00 -

15.00 -

10.00

5.00

Planform area of horizontal stabilizer (ft"2)

0.00

5 7 9 11 13 15

Distance between center of gravity and horizontal s tabilizer (ft)

Figure 7.1. Planform area vs. distance behind ceett of gravity for conventional
configuration horizontal stabilizer.

Figure 7.1 shows that the planform area of theiganversely proportional to its distance
behind the center of gravity. This trade study wsed to iteratively select a tail length based on
tail planform area and fuselage length. To find #pan and chord of the tail surfaces, more
information is needed. Typical aspect ratios far horizontal and vertical stabilizers are 4 to 5
and 1.2 to 1.8, respectively. Assuming the stadyit are both rectangular, the planform area and
aspect ratio fully define their geometry.

Tail sizing results for each proposed aircraft gguration are summarized in Table 7.1.
The distances of the stabilizers from the centegra¥ity are given as positive behind the center
of gravity. by andc, are the span and chord of the horizontal stabilibg, c,, by 2, andc, » are
the span and chord and a single or dual vertiadlilster. In the case of dual vertical stabilizers
it is assumed that the sum of the two planformsredhe same as the planform area of a single

vertical stabilizer, and each of the dual vertgtabilizers has the same span and chord.
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Table 7.1. Tail Sizing Results for Possible Confugations

Conventional| Canard-Pusher Canard-Tragtor

I (ft) +8.00 -7.00 -5.00
Iy (ft) +8.00 +5.00 7.50
S (ft9) 16.41 19.89 10.19
S (ft9) 9.14 15.28 12.74
by, (ft) 8.59 9.46 11.19
Ch (ft) 1.91 2.10 2.49
by (ft) 3.82 4.95 4.04
cv (ft) 2.39 3.09 2.52
by 2 (ft) 2.70 3.50 2.86
Cv2 (ft) 1.69 2.19 1.78

From the first order approximation tail sizinguks in Table 7.1, it may be seen that the
canard-tractor configuration minimizes the totahrgbrm area of the horizontal and vertical
stabilizers. As a result, the wetted area and exqumently drag contribution from the tail or
canard surfaces is minimized with the canard-tractmfiguration. In addition, the larger tail
surfaces for the other configurations would incestl® airframe weight.

Control surface sizes may also be estimated byprgal values. The area of the rudder
is typically 25-50% of the vertical stabilizer pfarm area and has a maximum deflection of
+25°. Similarly, the elevator area is around 25650f the horizontal stabilizer planform area
with a maximum deflection of £25°. The rudder loé tairplane will be the trailing edge of the
vertical stabilizer, the elevator will be the tnag edge of the horizontal stabilizer or canard] an
the ailerons will be located at the outboard sestiof the wing.

7.3. Longitudinal Static Stability and the Static Margin

In order for the airplane to demonstrate statibibtg, as described in Section 7.1, it must
generate moments opposite to any pitch perturbatidfor this to be true, the sum of
aerodynamic forces must be located on the airstadh that when angle of attack increases, a

negative moment is generated and vice versa. mhis be ensured by locating a point on the
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airframe at which total lift is applied. Total eiaft moment resolved about this point will be
constant because the changing lift does not chdmeggmoment. This point is called the “neutral
point.” In order to determine the location of theutral point, determine an expression for the
total moment about the aircraft center of gravityhe neutral point is the center of gravity
location at which this expression is constant wébpect to angle of attack. In order to obtain an
expression for the location of the neutral, diffégrate the moment with respect angle of attack,
set this derivate to equal to zero, and solveXigr Performing this differentiation and non-
dimensionalizing the locations of the wing, horitadrstabilizer, and propeller by the chord of

the main wing results in the following expression:

X|

C -C P TP
- L, “acw mafus Sref Lan ﬂ a ach quef ﬂ a p

Xop = = [7.5)

The terms of Equation 7.6 are determined by methodRaymef?! For positive static
stability, the neutral point should be located bethe aircraft center of gravity. To demonstrate
why this is true, consider an aircraft perturbesvagls by a gust of wind. The angle of attack
increases, which in turn increases the total fithe aircraft. This lift acts at the neutral pRiso
if this point is behind the center of gravity, tmereased lift will provide a negative pitching
moment, tending to correct the perturbation. Addératudy was performed to determine the
effect of horizontal stabilizer location on the tral point location. The results of this trade

study for the conventional configuration are shawfigure 7.5.
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Figure 7.5. Neutral point location versus horizoral stabilizer location for conventional
configuration.

Figure 7.5 shows that the neural point of the ampl moves aft as the horizontal
stabilizer moves aft. However, as the horizor@bdizer moves aft by ten feet, the neutral point
moves aft by only one tenth of one foot. Therefdrevas determined that the location of the
horizontal stabilizer had only a minor effect ore tlocation of the neutral point. This seems
counter-intuitive at first, but may be justified lopnsidering that the planform area of the tail
decreases as it moves aft, so its contributioottd tift also decreases.

The strength with which the aircraft tends to reaishange in pitch can be characterized

by the static margin, given by

sM=(X,, - X, )=-

[7.6]

where >_(np and )Tcg are the locations of the neutral point and cergérgravity non-
dimensionalized by the chord of the main wing, &d andC, are the changes in moment

and lift with angle of attack! A large static margin results in a very stabtelane, but also an
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airplane that may be difficult to maneuver. A istatargin range of 2-15% was chosen to create
a maneuverable airplane but to additionally all@wvdenter of gravity variation throughout the
flight due to payload drop and fuel burn. A sumynaf aft and forward center of gravity
locations required to satisfy this static margingais found in Table 7.2. The neutral point and
center of gravity locations are measured positbveards the rear of the airplane from the wing
quarter-chord. The center of gravity limits thrbogt the flight profile calculated by the
Configuration group are within the limits for lomgginal static stability given in Table 7.2. Also,
the distance of the center of gravity from the tgrachord of the wing is greater for the canard
configurations. Because the fuel is usually plaicethe wings, this causes the center of gravity
to shift more as fuel is consumed.

Table 7.2. Neutral Point Locations and Center of @Gvity
Limits for Possible Configurations

Conventional| Canard-Pusher Canard-Tractor
Neutral Point | X, (ft) 0.78 -2.05 -2.06
Centerof | X, (ft) 0.71 -2.12 -2.13
Gravity Limits
for Stability | Xcgnas (D) 0.27 -2.56 -2.57

7.4. Future Work in Stability and Control

The methods used to ensure the stability and aitetbility of the airplane in the
conceptual design stage are simplistic. As a tedbky are useful only for first-order
approximations for tail and control surface sizinguture work in stability and control will
involve more complex and accurate calculationsldteral and directional stability in order to
obtain more reasonable values for tail sizes. dditeon, control surfaces including rudder,
elevator, and ailerons will be sized in consideratof controllability. Finally, the dynamic
stability of the airplane must be considered. djeamic stability of an airplane is complex, so

there must be research in that subject in ordprdaduce good results.
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8. STRUCTURES (AK)
8.1. V-n Diagram

4i— - — - — - — - — - - - - - - - - - -

Load Factor n

0 10 20 30 40 50 60 70 80 90 100
Velocity (mph)
’ — - - Design Load —— - Cruise Gust Load —— - Dive Gust Load Maneuver Load

Figure 8.1. V-n diagram for the conventional tracor.

Table 8.1. Normal Force Coefficients for the Thre€onfigurations

. ) C
Configuration Caamax Caamin % (rad")
Conventional Tractor 1.4 -1.2 5.4
Canard Tractor 1.4 -1.4 6.1
Canard Pusher 1.4 -1.4 5.7

Figure 8.1 shows the V-n diagram created for theventional tractor with gust loads
included. This V-n Diagram is representative & tiwo canard configurations as well, since the
TOGW and the normal force coefficient§,, are also quite similar, see Table 8.1 for a
comparison. The maneuver load line from A-C wdsutated using Equations 8.1-8.3 whéle
tail WaS approximated as ti@& . The dive velocityVy, was approximated as Mg Equation
8.3 was solved af=Vjy to yield point D of the diagram. The line conmegtA and E was found

with Equation 8.4, and point E was solved by ap@\=\V, to the same equation. Equations 8.3
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and 8.4 represent the maximum amount of lift thegwis producing at various velocitied. The
line from E to D complies with FAR Part 23.333 whiequires the load factor to vary linearly

from then,, load factor at cruise, to a value of -1.0/afor utility aircraft*®

C,.=C.cosa+C, coa +C, [8.1]
ef
C =1.25C [8.2]
-1
n=1 Coonenl W\ [8.3]
2 ef
-1
n=1 Comin! W [8.4]
2 Sref

The gust load lines were plotted using FAR 23.38@lgines stating that the derived
gust velocitiesge, atVe andVy are equal to 50 ft/s and 25 ft/s, respectiVly Equations 8.5-
8.7 were used in plotting the gust lo&ds.Since the gust velocity af; is outside of the
maneuver envelope, it will be necessary to endwatthis part of the gust load is included in the
flight envelope. This should be very easy sinae dircraft is being designed with a positive
limit load factor of four and a negative limit lodedctor of -1.8. Even though neither the
symmetrical maneuver loads nor the gust loads arg slose to the limit loads, it is important

for this aircraft to be designed to withstand adeasonditions like unexpected landings.

2 W
m=————"c [8.5]
rgCCLa sef
0.88m
K=
5.3+m [8.6]
fc
KU Za -1
n=1z— a2 W [8.7]

’ 498 Sy
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8.2. Materials Selection

Since much of the emphasis in the design of thigalgural aircraft is being placed on
the ruggedness and durability of the airplane, rtregerials used must be able to withstand
unfavorable conditions. Also, with an operatingtadle of 20 ft, the risk of crashing is eminent
enough to make this a design consideration. Téeslrfor a fatigue resistant material rules out
many composite materials. Steel and aluminum faerémaining best options. Even though
steel has a higher elastic modulus than alumintim,adlso much heavier. Also, there are many
alloys of aluminum available that fill many diffetestructural roles. For instance the 7000
series of aluminum alloys has proven to be exceptiand other alloys have been shown to
perform well and can also be welded. This charestie could be very helpful if the aircraft is
being used in remote areas and is in need of mepairs that otherwise would require a more
skilled professional to fix. With this in mind, i most logical to pursue an aluminum based
aircraft because of its durability at a lighter gidi It is very foreseeable, however, that steel
and composites could be used for specific appticatilike access hatches to the payldad.
8.3. Fuselage Structure

Based on initial sizing approximations and congaptveight buildups, it is quite clear
that the payload weight is quite large comparethtoempty aircraft weight. With this much
load located at the center of gravity where thedifthe wing and the forces of landing are also
felt, it is necessary to have an extremely sturttucture in the fuselage. This will be
accomplished by placing bulkheads at the heawest points such as the hopper, wing spar, and
landing gear locationd. The bulkheads will be connected to each othen feir longerons. As
seen in Figure 8.2, this longeron structure wiltmue through the entire payload section of the

fuselage and into the tail as well. This constarctnethod employing longerons and bulkheads
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would be used for all three of the configuratiogigsen that the locations of the bulkheads will be
moved to allow for the canard tractor or pusheffigomation.

In the two tractor configurations, the engine viaé# mounted ahead of a firewall. The
engine will be supported by several struts whichnazt to the firewall and then transfer the
thrust from the engine to the rest of the aircrdfi.the canard pusher configuration, a similar
construction method will be used in reverse atréde of the aircraft. In this configuration, the

firewall will also be used for mounting the vertitail.

Figure 8.2. Structural composition of the conventinal taildragger

8.4. Wing-Fuselage Attachments
8.4.1. Structure at Wing-Fuselage Interaction

The wing will be built using two wing spars. Theim spar will be located at the wing’s
guarter chord and the second spar will be neathiee-quarter chord line. Bulkheads will be
located at the two locations where the wing spatersect the fuselage. This will provide
adequate means to transfer the loads carried iwithg spare into the longerons and to the rest
of the airplane. Also, the quarter-chord wing swdl cross roughly at the aircraft’'s center of
gravity. Since the hopper is located here alse,sipar and the hopper can share one bulkhead,

thus saving one in the construction of the fuseldge
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In order for the plane to be towed on roads, tmgg/will be foldable similar to many kit
aircraft that can be loaded into trailers. Althbuge mechanics of this joint are unknown at this
stage of the design phase, more research will bénpaithe actual devices that will allow the
wings to be folded back without losing structurakegrity.

8.4.2. Wing Root Limiting Loads

As a preliminary examination of the bending momemdl shear forces at the wing root,
the wing was assumed to be a thin beam and boftlifttaad weight of the wing were reduced to
resultant forces. The resultant weight was locatele middle of the wing, and the resultant lift
was located 0.4 times the length of the wing frome twing root. This value was an
approximation based off of Shrenk approximations rectangular wings. With these values
approximated, the following equations, which hadrbadjusted to fit this problem as shown in
Fig. 8.3, were used witlV and L as the weight and lift of the individual wing. Hvations of

Equations 8.8 and 8.9 are tabulated in Table 8.2.

Mioo=-W*(b/4)+L (b/2)*0.4 [8.8]

Sheaf,o=-W+L [8.9]

Figure 8.3. Thin beam approximation of one wing wvih resultant force positions labeled.
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Table 8.2. Evaluation of Critical Wing Root Momens and Shear Forces Assuming
Aircraft is at TOGW

Lift of Both Moment at Shear at
Configuration Scenario Wings Wing Wing Root
(Ibf) Root (Ibf-ft) (Ibf)
. Takeoff 825 1575 391
C"?‘r’ae;t(')‘r’”a' Turn (2.49) 1642 3245 800
Landing 963 1860 460
Design Load (49) 3120 6265 1538
Takeoff 849 1625 403
Canard Turn (2.49) 1705 3375 830
Pusher Landing 1000 1935 480
Design Load (49) 3240 6510 1600
Takeoff 846 1620 402
Canard Turn (2.49) 1705 3375 830
Tractor Landing 1000 1935 480
Design Load (49) 3240 6510 1600

As seen from Table 8.2, all three configuratiors essentially equal. Of course, if the
wings were to create a lift force at the designdl@d four (approximated as four times the
TOGW), the magnitude of the moment created at timg woot is more than double compared to
the moment created in the turn. A trade study eeespleted on the effect of using a trapezoidal
wing on root moment and shear. It was found thatttapezoidal wing creates more lift closer
to the fuselage and subsequently experiences feasnooment. Also, there was very little
change in the shear since the weight of the wing wery similar and the total lift was
unchanged.

8.5. Landing Gear
8.5.1. Landing Gear Structure

Since the aircraft will be required to work fromprovised gravel or grass runways, the

landing gear must be capable of handling adversdinig conditions. For the main landing gear

of all three configurations, the solid-spring lamgligear appeared to be the best. This landing
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gear is easy to manufacture, and with no movingspather than the hubs, it is ideal in terms of
maintenance and repair costs. The landing geafdwdeally be attached to the fuselage at the
bulkhead located at the center of gravity. Evesugh this placement could save weight by
leaving out a bulkhead devoted only to the landjegr, design limitations, specifically the threat
of the airplane tipping forward for the tractor @gaorations, required that the landing gear be
attached at a point ahead of the CG. In the tléicgonfiguration, the main landing gear would

ideally be attached at the three-quarter chordh=mai.

8.5.2 Landing Gear Location

The taildragging configuration requires that theilmatheels be ahead of the center of
gravity making an angle between 16 and 25 deg laaidthere be a 10-15 deg tail-down angle.
Analysis of this geometry results in the main langdgear wheels being placed 1.4 ft ahead of the
CG and 3.8 ft below the CG when in level flighitatie”

Initially, the canard tractor was envisioned ds@cle, but a trade study on the location
of the landing gear showed that the tricycle canfigion would be extremely difficult to achieve
since the propeller diameter was so large. Afbdrisg the geometries for the canard taildragger,
the landing gear was located 1.45 ft ahead of {Gea@d 4 ft below the CG. The canard pusher
configuration required a different arrangement thia@ taildragger since the propeller could
easily strike on takeoff. The main gear shouldobkind the CG with the angle formed by the
vertical and the line from the CG to the wheel bdess than the tipback angle. With a tipback
angle between 10 and 15 deg, the geometry of the wizeels was 1.0 ft behind the CG and
roughly 2.9 ft below the CG. The main issue witpusher aircraft is that prop strike on takeoff

is very possible since the diameter of the propefiggreater than the diameter of the fuselage.
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Taking only the risk of prop strike into consideéoat it would be much safer, and more reliable
to use a tractor taildragger configuratfon.
8.6. Future Work in Structures

The next step in the design process will be toneefihe structural layout in order to
minimize weight and maximize the load path efficign Now that there are some more solid
numbers, more in depth analysis can be completetietongerons, bulkheads, wing spars and
ribs. Trade studies will be completed to ensuag tihe proper structural members are being used.
For instance, one trade study to be examined isheher not stringers could be used even with
the concentration of weight near the CG. Traddistushould also be able to clear up much of
the ambiguity as to what size, shape, or lengtheains should be used in the aircraft.

Also, more comprehensive work will need to be donehe landing gear. Some of the
dynamics of the landing gear will play a large ratetakeoffs and landings, so it will be
necessary to find the right deflections at varipasts during these flight segments. Naturally,
all of the future work will lead up to creating antire structural system for this airplane that wil

be rugged and durable without being difficult tp Iflecause of an improper weight distribution.
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9. CONFIGURATION (KH)
9.1. Introduction to Configuration

The goal of the configuration effort during the Ceptual Design phase was to
determine and track the weights and locations ojomaircraft components for all three
configurations. The total weight is one of the idexg factors in which configuration is
ultimately selected. Also, components must betmosgd in such a way that the CG remains
within 2-15% static margin as defined by Stabilstyd Control throughout the flight. At the
same time, there was an effort to reduce the amafugrmpty space between components as well
as the overall length of the fuselage to save weigh

The RFP lists two components that must be includedne ft radius sphere weighing 30
Ib that simulates all pumps, hoses, etc. needellive the application system and a hopper tank
capable of carrying either 235 Ib of liquid paylo@d300 Ib of solid payload to be expended as
the mission progresses. The uninstalled motor hteigis obtained from Propulsion, as was the
amount of fuel necessary to complete the mission.
9.2. Component Weight Buildup

Weights for components and structure not spec#isdwhere were determined using the
statistical methods provided in Raymer, pp. 4604463The equations provided were general
enough that weights could be determined from diragaometry, but specific enough that
components such as furnishings, pressurization,aanconditioning that were not necessary to
an unmanned vehicle could be omitted. The majmftyhe input parameters to the Raymer
equations were provided by other technical grodipsse remaining were estimated based on
historical data. The weights for the three confagions in consideration are summarized in

Table 9.1.
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Table 9.1. Aircraft Group Weights

P !
#$ % &M &!" &!(
#$%) &&* "' EL * (

For all three configurations, the calculated weighcomparable to that estimated in
initial sizing. In terms of weight, the both cataconfigurations proved inferior to the
conventional configuration, mainly because of largentrol surfaces, longer fuselages, and
heavier landing gear configurations. The largesttrdoutors to the total weight were the two
required payloads (37.7% and 29.6% of the convealidOGW for dry and wet, respectively),
and the engine (27.0%). Efforts to lighten theieagvill continue during preliminary design.

9.3. Component Positioning and Center of Gravity

Developing a configuration in which the center cd\gty remained within the specified
limit for the duration of the mission proved pauti@rly challenging since the largest contributor
to the TOGW, the payload, is expended during thghtfland location of the next largest
contributor, the engine, skews the overall CG aWas the desired location. The locations of
the wings, empennage, and fuselage, as well adetfieed CG range were determined based on
inputs from Aerodynamics and Stability and ControLocations of the landing gear were
obtained from Structures. To minimize CG traveltlas mission is completed, the payload
hopper was centered over the desired CG locatibis assumed that baffles within the hopper
will prevent a non-uniform distribution of paylo&@m occurring at any point during flight. The
flight controls, hydraulics, and fuel system weiedtto the wing, main landing gear, and fuel

tank, respectively. Because the payload hoppearped the entire cross section of the fuselage
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at the desired CG location, it was not possiblpléce the fuel tank there as well. The chord and
thickness of the wing were not sufficient to allewel to be stored there, so the tank was placed
at a convenient location where the aircraft woudtllmecome unstable as fuel was burned.

Only two sizeable components were left with rekly few constraints: the pump
assembly and the electrical system. Raymer desctitre electrical system as consisting of a
generator, tied to the motor, and several heavieties, which could be placed anywhgte.
These along with the pump were used to counterbaléime motor, and because of the large

diameter of the motor and the pump, these two weeel to define the length of the fuselage.

* 4 *+"'(
*

)

% " & " (
Figure 9.1. Trade Study, Fuselage Length vs. Distae from Motor to CG.

A trade study was conducted of the total lengttheffuselage vs. the distance from the
overall CG to the motor in the conventional confagion, with all other components placed as
mandated by Structures and Stability and Contrdlassuming that an overlap of the motor and
payload compartment was possible. Initially, theelage length is constrained by the minimum
distance between the leading edge of the wing hadrtiling edge of the tail surfaces. In all
cases it was assumed that the tail cone extendesixfdeet beyond the ball/battery location to

reduce drag, and the nose cone extended 1.5 fgatdbéhe motor CG. The results are shown in
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Figure 9.1. As shown, the fuselage length increaseoughly four times the rate of the distance
to the motor CG, since the motor is four times asaviy as the motor/battery combination.

Several iterations were required to minimize thistahce and produce the shortest fuselage

possible.
Table 9.2. Longitudinal Component Locations and Cater of Gravity of Conventional
Conventional
Loc Moment Weight Loc Moment
Component Weight (Ib) (ft) (ft-b) Component (Ib) (ft) (ft-1b)
Structures 130.3 805.0 Equipment 74.2 653.6
Fuselage 29.7 6.5 193.4 Flight Controls 4.8 9)0 043,
Wing 41.9 5.0 210.2 Hydraulics >0.1 4.5 >0.1]
Horiz. Tall 6.0 13.3 79.6 Electrical System 39.4 57.| 2957
Vert. Tail 6.8 13.4 91.4 Pump, Hoses, Etc. 30.0 510. 315.0
Main Gear 39.8 3.6 143.3 Useful Load 343.1 1769.2
Taildragger 6.0 14.5 87.1 Fuel 43.1] 6.3 269.p
Propulsion 223.7 581.2 Payload, Wet 235.0 5.0 1175.@
Engine, Installed 214.3 2.4 522.5 Payload, Dry 800. 5.0 1500.0
Fuel System 9.4 6.3 58.8 Max. TOGW 771.3 4.9 3809.0

Table 9.3. Longitudinal Component Locations and Qeter of Gravity of Canard Pusher

Canard/Pusher
Loc | Moment Weight Loc Moment
Component Weight (Ib) (ft) (ft-Ib) Component (Ib) (ft) (ft-1b)
Structures 168.6 1694.8 Equipment 75.6 349.4
Fuselage 38.4 8.0 306.9 Flight Controls 6.1 1200 673
Wing 42.9 134 573.5 Hydraulics >0.1 11.3 0.1
Canard 7.3 3.8 27.8 Electrical System 39.4 30 31§.
Vert. Tail 13.3 15.9 211.6 Pump, Hoses, Etc. 30/0 .3 5| 157.5
Main Gear 46.3 115 534.0 Useful Load 343.1 3674.3
Nose Gear 20.5 2.0 41.0 Fuel 43.1 12]0 5148
Propulsion 223.7 2899.3 Payload, Wet 235.0 10.5 2473.4
Engine, Installed 214.3 13.0 2786.4 Payload, Dry 0.80| 10.5 3157.5
Fuel System 9.4 12.0 112.8 Max. TOGW 811.0 10.6 8617.8
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Table 9.4. Longitudinal Component Locations and Qeter of Gravity of Canard Tractor

Canard/Tractor
Loc Moment Weight Loc Moment
Component Weight (Ib) (ft) (ft-1b) Component (Ib) (ft) (ft-Ib)
Structures 168.8 1405.8 Equipment 75.9 945.7
Fuselage 41.1 8.0 329.0 Flight Controls 6.4 11.0 970
Wing 42.9 10.3 443.3 Hydraulics >0.1 6.0 0.1
Canard 9.8 2.0 19.6 Electrical System 39.4 13.3 522
Vert. Tail 7.0 14.5 101.7 Pump, Hoses, Etg. 300 .811 3525
Main Gear 51.9 5.2 271.0 Useful Load 343.1 2374.3
Taildragger 16.1 15.0 241.2 Fuel 43.] 9.0 38716
Propulsion 223.7 660.7 Payload, Wet 235.0 6.6 1556.1
Engine, Installed 214.3 2.7 576.0 Payload, Dry 800. 6.6 1986.8
Fuel System 9.4 9.0 84.6 Max. TOGW 811.5 6.6 5386.6

Table 9.2 lists the longitudinal position, momenng, and moments for all components
considered during Conceptual Design along with@& for each configuration. The distance
from the CG to the motor is the shortest for thevemtional configuration, resulting in it having
the shortest fuselage and the lightest TOGW. Saktiemfor the internal layouts of each
configuration are included in Figure 9.3 at the ehthe section.

9.4. The CG Envelope

Because the fuel tanks could not be aligned withgayload CG, the overall CG of the
plane drifts as fuel is burned. The amount oftdréries depending on the amount of payload
present. Rather than determine the rate at whagtopd is expended as a function of the rate at
which fuel is expended, CG locations were calcdldte no payload, full wet payload, and full
dry payload for various amounts of fuel remaininghese conditions represent the bounds of
actual conditions that could be experienced dumangnission. CG envelope diagrams are

presented in Figure 9.2. A static margin of 2-18%s considered acceptable for longitudinal

stability.
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Figure 9.2. CG envelope for all configurations at a&rious loadings.
9.5. Future Work in Configuration
Once a single configuration is selected and thgept proceeds to Preliminary Design, it
will be necessary to maintain an increasingly dietiaiveight and center of gravity buildup. In
particular, the materials selection process anckased structural definition will allow for a shift
from the statistical weight buildup used here to@e accurate one where volumes of individual
components (spars, ribs, skin, etc.) are calculatedmultiplied by their densities to obtain their

weight. This will allow for more accurate trackinfithe weight and CG as dimensions change
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during optimization. Additionally, to this poirthe vertical CG location has been neglected
since the heaviest components are centered alenyist axis, resulting in a negligible
pitching moment from thrust. In reality, there wbbe significant shifts in vertical CG location
as the payload hopper empties, and these will teebd studied in detail. Finally, a moment of
inertia buildup will need to be developed alonggiikeweight buildup to assist in dynamic

stability and control calculations.

1

M Motor (2.38x1.82x15ft) Hopper (187 ft. x 2 ft. OD)

Battery (~1 x 1 x 1 ft.)
Fuel Tank (7 gallons- 1.37 x

M Pump (2 ft. OD sphere) 1.37 x 0.5 ft.)

Figure 9.3: Internal Configuration
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10. COST ANALYSIS (MS)
10.1. Propulsion Cost

The cost of the propulsion system is give by Equmetil0.1-10.2. Equation 10.1 gives
the cost of a propulsion system producing less flt¥h5 horsepower, while Equation 10.2 gives
the cost for an engine producing greater than 188tSepower.

PC - é0.033(hp)+ 6.67) [101]
PC =12900+ 147hp [10.2]

10.2. Air Frame Cost

Air frame cost was found using Equation 10.3

AF=20 _ (TOGW,,,* MP [10.3]

whereMF represents a material factor used to normalizerthierial covering process. A value
of 1 was used if the component was covered in dalamd 1.25 was used for the aircraft parts
covered with aluminum. Since carbon fiber and ott@mposite materials are expensive to
manufacture, a value of 1.75 was assigned for caitgpoovering applications.
10.3. Rated Aircraft Cost

The rated aircraft cost was a combination of thepplsion cost and the air frame cost,
and directly relates to the production cost. Eigmai0.4 states the rated aircraft cost.

RAC= PC+ AF [10.4]

10.4. Cost Analysis Results

Using the cost model and the available engines|eTaf.1 shows the propulsion cost
evaluated for each engine. The motors listed iblefd0.1 were the motors evaluated in the
propulsion section, and since the cost was basdudomepower, the Zoche Aero-diesel engine

was the best choice.



Table 10.1. Propulsion Cost Values for Selected Nuwrs

Engine Po(vli|/le3r)max
Zoche Aero-diesels (ZO 03A) 70
UAV Engines Ltd (AR682) 75
Rotax (912 UL DCDL) 81
Jabiru Aero Engine (2200A) 85
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The conventional tractor design had the best calsie because the design was projected

to be 30 Ibf lighter than the canard configuraticasshown in Table 10.2.

Table 10.2. Air Frame Cost for Configurations

Air Frame

Air Frame Cost (%)

Fabric | Aluminum| Composite

Conventional/Tractor 15600 19500 2320(
Canard/Tractor 16200 20250 2410(
Canard/Pusher 16200 2025( 2410

Aluminum construction was selected to give the lbestpromise between cost and ruggedness.

The total rated aircraft cost represents the eddchcost to produce one aircraft. The

aluminum covered aircraft was the most ideal ainigacovering and the Zoche Aero-diesel was

the most cost effective engine selection. Tabl& H@monstrates the compromises that can be

made between motor selection and covering.

Table 10.3. Rated Aircraft Cost for Conceptual Cofigurations
Zoche Aero-diesels (ZO 03A)

UAV Engines Ltd (AR682)

Fabric |Aluminunf Composite Fabric| Aluminym Composite
Conventional/Tractof 23550 27450 31150 2495( 28850 3255
Canard/Tractor 24150 28200 32050 25550 29600 3345p
Canard/Pusher 24150 28200 32050 2555( 29600 3345pD

Jabiru Aero Engine (2200A)

Rotax (912 UL DCDL)

ite

Fabric [Aluminunf Composite  Fabric| Alumingm Compo
Conventional/Tractof 28650 32550 36250 27000 30900 34600
Canard/Tractor 29250 33300 37150| 27600 31650 35500
Canard/Pusher 29250 33300 37150| 27600 31650 35500
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11. CONCLUSION

The conceptual design analysis produced threagroations that were relatively similar
in size and weight. The conventional, canard waltor, and canard with pusher configurations
all had wing spans of 20 ft and lengths of 14 &,ftl and 17 ft, respectively. The takeoff gross
weights were found to be 770 Ib for the conventiamal 810 Ib for the two canards.

Based off the conceptual design results, the cdroread configuration of the AUAS is
the most suitable for the mission outlined in thePR This configuration produces the least
amount of drag out of the three configurations ttu¢he smaller tail and landing gear. This
configuration also weighed less than the two caardigurations, meaning less lift and power
are needed to perform the mission. The canard tnattior configuration was promising in that
it was the most stable of the configurations. Thaeard with pusher caused some difficulties in
balancing the plane. However, it can be trimmed ab the cost of adding more empty weight.

While the analysis shows that the aircraft dessgcapable of flying the mission profile,
many aspects of the plane could be optimized toon®its performance. One such aspect is the
wing. While enough lift was generated for the nouss more could be generated to improve
performance during takeoff and turns by improviimipd and wing design. This will be looked
into in future studies. More research into projmuissystems will be investigated to provide a
system that creates more thrust and is lighteraiglat. Through the combined effort of the team
members, the dimensions of the plane will be redwste that the plane is easier to transport.
Methods of increasing stability and flight contsill be looked into to make the plane more
user-friendly. The ultimate goal is providing s that is reliable and easy to use, while also
being low in cost. More trade studies and moreuste methods of calculation by all team

members will provide detailed the analysis to atthis goal.



63

12. REFERENCES
[1] “2007 — 2008 AIAA Undergraduate Team Aircrafefign Competition,” AIAA, 2007.
[2] Raymer, D. P.Aircraft Design: A Conceptual Approach" ed. AIAA, Reston, VA, 2006.

[3] Sobester, A., Keane, A., Scanlan, J., and Bség¥., “Conceptual Design of UAV
Airframes Using a Generic Geometry Service,” AIABOB-7079, September 2005.

[4] Anderson, J. DIntroduction to Flight 5" ed., McGraw Hill, New York, 2005.

[5] Bernard Hooper Engineering L{dnline], http://users.breathe.com/prhoopérétrieved 7
November 2007].

[6] “The Engine SpecificationsHpower-Ltd[online], http://www.hpower-
Itd.com/pages/specifications.h{metrieved 7 November 2007].

[7] “Limbach L1700 EA, L2000 EA, L2400 ER,mbach Flugmotorefonline],
www.limflug.de [retrieved 7 November 2007].

[8] “Zoche Aero-diesels SpecificationZbche[online], http://www.zoche.de/specs.html
[retrieved 7 November 2007].

[9] “Mikron IlIB,” Moravia Inc[online], http://www.moraviation.confretrieved 7 November
2007].

[10] UAV Enginegonline], http://www.uavenginesltd.co.Uketrieved 7 November 2007].

[11] Rotax Aircraft Enginefonline], www.rotax-aircraft-engines.coifnetrieved 7 November
2007].

[12] “Jabiru 2200 4 Cylinder 85bhpJabiru Aircraft Enginegonline],
http://www.jabiru.co.uk/engines.htfretrieved 7 November 2007].

[13] “HAE-100 Data Sheet 2 Mowell Aero Engines Limitefbnline], http://www.howells-
aeroengines.co.uk/D2.htrjretrieved 7 November 2007].

[14] “235 Cubic Inch Engine Seried,ycoming Engines-A Textron Compdownline],
http://www.lycoming.textron.conitetrieved 7 November 2007].

[15] “DAIR-100 Technical FeaturesFTI Diesel Tech, LLJonline],
http://www.dieseltech.cc/techfeatures.Ht@trieved 7 November 2007].

[16] Kroo, llan. "Tail Design and Sizing." Aircrafterodynamics and Design Group. Stanford
University. 12 Nov. 200http://adg.stanford.edu/aa241/stability/taildedngml.




[17]

[18]

[19]

[20]

64

Chiles, 1., “Structures: V-n DiagramsAE 440-A Course NoteSRL:
http://courses.ae.uiuc.edE440-Alfiles/StructuresRefresher.p@007 [retrieved 13

November 2007].

Federal Aviation Administration, “FAR Part 2Federal Aviation Regulatiorienline], URL:
http://rgl.faa.gov/Requlatory and Guidance LibragAR.nsf/MainFrame? OpenFrameSet

[retrieved 14 November 2007].

Megson, T. H. G., “Principles of Stressed SKionstruction,”Aircraft Structures for
Engineering Student8® ed., Butterworth-Heinemann, Oxford, England, 1999,-211-232.

Broeren, A. P., “Conceptual Design Reporthifrmary Cost Model,”AE440 Aerospace
Systems Design [handout], 11 October 2007.



