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NOMENCLATURE 

A  Intake area 
a  Angle-of-attack 

0a  Angle-of-attack at zero lift 

max,LCa  
Angle-of-attack for maximum lift 
coefficient 

AF  Activity factor 
AGL Above ground level 
AR  Aspect ratio 
AUAS Agricultural unmanned aircraft 

system 
b  Wing span 

hb  Span of horizontal stabilizer 

vb  Span of single vertical stabilizer 

2,vb  Span of dual vertical stabilizer 

c  Wing chord 
c  Mean aerodynamic chord of main 

wing 

DC  Drag coefficient 

iDC  Induced drag coefficient 

0DC  Parasite drag coefficient 

fC  Skin-friction drag coefficient 

CG Center of gravity 

hc  Chord of horizontal stabilizer 

LC  Lift coefficient 

al
C  Airfoil lift-slope 

aLC  Wing lift-slope 

hLC
a

 Horizontal stabilizer lift-slope 

max,lC  Airfoil maximum lift coefficient 

max,LC  Wing maximum lift coefficient 

 l tailC  Tail lift coefficient 

TOLC  Take off lift coefficient 

fusmC a  Derivative of fuselage moment 
with respect to angle-of-attack 

pc  Power coefficient 

Tc  Thrust coefficient 

vc  Chord of single vertical stabilizer 

2,vc  Chord of dual vertical stabilizer 

  
  
 zC  Normal force coefficient 

 z tailC  Normal force coefficient of the 
tail 

maxzaC  Max normal force coefficient 

minzaC  Minimum normal force coefficient 

d  Diameter of fuselage 
D  Propeller diameter 

a
a

¶
¶ h  

Tail angle-of-attack derivative 

a

a

¶

¶ p  
Propeller angle-of-attack 
derivative 

zaC
a

¶
¶

 
Change in normal force 
coefficient with respect to alpha 

fd  Flap deflection angle 

e Oswald’s span efficiency factor 
FF  Form factor 

pF  Propeller normal force 

apF  Derivative of propeller normal 
force with respect to alpha 

g  Acceleration due to gravity 

Fh  Height of fuselage 

hh  Ratio of dynamic pressure at tail 
to dynamic pressure at wing 

ph  Propeller efficiency 

hp Horsepower 
J  Advance ratio 
K  Gust alleviation factor 

pK  Constant based on number 
propeller blades 

L  Total lift force 
l  Taper ratio 

c25.0L  Sweep angle at wing quarter 
chord 

tmaxL  Sweep angle at maximum 
thickness 

DL /  Lift-to-drag ratio 

FL  Length of fuselage 

hl  Distance of horizontal tail 
quarter-chord behind center of 
gravity 
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vl  Distance of vertical tail quarter-
chord behind center of gravity 

M  Moment 

cgM  Moment about aircraft center of 
gravity 

fusM  Moment produced by fuselage 

rootM  Bending moment at wing root 

wM  Moment produced by wing 

fwM d  Moment produced by wing 
derivative with respect to flap 
deflection angle 

m Mass ratio 
n  Load factor (Structures) 

Propeller rotation rate (Propulsion) 

gn  Gust load factor 
q  Dynamic pressure 
RFP Request for proposal 

majorr  Large spray pattern turn radius 

orrmin  Small spray pattern turn radius 

Q  Interference factor 

expS  Exposed planform area 

hS  Planform area of horizontal 
stabilizer 

rootShear  Shear force at wing root 

refS  Planform area of main wing 

vS  Planform area of vertical 
stabilizer 

wetS  Wetted area 

T  Thrust 

c
t  Airfoil thickness ratio 

TOGW Take off gross weight 
UAV Unmanned aerial vehicle 

deU  Derived gust velocity 

V  Velocity 

cV  Cruise Velocity 

dV  Dive Velocity 

hV  Horizontal tail volume coefficient 

opV  Operating velocity 

tipV  Propeller blade tip velocity 

vV  Vertical tail volume coefficient 

Fw  Width of fuselage 

achX  Longitudinal location of 
horizontal stabilizer aerodynamic 
center 

acwX  Longitudinal location of wing 
aerodynamic center 

acwX  Location of wing aerodynamic 
center non-dimensionalized by 
wing chord 

cgX  Longitudinal location of aircraft 
center of gravity 

npX  Location of neutral point non-
dimensionalized by wing chord 

pX  Location of propulsion unit 

pX  Location of propeller 
aerodynamic center non-
dimensionalized by wing chord 

tz  Vertical distance between center 
of gravity and thrust location 
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EXECUTIVE SUMMARY (AL) 

The Agricultural Unmanned Aircraft System (AUAS) was proposed as an affordable 

agricultural aircraft for use in crop-dusting.  Conceptual Design yielded three configurations for 

the AUAS: the conventional configuration, the canard with tractor configuration, and the canard 

with pusher configuration.  As outlined by the Request for Proposal, the AUAS must be capable 

of taking off within 750 ft, spraying a field with dimensions of a half mile by 1000 ft, and then 

landing.  Because the aircraft must be low in cost and easy to operate and maintain, the main 

design goals were set to minimize cost through reduction of weight and to maximize user 

friendliness by designing a stable, simple plane. 

After analysis, these configurations were sized to have takeoff gross weights of around 

800 lb with spans of 20 ft and fuselage lengths ranging from 14-17 ft.  The conventional 

configuration was the lightest and shortest of the three.  The two canard configurations were the 

same weight, but the one with a pusher propulsion system was larger in dimensions.  The 

configurations were able to meet the RFP requirements, but to varying degrees.  The 

conventional was able to perform slightly better than the canard configurations in all the mission 

segments due to its lighter body. 

At this point, the leading design configuration is the conventional concept.  However, 

there are further improvements that can be made to better achieve the design goals, which 

include designing a wing that produces more lift and reducing the weight and size of the plane.  

These improvements can be attained through a more detailed design process, which could 

develop the AUAS into a practical option for agricultural use. 
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1. INTRODUCTION (JN) 

 The Request for Proposal calls for the design of the Agricultural Unmanned Aircraft 

System (AUAS), an airplane used for aerial application of liquid and solid particles on crops.[1]  

Most existing agricultural aircraft are large, costly, and require complex supporting equipment.  

Consequently, they are unsuitable for use in underdeveloped nations.  There is therefore a need 

for an inexpensive, easy to operate, and rugged crop duster for use worldwide. 

 The specific design constraints dictate that the design should be an unmanned, fixed wing 

airplane, controlled by a pilot on the ground.  The payload to be applied to a crop will consist of 

100 liters of liquid chemical with density 64 pounds per cubic foot or 300 pounds of solid 

particles with density 70 pounds per cubic foot.  Each payload should be contained within a 

hopper tank, which should be quick to load in the field.  The equipment used to pump the liquid 

and solid materials will be contained within a sphere with a one foot radius weighing thirty 

pounds.   

The operational and performance requirements dictate that the airplane should operate at 

20 feet above the ground with reserve fuel for 20 minutes of flight after the mission is complete.  

Additionally, the maximum landing and takeoff distance is 750 feet on a gravel runway with a 

width of 50 feet.  The stall speed should be the operating speed divided by 1.3. The airplane 

should also be capable of one to two mile ferry flights at an altitude of 1000 feet.   

The aircraft and all supporting equipment should be transported or towed by a standard 

pickup truck.  The design must allow future upgrades for greater endurance, more payload, and 

higher altitude.  It should be easy to operate, repair, maintain, and support.  All costs associated 

with its ownership and operation should be low.  In addition, as many parts of the airplane as 
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possible, including the propulsion system, should be widely available.  Finally, the airplane must 

not endanger its operator or any surrounding people or property in the event of failure. 

The mission profile for the design begins with a 5 minute warm-up and taxi.  Next, the 

airplane will take off and climb to 50 feet AGL.  The airplane will then fly to the desired field 

and descend to an altitude of 20 feet AGL.  The cruise portion of the mission consists of spraying 

a rectangular area measuring half a mile length by one thousand feet width with either the solid 

or liquid payload.  After the payload is dispersed, the airplane will align with the landing site and 

land.  This site can be either set on the other side of the field so that the plane has to be retrieved 

later, or it can be the same site as takeoff, where the plane would have to climb back up to 50 

feet, then align with the site and land.  The mission profile is shown in Figure 1.1. 

 

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

 
Given the mission profile and design requirements, Team Two-CAN determined several 

design goals.  These goals set the theme on which to base design decisions.  The primary 

attributes for which the design will be optimized are low cost and ruggedness.  The final airplane 

design will reflect the former of these ideals by minimizing the weight of the aircraft and by 

using inexpensive parts and materials.  The latter goal will be met by ensuring structural 

soundness and ease of maintenance and repair. 
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2. CONFIGURATION SELECTION (KH)  

2.1. Objectives 

 The goal of the configuration selection process was to identify three configurations that 

were best suited to meet the requirements set forth in the RFP.  At its most basic level, a 

configuration consisted of a wing and a fuselage, to which was added empennage, a motor mount 

and propulsion system, and landing gear.  The configurations were down-selected based on the 

following criteria derived from the design goals:  

·  The airplane must be easy to transport, hence fuselage length and half span should not 

exceed 16 feet, provided that the wings are removed or folded for transport. 

·  Increasing the wingspan allows the airplane to cover a wider swath of field in a single 

pass, meaning fewer passes are required.  This reduces the range that must be flown. 

·  Purchase cost should be minimized.  Because cost is closely tied to weight, weight should 

also be minimized. 

·  The airplane should be easy to load and unload on the field.  Hence, wing or empennage 

configurations that obstruct large sections of the fuselage should be discouraged.   

·  The payload and other internal components should fit without an excess of extra space.  

At the same time, provisions should be made for future upgrades including an increase in 

payload capacity, so some extra space should be available. 

2.2. Morphology 

 The fuselage/wing combinations, empennages, engine systems, and landing gear under 

initial consideration are listed in Table 2.1.  More obscure components such as gull or annular 

wing, cruciform or H-tail, or mono-wheel landing gear were deemed noncompetitive and omitted. 
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Table 2.1.  Morphological Chart 
Component Types 

Monoplane Biplane Tandem Wing Wing/Body 
Joined Wing Flying Wing Blended Wing 
Conventional T-Tail Canard Empennage 
Vertical Only None Dual Vertical 

Landing Gear Tricycle Taildragger Bicycle + Skids 
Propulsion Tractor Pusher Wing-Mounted 

 

 Each wing/body combination was matched with other components to produce the most 

competitive and reasonable configurations.  Seven configurations received further consideration: 

·  A conventional configuration, consisting of a mono-wing, conventional tail, taildragger, 

and tractor. 

·  A tandem configuration, consisting of tandem wings, single vertical tail, tricycle gear, 

and tractor. 

·  A biplane, consisting of biplane wings, conventional tail, tricycle gear, and tractor. 

·  A blended wing/body, consisting of the blended wing, conventional tail, tricycle gear, 

and tractor. 

·  A joined wing configuration, consisting of joined wing and horizontal tail, a single 

vertical tail, tricycle gear, and tractor. 

·  A flying wing configuration, consisting of a flying wing and single vertical tail, tricycle 

gear, and tractor. 

·  A canard configuration, consisting of a monoplane, a canard and double vertical tails, a 

pusher, and tricycle gear. 

2.3. Configuration Selection 

 The seven configurations were then examined based on the criteria listed in Section 2.1.  

It was noted that the wingspans on flying wings tend to be very large, often exceeding what 
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would be easily transportable.  Also, the wing thickness generally is not sufficient to 

accommodate the payload in a manner that is easy to load, and stability is difficult to achieve.  

Thus, the flying wing configuration was eliminated.  It was further noted that multi-wing 

configurations such as tandem and biplane are useful for reducing the wingspan.  In this case, the 

wingspan would be reduced to a point where the swath width and range would be adversely 

affected.  Also, the multi-wing configurations left less of the fuselage easily accessible for 

loading.  Thus, both multi-wing configurations were eliminated.  It was further noted that the 

joined-wing configuration involved exceedingly complex geometry and thus would be difficult 

to produce, maintain, and upgrade.  Also, the majority of the joined-wing fuselage was 

unavailable for loading.  Thus, it was eliminated as well.  Finally, it was noted that the blended 

wing configuration was structurally more complex and heavier than the equivalent conventional 

configuration, and the only advantage was slightly reduced drag and additional space that 

probably wasn’t necessary.  The blended wing configuration was therefore also eliminated.  

Three configurations were derived from the remaining choices for detailed analysis. 

 The first configuration selected for analysis was the conventional mono-wing 

configuration.  It was selected not only based on its own strengths, but to serve as a point of 

comparison for the other more complicated configurations.  In this case, the wings would rotate 

and swing backwards flush with the fuselage for ease of transport.   

 Because it was not immediately apparent how the engine position would affect the weight 

and balance of a canard configuration, the remaining two configurations analyzed were canards, 

one a canard with pusher and the other a canard with tractor.  The canard with tractor consisted 

of a mono-wing, canard, and single vertical tail.  It was not immediately apparent which landing 

gear configuration would be more feasible, so this decision was left for after weight and balance 
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analysis was completed.  For transport, the wings would rotate and fold against the fuselage, 

much like the conventional configuration.  The canard with pusher was the most complicated 

configuration under consideration.  Because of likely tail/propeller interference, dual vertical 

tails were used, and these were mounted to the wings via booms outside the propeller radius.  

Also, in order to avoid the propeller passing through the spray stream, it was necessary to raise 

the engine and propeller above the body axis.  The vertical surfaces would need to be removed 

for transport, and the wings would rotate and fold against the fuselage. 

2.4. External Configuration 

 A rough fuselage size was also determined prior to initial sizing.  A cylindrical fuselage 

was selected to minimize drag, with a minimum diameter of 2 ft to allow the pump assembly to 

fit.  Most of the propulsion systems under consideration had a similar diameter.  The fuselage 

was to consist of three sections.  The first was a motor mount section 3.5 ft in length with a slight 

taper towards the front of a tractor or the rear of a pusher configuration.  The second section was 

a cylindrical payload compartment, the length of which would be determined in weight and 

balance analysis.  A diameter of 2.5 ft was selected to allow for structure around all major 

components.  The third section was a nose (pusher) or tail (tractor) cone which would taper from 

the payload section diameter to a point.  The length of the cone was dictated by the fact that a 

deviation from the free stream of more than 12 degrees would produce flow separation, as 

specified in Raymer.[2]  Given the payload section diameter, a length of 6.0 ft was deemed 

sufficient.  Figures 2.1-2.3 show the configurations under consideration. 
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Figure 2.1.  Three-view of the conventional configuration. 
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Figure 2.2. Three-view of the canard with tractor configuration. 
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Figure 2.3. Three-view of canard with pusher configuration.
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3. SIZING ANALYSIS (AK, CC)  

3.1. Initial Sizing   

 Initial sizing analysis was completed for three aircraft configurations; a conventional 

tractor, canard tractor, and canard pusher.  This analysis was done by first creating a conceptual 

aircraft.  The specifications can be found in Table 3.1. 

Table 3.1.  Characteristics of Conceptual Design Aircraft 

Wing Span 
(ft) Chord (ft) 

Cruise 
Velocity 
(mph) 

Loiter 
Velocity 
(mph) 

Swet/Sref L/Dmax 

20 3 65 60 5 10.5 
 
 Using the initial sizing procedures outlined by Raymer, the individual segments of the 

mission were evaluated to determine the weight fractions of the mission, Wi/Wi-1.  The takeoff 

and landing weight fractions were taken from empirical data, however the climb value was 

modified.  Since the climb was only 50 ft, it was not very logical that the empirical value of 

0.985 would hold true since the climb would last only a few seconds.  Therefore, an adjusted 

value of 0.998 was adopted.  The cruise weight fraction was calculated using the equations and 

methods discussed in initial sizing section of Raymer.[2] 

 After calculating the individual weight fractions as shown above in Table 3.2, their 

product was taken to find the total weight fraction over the mission.  This value was used to find 

the fuel weight fraction as shown in Equation 3.4 where 1.06 is used to account for the trapped 

fuel.  This fuel weight fraction was then put into Equation 3.5.  From here, an iteration was done 

by guessing an initial weight, evaluating Equation 3.6 at that value, evaluating Equation 3.5 at 

that We/Wo.  Equation 3.6 was evaluated based on empty weight fractions of other unmanned 

aerial vehicles; this provided a more reasonable answer than other coefficient sets for manned 

aircraft.[3] 
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Table 3.2.  Mission Segment Weight Fractions 

 
Range 
(mi) 

Endurance 
(min) 

Velocity 
(mph) L/D 

SFC 
(1/hr) Wi/Wi-1 Wi/Wo 

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-5 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 
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 This iteration led to a TOGW of approximately 800 lb for the conventional tractor 

configuration.  Initial sizing analysis was also conducted on he canard pusher and canard tractor 

configurations, but the conceptual designs were nearly identical, and since initial sizing is an 

extremely generalized process that takes few configuration specifics into consideration, their 

results were identical.  Therefore, those tabulations and calculations have been omitted.  The 

final TOGW of all three configurations was around 800 lb.  The weight breakdown is shown 

below in Table 3.3.  It is worth noting that all three configurations have identical results since 

canards and conventional aircraft are extremely similar. 

Table 3.3.  Pertinent Weights based on the Initial Sizing of the Conceptual Designs 

Configuration TOGW (lb) Empty Weight 
(lb) 

Empty Weight 
Fraction 

Mission Fuel 
(lb) 

Fuel-Weight 
Fraction 

all 800 432 0.54 39.2 0.049 
 
3.2. Constraint Analysis 

 Upon completion of the initial sizing which generated a TOGW of approximately 800 lb, 

the next step of conceptual design was to perform a constraint analysis which ultimately 
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produced a design point for a practical wing and power loading given the mission performance 

constraints outlined by the RFP.  The constraint analysis was performed on the four vital 

segments of the mission profile: the take-off, cruise, sustained turn, and landing. 

 The results of the constraint analysis can be found in Figure 3.1, which includes the 

design point selected.  The design point chosen lies within the allotted design space, however, it 

does not fall at the absolute minimum wing loading permitted because the RFP places a physical 

size constraint by stating that the aircraft must be transported using a mid-size pick-up.  Given 

this additional constraint, it is increasingly difficult to design an aircraft with wings that have a 

large enough reference area to achieve a low wing loading while maintaining ease of 

transportation and operation which would be severely hindered if an operator was required set-up 

long or bulky wings before flight.   This design point, like the initial sizing, was found by 

giving little consideration to the specific parameters unique to the different configurations.  
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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 dispense a payload of solid or liquid over a 

field measuring one half mile by 1000 ft.  Given this governing stipulation, it was necessary to 

devise a strategy to accomplish said goal in an effective, efficient, and simple manner.  This 

section describes both the qualitative and quantitative analysis used to devise a spray pattern that 

is viable to meet the constraints set by the RFP.   

Additional constraints of the RFP provide that the UAV must be able to perform the 

mission profile outlined in Section 1.  The speed at which the UAV must operate should be 1.3 

times the stall speed and the UAV must also be able to satisfy the requirement of performing 

short ferry flights between 1 and 2 miles without payload at 1000 ft AGL. 

Given this mission profile, it should be noted that the most essential flight segments are 

the take-off and the cruise in which the UAV is dropping its payload and employing a tactical 

flight path with multiple turns.  The climb segments are thus omitted from the conceptual design 

process as they are not severely constrained and quite insignificant in relation to the overall 

demands.  Consideration will, however, be given to the loiter requirement of 20 minutes of 

reserve fuel.  Additionally inclusive in this study is the assessment of the variations in 

performance capabilities between the different proposed configurations. 

4.2. Takeoff Analysis 

 As set by the RFP, the vehicle must be capable of a 750 ft takeoff distance.  This 

requirement is open-ended in that it does not imply the necessity to design for obstacle clearance 

ability beyond the runway confinement.  Therefore, for the purpose of the conceptual design, it is 

assumed that 750 ft is the maximum allotted ground roll distance.   
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 The determination of the take-off distance is appropriately acquired using a force body 

diagram of the plane at horizontal with respect to ground.  The acceleration of the plane is given 

by subtracting the drag and friction forces from thrust and dividing by the UAV’s mass.  The 

complication of this calculation lies in determining these force values since they are all functions 

of the velocity which is increasing at take-off.  The thrust was therefore modeled by assuming 

the ideal case that it is equal to the power multiplied by propeller efficiency and then divided by 

the velocity.  In this assumption, the propeller efficiency was held constant, and power was 

assumed to be at maximum of 70 hp, a value deduced from the constraint analysis.  The friction 

force was modeled by assuming a friction coefficient given the known runway composition, then 

predicting normal force for the maximum take-off weight, found from initial sizing, then 

subtracting the lift.  The lift, as well as the drag, is strongly dependent on velocity and wing 

geometry.  This gives rise to yet another unknown variable, the lift coefficient in the take-off 

configuration.  However, given that all forces have now been represented as functions of velocity 

and the unknown lift coefficient at take-off configuration, a MATLAB™ program was created to 

determine the minimum lift coefficient needed to get the plane off the ground within the runway 

constraint.  The integral of velocity divided by acceleration with respect to velocity is the ground 

roll distance, and by setting this distance equal to a maximum of 750 ft and numerically 

integrating from 0 feet per second to VTO.  This process was performed over a range of CL,TO 

values which directly govern the necessary take-off velocity at which lift equals drag.  The 

minimum take-off lift coefficient was determined when the ground roll plus rotation distance 

became equal to or just less than 750 ft.  This approach required the estimation of CDo from 

Aerodynamics.  The calculated minimum CL,TO values and maximum take off velocity for the 

different configurations can be seen in Table 4.1 for comparison.  The differences arise from the 
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different proposed CDo and TOGW values for each configuration where TOGW is assumed to be 

the maximum take-off weight. 

Table 4.1. Required Take-Off Parameters. 

 Conventional Tractor Canard Pusher Canard 
Minimum C L,TO  0.934 0.977 0.978 
Maximum V TO 68.839 mph 68.077 mph 68.014 mph 

 
 The reason for determining the minimum required CL,TO is due to the proposal of omitting 

flaps and other lift enhancing devices which normally allow the adjustment of CL in the take-off 

configuration.  It may be found beneficial in future analysis to employ some form of system 

which allows for a dynamic CL in take-off configuration if the calculated CL,TO values cannot be 

acquired with reasonable wing incidence or tail drop.  The proposed conventional and tractor 

canard configurations, which are tail draggers, are more likely to be able to provide the necessary 

wing incidence than the pusher canard configuration which sits on tricycle landing gear and 

therefore whose wing is naturally at less of an angle of incidence.   

4.3. Cruise Analysis 

The cruise segment of the mission is where the UAV is to disperse its agricultural 

payload across a theoretical rectangular field of dimensions one half mile by 1000 ft.  Aside from 

the field dimensions and requiring a cruise altitude of 20 ft AGL, this segment is open to 

strategic execution for performance optimization.  

It was decided that the spray pattern should be such that pictured in Figure 4.1 where half 

turns are executed on the short ends of the field.  By completing the turns around the short ends, 

the number of necessary turns is minimized and a higher percentage of the cruise time will 

therefore be spent actually spraying than if the turns were implemented on the long ends.  Given 

this decision, it was then essential to design a pattern with practical turn radii.  Opting to utilize 
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an efficient race-track pattern, the turn radius was then maximized to avoid having to turn at 

greatly increased speeds and load factors.  The path in Figure 4.1 also minimized the distance 

flown per turn by performing 180 degree turns.  Consequently, the chosen pattern creates the 

necessity of two different turn radii, one larger than the other.  Table 4.2 shows a spreadsheet 

which implements an algorithm used to solve the swath distance, major and minor turn radii, and 

total distance traveled as a function of the number of passes across the field, for our desired spray 

pattern.  

 

Figure 4.1. Spray pattern for the mission 

 
The next consideration was given to the estimated swath area capable by the selected 

wingspan for the aircraft.  With a wingspan of 20.4ft it was decided that a swath width between 

25 and 35 ft is possible depending on spraying capabilities.  Table 4.2 was then used to select a 

design point.  A swath distance of approximately 30 ft was considered middle ground for the set 

extrema, and then an odd number of passes was picked to allow for larger radii, for both the 

major and minor radius, in comparison to those characteristic of swath widths for an even 

number of passes.  From this swath width, the number of passes across the field was determined 

to be 33, thus requiring 16 turns per side of the field.  Because the specific pattern has an odd 

number of passes, the plane will terminate on the opposite side of the field in which it starts, 

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

Number of 
Passes 

Swath 
Width (ft) 

Major Turn 
Radius (ft) 

Minor Turn 
Radius (ft) 

Distance 
Traveled 

(mi) 

% Distance 
Spent in 

Turn 
28 35.714 250.000 232.143 17.878 21.69% 
29 34.483 258.621 241.379 18.665 22.31% 
30 33.333 250.000 233.333 19.175 21.77% 
31 32.258 258.065 241.935 19.962 22.35% 
32 31.250 250.000 234.375 20.472 21.84% 
33 30.303 257.576 242.424 21.260 22.39% 
34 29.412 250.000 235.294 21.769 21.91% 
35 28.571 257.143 242.857 22.557 22.42% 
36 27.778 250.000 236.111 23.066 21.96% 
37 27.027 256.757 243.243 23.855 22.45% 
38 26.316 250.000 236.842 24.363 22.01% 
39 25.641 256.410 243.590 25.152 22.47% 
40 25.000 250.000 237.500 25.660 22.06% 
 

With the selected design criteria, these turn radii then needed to be validated as 

achievable parameters for our proposed plane.  From Aerodynamics, a potential CLmax was 

acquired as well as an average L/D value for each configuration.  Using these aerodynamic 

values, theoretical thrust, and the maximum take-off weight, a sustained turn envelope was 

generated, seen in Figure 4.2.  This figure is specific to the parameters of the conventional 

configuration.  The operating velocity was found to be 72.2 mph, which is 1.3 times the clean 

stall speed of 55.5 mph and is plotted in Figure 4.2.  The plot of the turn envelope shows that the 

turn radii for the desired spray pattern do indeed pass through the turn envelope, but would 

require a speed increase into each turn to prevent the wing from having to operate at, or very 

close to CLmax.   
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Figure 4.2. Turn rate vs. velocity. 

 
Figure 4.3 is a plot of the turn radius versus velocity and further illustrates that the speed 

must be increased from the operating velocity for each turn state to lie comfortably between the 

two limits of max load factor and stall speed.   

 

Figure 4.3. Turn radius vs. velocity. 
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To quantify these statements, Table 4.3 lists the minimum and maximum velocities for 

which the major and minor turns can be performed.  Also listed, is the CL and load factors at the 

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

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

the minimum turning radius possible at operating speed. 

Table 4.3. Turning Radii and Their Required Parameters 

 At V op At V corner Rminor Rmajor 

 Min. Limit Min. Limit  Max. 
Limit 

Min. 
Limit 

Max. 
Limit 

Min. 
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 analysis has been completed assuming a 

constant weight equal to that of the conventional configuration at maximum take-off weight.  If 

the weight were considered to decrease through the mission, the wing loading would 

consequently go down and shift the stall limit left in Figures 4.2 and 4.3. This shift would open 

the sustained turn envelope to allow these target turn radii to be performed at lower velocities 

and turn factors.  This analysis repeated for the canard configurations yielded the opposite effect 

in which the stall limit shifted right due to their larger 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 range of 21.26 mi, and considering the spray 

legs are carried out at operating speed and the turns at their minimum allowed speed at CLmax, is 

17.6 minutes.  This number is the maximum cruise time as it assumes constant weight 

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

 The RFP requires that the plane carry fuel for 20 minutes of flight additional to the 

mission.  Using a maximum specific fuel consumption value for a motor of comparable power to 

that used in the performance analysis, it was determined that the cruise portion would require 

7.818 lb of fuel. The 20 minutes of reserve fuel, assuming this time is spent loitering at the 

velocity for minimum power, requires an additional 8.890 lbs for each configuration.  These 

estimations again consider that the weight is not decreasing and are thus upper limits to the true 

values.  

4.6. Trade Studies 

An appropriate area to look for the ability to improve mission performance would be the 

cruise spray pattern.  The baseline analysis studied a swath distance that nearly bisected the 

approximated extrema, therefore, the effect of deviation from this middle ground should be 

considered.  In order to reduce the flight path distance in hopes of reducing fuel and mission time, 

at larger swath distance shall be considered.  By increasing the swath distance to approximately 

34.5 ft and again picking an odd number of passes to maximize turn radii and reduce the chance 

of needing higher turn speed and load factors, a design point of 29 passes is studied.  The major 

and minor turn radii deviate by less than 0.5%, however, the required flight path reduces by 

12.2%.  With this adjustment, the spray time diminishes to a mere 15.4 minutes and only requires 

6.86 lbs of fuel which is a decrease of 12.3%.   

Another important aspect to consider with this change is how the altered turn radii affect 

the turn speeds and load factors.  The minor turn radius could be completed between 76.84 mph 

on the stall limit with a load factor of 1.92, and 101.95 mph with a max load factor of 3.04.  The 

major turn radius could be completed between 71.38 mph at the stall limit and a load factor of 



 

 

21 

1.65, and 104.13 mph with a load max factor of 2.98.  No parameter increases that are very 

significant are observed for these new turn radii, thus making this swath distance change a viable 

and quite practical option should a spray apparatus be able to achieve this criterion.  

4.7. Future Work in Performance 

There were several assumptions made throughout the performance analysis to simplify 

the initial calculations which serve to help differentiate between the configurations and provide a 

baseline from which to build upon.  One major assumption made throughout was that the weight 

of the UAV was constant and equal to the take-off state.  Therefore, a dynamic weight model is 

to be designed.  Another major assumption throughout the analysis was that the thrust available 

was calculated assuming ideal conditions.  A more dynamic thrust model must be incorporated 

which accounts for a changing propeller efficiency factor.  Additionally, time and fuel weight 

considerations will be made for the take-off, climb, and landing segments for a more accurate 

mission prediction.  In order to produce a better fuel consumption model, there is a necessity for 

a fuel consumption function dependent on power and thrust.  Lastly, an important factor to 

consider will be to determine a practical way to get the 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 was focused on selecting a wing that 

would meet the RFP requirements.  This first required selecting an airfoil and then creating the 

wing geometry.  Analysis of lift and drag for the three configurations was conducted to provide 

data regarding the performance of the wing.  Trade studies were also conducted to select various 

aspects of the wing geometry. 

 While designing the wing, many of the RFP requirements were taken into account.  In 

order to design the plane such that it would be easy to repair and maintain, the wing geometry 

was designed such that it would be relatively simple in shape.  This would allow for 

unobstructed access to the body of the plane.  Also taken into account was the requirement that 

the plane must be able to be carried or towed by a standard pickup truck.  Since the wing is the 

widest part of the plane, it was to be designed as short as possible while still being capable of the 

providing the necessary performance needs.  These needs included the generation of adequate lift 

for takeoff and for the turns that would be performed during the spraying of the field.  All these 

design requirements were taken into account during the design of the wing. 

5.2. Airfoil Selection and Wing Geometry 

 The initial airfoil was selected by looking through airfoil data of various books.  The 

maximum lift coefficient was taken into consideration during this process because of the takeoff 

distance and the turning requirements.  The NACA 1412 airfoil was selected for the initial wing.  

This airfoil was chosen because it was relatively simple in shape and also had a maximum lift 

coefficient of 1.6.  The thickness ratio, t/c, of this airfoil is 12% and occurs at the quarter chord 

location.  The data for this airfoil can be seen in Figure 5.1 below. 
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Figure 5.1. Experimental lift and drag data for the NACA 1412 airfoil.[4] 

 

From the constraint analysis, the planform area of the wing, Sref, was set at 69.6ft.  With 

this constraint, a trade study on the aspect ratio was performed to compare the lift and drag 

performance.  This study was conducted on the conventional configuration only, since the trends 

would be the same for all three configurations.  Figure 5.4 shows the lift-drag polars for various 

aspect ratios.  It can be seen that at low CL values, the corresponding CD values are all around 

0.03.  However, as CL approaches CL,max, the drag increases at a higher rate for lower aspect 

ratios.  With the requirement that the plane must be able to be towed by a pickup truck, the span 

of the wing needed to be as short as possible.  It was determined that the wing would have an 

aspect ratio of 6.0, a span of 20.43ft and a chord of 3.4ft.  
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Figure 5.2. Lift-drag polars at various AR. 

Another trade study examined the effect of varying the taper ratio, � .  At a taper ratio of 

0.44, the lift distribution closely matches the lift distribution of the elliptical wing, which is ideal 

for the minimum induced drag.[2]  Thus, a taper ratio of 0.4 was the baseline for comparison.  

This study was also conducted on only the conventional configuration.  Figure 5.3 shows that as 

the taper ratio is decreased, � CL,max will increase, which delays stall.  Figure 5.4 displays the drag 

coefficient for various taper ratios. 
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Figure 5.3. � CL,max vs. � . 

 

0.0562

0.0564

0.0566

0.0568

0.057

0.0572

0.0574

0.0576

0.0578

0 0.2 0.4 0.6 0.8 1

�  

C
D

 
Figure 5.4. CD vs. �  at CL=1.0. 

 

Figure 5.4 shows that CD will decrease as the taper ratio decreases.  While both figures 

show that decreasing the taper ratio would be beneficial, the changes in stall angle and drag 

coefficient are too small to outweigh the benefits of a simple, rectangular wing.  Thus, the taper 

ratio was set to be 1.  Since the operating velocity would be around Mach 0.1, it was decided that 
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wing sweep was not necessary.  This was based off historical data that compared the wing sweep 

vs. Mach number.[2]  A straight wing also allows easier maintenance and repair as outlined by the 

RFP.  All three configurations were designed with this wing.   

5.3. Lift, Drag, and Efficiency Analysis Method 

 From the airfoil data, the maximum lift coefficient of the wing, CL,max was calculated 

using Equation 5.1 

 
clL CC 25.0max,max, cos9.0 L=  [5.1] 

 where Cl,max is the maximum lift coefficient of the airfoil and � 0.25c is the sweep angle at the 

quarter chord location.  The lift curve slope, CL� , was found using Equations 5.2-5.5.[2]   
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In these equations, � max t is the sweep at the maximum airfoil thickness, Sexp is the exposed area 

of the wing, d is the diameter of the fuselage, and b is the wing span.  Since )(
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greater than 1 in our calculations, meaning the body is producing more lift than the portion of 

wing it covers, it was set to 0.98 as suggested by Raymer.[2]   
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Equation 5.6 gives the stall angle, � CL,max, where �� CL,max is the correction term due to vortex 

flow with the CL�  and � 0, the lift at any angle of attack could be calculated for the linear portion 

of the CL vs �  curve.  The lift-drag polar can be reasonably estimated when CL,max and � CL,max 

known. 

 In order to calculate the drag coefficient, the parasite drag must be estimated.  This was 

done by using the component buildup method outlined in Raymer to find the parasite drag 

coefficient CDo 
[2].  Essentially, the parasite drag on each component is estimated, normalized 

with respect to Sref and added together using Equation 5.7. 
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In this equation, Cf,c is the skin-friction drag coefficient, FFc is the form factor, Qc is the 

estimated interference factor, Swet,c is the wetted area of component c.  CD,misc is the drag that 

comes from features such as the landing gear and spray boom, and CD,L&P is the drag due to 

leakages and protuberances.  The induced drag can be calculated by Equation 5.8 
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where e, the Oswald span efficiency factor, for a straight wing is 

 64.0)045.01(78.1 68.0 --= ARe  [5.9] 

Summing the parasite drag coefficient and the induced drag coefficient will give the drag 

coefficient.  The lift-drag polar was plotted using CL and CD 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 for takeoff, cruise, turn, and landing using the 

method outlined in Section 5.3.  For the conventional configuration, these values are shown 
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Table 5.1.  The values for CDo do not change because the configuration during the mission stays 

the same. 

Table 5.1. Mission Segment Coefficients for the Conventional Configuration 

 CL CDo CD 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 tractor and increased tail dimensions, create 

more parasite drag than the conventional configuration.  Thus, CDo for this configuration is 0.033, 

compared to 0.030 for the conventional.  The increase in drag also causes a decrease in L/D.  The 

coefficients for the canard with tractor configuration are shown in Table 5.2. 

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

 CL CDo CD 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 a slight increase in CDo compared to the 

canard with tractor.  This was because there were two vertical tails and a larger front wheel for 

the tricycle landing gear configuration on this plane.  For takeoff, the drag was less than the drag 

of the canard with tractor configuration because of the reduction of induced drag due to ground 

effect.[2]  Since the wing is closer to the ground, there was less 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 Canard with Pusher Configuration 

 CL CDo CD 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 configurations were the same for a given 

mission segment.  This is due to the fact that the wing was the same for all three configurations.  

For the same reason, the CL,max value for all three configurations was 1.44 at � CL,max equal to 

19.17°.  The span efficiency factor calculated from Equation 5.9 was 0.87 for all three 

configurations. 

 Based on these results, it can be seen that the conventional plane performs best out of the 

three configurations.  It has less drag due to the smaller 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 detailed model for lift and drag.  A CFD code 

will be constructed in order to predict the pressure distribution, which can then be utilized to 

predict the lift and drag on the plane.  The design of an airfoil more tailored for the mission 

profile will also be developed.  More trade studies will also be conducted in order to maximize 

the lift while minimizing drag and weight.  To improve the ability to transport the plane on the 

ground, reduction in the dimensions of the wing will also be investigated. 
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6. PROPULSION (MS) 

6.1. Introduction to Propulsion 

 The design of the aircraft’s propulsion system was mainly dependent on the motor 

selection.  The horsepower of the engine defined the diameter of the propeller.  Once the most 

ideal diameter was calculated, the propulsion system’s performance was evaluated.  The air 

intake to cool the engine was also dependent on the selected motor’s horsepower.  Fuel types 

were the final consideration in evaluating the candidate propulsion systems, and the main 

emphasis was applied to the rate of fuel consumption.  The final engine selected combined ideal 

horsepower and low fuel consumption. 

6.2. Methodology 

6.2.1. Engine Selection  

Agricultural aircraft typically have a lower power loading value than do conventional 

propeller aircraft.  The need for higher thrust values at lower speeds is why the weight to power 

ratio is lower in agricultural aircraft.  Historical values show that an 11 lb/hp power loading 

value is reasonable for agricultural applications compared to a 14 lb/hp value found in most 

single engine general aviation aircraft.  Using the TOGW value calculated during the initial 

sizing and the power loading, the desired horsepower value was calculated.[2] 

The maximum altitude in the mission profile was 1000 ft, and the air density change from 

sea-level to 1000 ft was only 3%.  The performance of the motors selected were effective up to 

15000 ft, therefore, altitude considerations were neglected. 

6.2.2. Propulsion System Selection 

The need for short takeoffs and landings also played an important role in engine and 

propeller selection.  The engine selected needed to have a higher horsepower rating than most 
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conventional aircraft, and with higher horsepower, a larger diameter propeller was required to 

absorb the extra power.  Diameters were calculated for 2, 3 and 4-bladed propellers using 

Equation 6.1, where Kp is a constant dependent on the number of blades. 

 4 ( )pD K hp=  [6.1] 

Once the appropriate diameter was calculated for each selected motor, the propeller’s static tip 

velocity was found using Equation 6.2.  The propeller’s helical tip velocity was then calculated 

and checked to ensure the tip velocity did not exceed 950 fps, using Equation 6.3. 

 ( )tip static
V nDp=  [6.2] 

 ( ) 2 2
tip tiphelical

V V V= +  [6.3] 

In the helical tip velocity analysis, the aircraft’s maximum velocity was set at 100 mph.[2] 

 The selected engines that failed to have a helical tip velocity below 950 fps required a 

gearbox.  The installation of a gearbox reduces the propeller’s rotation rate and decreases the tip 

velocity. 

 In order to maximize the aircraft’s performance on takeoff, the propeller disk loading 

needed to be evaluated.  Normal values for single engine aircraft range from 3-8 hp/ft2, and the 

optimal disk loading value was found to be 3 hp/ft2.[2] 

 The efficiency of the propeller was found using Equations 6.4 and 6.5.  The calculated 

advance ratio, J, and the power coefficient, Cp, were then referenced to Figure 13.12 from 

Reference 2 to find the appropriate propeller efficiency value.  Also, assuming an activity factor 

of 100, from historical information, the chord value was calculated using Equation 6.6.[2] 

 VJ nD=  [6.4] 
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After the efficiency of the propellers for a motor was found, the thrust produced by each 

motor was determined using Equation 6.7.  Equation 6.8 was used to find the static thrust 

produced from each candidate motor system. 
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The thrust coefficient to power coefficient ratio was found using Figure 13.11 from Reference 2. 

6.2.3. Engine Air Intake 

 One concern for the selected propulsion system was the amount of air needed to keep the 

motor cool.  The air needed to cool the engine increases the drag of the aircraft and can reduce 

the engine’s effective horsepower by 10%.  Since the aircraft was unmanned and airflow across 

the cockpit was not an issue, an updraft cooling method was implemented. The updraft flow 

across the motor allows the exit flow to enter the free stream at a lower pressure region than it 

would if a downdraft method were used. The updraft method is more efficient than the downdraft 

method.  The intake cooling area was found using Equation 6.9. 

 ( )
2.2cooling

clm

hp
A

V
=  

[6.9] 

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

mechanism.[2] 
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6.2.4. Fuel System 

 The aircraft’s fuel system was mainly dependent on the motor configuration selected.  

The specific fuel consumption data was located on the engine tech sheets.  Since the amount of 

fuel needed for the given aircraft’s mission profile was small, the fuel was stored in a discrete 

fuselage tank.[2]   

6.3. Results 

6.3.1. Engines Selected 

Online research resulted in 17 different motor possibilities.  The motors selected were 

based on the design point of 11 lb/hp, resulting in 72.7 hp needed.  Motors were selected based 

on maximum horsepower values, and a wide range of motors were selected to determine if any 

trends or trade-offs could be made between motors.[2] The motors that were evaluated are 

displayed in Table 6.1. 

Table 6.1.  Researched Motors [5-15] 

47.5 5250
60 6200
60 3600
70 2500
75 2760
75 6000
80 3400
81 5800
85 3300
87 3200
91 5000
95 7000
100 2500
100 5800
115 2800
115 5800
135 2500

Lycoming (O-235-H)
Rotax (914 UL DCDL)

Diesel Tech (PowerLite-100) 

RPMmax

Bernard Hooper (SPV-8)
UAV Engines Ltd (AR682R)

Howells Aero Engines (HAE-100)
Rotax (912 ULS DCDL)

Limbach Flugmotoren (L2000)
Rotax (912 UL DCDL)

Jabiru Aero Engine (2200A)
Limbach Flugmotoren (L2400)

Limbach Flugmotoren (L1700)
Zoche Aero-diesels (ZO 03A)

Mikron IIIB
UAV Engines Ltd (AR682)

Engine
Powermax 

(HP)
Bernard Hooper (SPV580)

HKS (2cyl/4str-680cc)
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The highlighted motors in Table 6.1 were selected and passed to the next step in the propulsion 

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

too little horsepower, placing them outside the design space.  

6.3.2. Propulsion System Selected 

 The initial propeller sizes were selected based on the ideal propeller diameter for a given 

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

Table 6.2.  Diameter and Helical Tip Velocity Values for 2, 3 and 4-Bladed Propeller [5, 7-12] 

4.92 4.63 4.34 660.17 623.31 586.57
5.00 4.71 4.41 737.70 696.07 654.56
5.00 4.71 4.41 1578.51 1486.48 1394.51
5.08 4.79 4.49 916.91 864.40 811.98
5.10 4.80 4.50 654.03 617.55 581.19
5.16 4.86 4.55 903.88 852.15 800.52
5.19 4.89 4.58 882.19 831.78 781.46
5.25 4.94 4.63 1382.03 1302.02 1221.72

Limbach Flugmotoren (L2400)

Engine

Zoche Aero-diesels (ZO 03A)
Mikron IIIB

UAV Engines Ltd (AR682)

Vtip,2b, 

helical(ft/s)
Vtip,3b, 

helical(ft/s)
Vtip,4b, 

helical(ft/s)

Bernard Hooper (SPV-8)

D2b(ft) D3b(ft) D4b(ft)

Limbach Flugmotoren (L2000)
Rotax (912 UL DCDL) w/GB
Jabiru Aero Engine (2200A)

 

When the disc loading was set equal to 3, the propeller diameter increased and thus 

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

in order to reduce the propeller’s rotation rate and lower the tip velocity.[2] Table 6.3 shows the 

gearbox ratio needed to apply a 3 hp/ft2 power loading. 

Table 6.3.  Tip Velocity with Power Loading = 3 and Gearbox [5, 7-12] 

4.83 - 649.09 121
5.00 - 737.30 152
5.00 1.68 946.43 112
5.16 - 930.94 169
5.20 2.43 665.74 134
5.32 - 931.35 132
5.39 - 914.14 181
5.51 1.54 947.70 75

Weight 
(lbf)

Bernard Hooper (SPV-8)

DDL=3(ft) GearBox 
Ratio 1:

Vtip,helical 

(ft/s)

Limbach Flugmotoren (L2000)
Rotax (912 UL DCDL) w/GB
Jabiru Aero Engine (2200A)

Limbach Flugmotoren (L2400)

Engine

Zoche Aero-diesels (ZO 03A)
Mikron IIIB

UAV Engines Ltd (AR682)
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The highlighted motors in Table 6.3 were considered adequate enough to continue while the 

remaining engines were eliminated due to their weight.  The Bernard Hooper engine was 

eliminated because the propulsion system was slightly overpowered at 91 hp, and it lacked 

detailed specifications for further research.  The motor system is also not currently in production. 

 The propeller diameter used for the remaining calculations was the one found to meet the 

disk loading requirement set by performance.  Since agricultural aircraft have higher power 

loadings than most conventional aircraft, a 3-bladed propeller was chosen to absorb the extra 

horsepower.  A 3-bladed propeller was also used since it had a 5% higher static thrust value 

when compared to a 2-bladed propulsion system.[2] The Zoche Aero-diesel did have less static 

thrust than the other three engines; however Figure 6.1 shows as the velocity increased the diesel 

engine maintained thrust better.  Table 6.4 shows the critical propeller information for each 

remaining propulsion system.  The Zoche Aero-diesels engine has a better efficiency and thrust 

to horsepower ratio at the aircraft’s top speed.   
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Figure 6.1.  Thrust-velocity curves for the candidate motors.[8, 10-12] 
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Table 6.4. Engine and Propeller Performance Data[8, 10-12] 

0.80 22 0.309 3.00
0.65 10 0.320 2.44
0.63 12 0.341 2.36
0.70 20 0.333 2.63

Chord 
(ft)

T/hp 
(lb/hp)

Jabiru Aero Engine (2200A)
Rotax (912 UL DCDL) w/GB

� p,max
Pitch 
(deg)

Engine

Zoche Aero-diesels (ZO 03A)
UAV Engines Ltd (AR682)

 
 

6.3.3. Engine Air Intake 

 The size of air intake needed for each motor was dependent on the motor’s horsepower 

and the climb velocity.  The climb velocity was used due to the airflow being most restricted at 

higher angles of attack rather than steady-level flight.[2] Table 6.5 shows the cooing air intake 

area needed for each motor. 

Table 6.5. Air Intake Area for Selected Engines[8, 10-12] 

0.32
0.34
0.39
0.37

A (ft 2)Engine

Zoche Aero-diesels (ZO 03A)
UAV Engines Ltd (AR682)
Jabiru Aero Engine (2200A)

Rotax (912 UL DCDL) w/GB  

The use of the Zoche motor system minimized the drag created by the intake, which can reduce 

the available thrust by 10%.[2]  The air intake for the tractor configurations was placed under the 

leading edge of the cowling, and the exit behind the motor on top of the cowling.  The pusher 

variation has its air intake at the top of the cowling and exits at the bottom, and this allowed the 

airflow to be pulled through the engine compartment by the propeller. 

6.3.4. Fuel System 

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

Zoche Aero-diesel was the lead motor through the design process.  The diesel motor’s fuel 
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system performance was exceptional having the best specific fuel consumption value, 0.381 

lb/hp/hr at maximum power and 0.357 lb/hp/hr at cruise conditions.[8]   

The amount of fuel required was also decreased with the Zoche motor because the motor 

only consumes 2.3 gal/hr while cruising.[8] The Jabiru Aero Engine was the next closest and it 

consumes 4.0 gal/hr.[12] The Rotax and UAV Engine systems each consumed over 6 gal/hr, 

which almost triples the amount of fuel needed for the aircraft’s mission profile.[10, 11]  A simple 

off-the-shelf fuel container was used because the aircraft did not need a large fuel tank.  Since 

the aircraft consumes 2.3 gal/hr of diesel fuel at cruise, a 7 gallon fuel tank provided enough fuel 

to perform the mission profile with 20 minutes of extra fuel capacity.  The fuel tank was also 

designed for a gasoline engine to be interchangeable with the Aero-diesel, and the gasoline 

engines would need a larger fuel capacity to complete the mission.  

6.4. Future Work in Propulsion 

 The motors selected will need further evaluation to their performance at the given flight 

conditions.  They have been analyzed at full throttle conditions, but they still need to be 

evaluated at 75% to properly determine the cruise characteristics.  Most of this information will 

need to be obtained from the manufacturer as it was not readily available online.    

 Actual propellers will need to be found that meet the requirements of configurations or 

plans will need to be sent to a propeller manufacturer to have them designed.  An ideal propeller 

could be designed to improve the performance of the motor and further increase fuel economy. 

 The motor integration process to the aircraft and an actual weight build-up of the 

propulsion system parts need to completed.  The motor weight estimates now seem slightly 

heavy, but there is no hard data to support this claim.
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7. STABILITY AND CONTROL (JN)  

7.1. Introduction to Stability and Control 

The subject of stability and control refers to the selection of wing and stabilizer positions, 

control surface sizes, and center of gravity locations necessary to give the aircraft positive static 

and dynamic stability in the longitudinal, lateral, and directional axes, as well as satisfactory 

handling qualities.  Static stability describes the initial response of a system to a disturbance.  

Dynamic stability refers to the response of the airplane over a longer period of time.  A method 

used to determine the longitudinal static stability of an airplane is presented and applied to the 

Request for Proposal in Section 7.3. 

Desirable handling qualities result from a combination of sufficient stability in the 

longitudinal, lateral, and directional axes as well as sufficient control over the same three axes.  

To achieve these goals, the horizontal and vertical stabilizers of the airplane must be chosen to 

give the airplane sufficient stability.  Additionally, the ailerons, elevator, and rudder must be 

sized sufficiently to provide positive control over the airplane, even in extreme situations such as 

a crosswind landing.  The methods used to make these determinations at a conceptual design 

level are described in the following section. 

7.2. Tail and Control Surface Sizing 

 The RFP provides no specification regarding stability or handling qualities besides a 

vague requirement of “easy operation.”[1] Therefore, the airplane should be designed to have 

positive stability in all axes as well as sufficient control authority in all situations.  At the 

conceptual design stage, first order approximations for tail and control surface sizes may be 

obtained by analysis of historical data.  One way in which this may be accomplished is through 

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

horizontal tail volume coefficient is defined by 
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where lh is the distance between the quarter-chord of the horizontal stabilizer and the aircraft 

center of gravity, Sh is the planform area of the horizontal stabilizer, Sref is the planform area of 

the main wing, and c  is the mean aerodynamic chord of the main wing.  The vertical tail volume 

coefficient is similarly defined by 
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where lv is the distance between the quarter-chord of the vertical stabilizer and the aircraft center 

of gravity, Sv is the planform area of the vertical stabilizer, and b is the span of the main wing. 

 Historical data demonstrating trends in horizontal and vertical tail volume may be found 

in Ref. [16].  From these data, empirical formulas representing the two correlations may be 

obtained.  These are given by the following two equations:  
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where Fw , Fh , and FL  are the width, height, and length of the fuselage.  Combining Equations 

7.1-7.4, expressions for the planform areas the horizontal and vertical stabilizers may be obtained.  

The lengths of the horizontal and vertical stabilizers from the center of gravity were initially 

chosen based on historical values.  A trade study was performed to determine the effects of tail 
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location on the size of the tail.  The results of this trade study for the horizontal stabilizer of the 

conventional configuration are shown in Figure 7.1. 
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Figure 7.1.  Planform area vs. distance behind center of gravity for conventional 

configuration horizontal stabilizer. 
 

Figure 7.1 shows that the planform area of the tail is inversely proportional to its distance 

behind the center of gravity.  This trade study was used to iteratively select a tail length based on 

tail planform area and fuselage length.  To find the span and chord of the tail surfaces, more 

information is needed.  Typical aspect ratios for the horizontal and vertical stabilizers are 4 to 5 

and 1.2 to 1.8, respectively.  Assuming the stabilizers are both rectangular, the planform area and 

aspect ratio fully define their geometry.   

Tail sizing results for each proposed aircraft configuration are summarized in Table 7.1.  

The distances of the stabilizers from the center of gravity are given as positive behind the center 

of gravity.  bh and ch  are the span and chord of the horizontal stabilizer.  bv, cv, bv,2, and cv,2 are 

the span and chord and a single or dual vertical stabilizer.  In the case of dual vertical stabilizers, 

it is assumed that the sum of the two planform areas is the same as the planform area of a single 

vertical stabilizer, and each of the dual vertical stabilizers has the same span and chord. 
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Table 7.1.  Tail Sizing Results for Possible Configurations 
 Conventional Canard-Pusher Canard-Tractor 

lh (ft) +8.00 -7.00 -5.00 
lv (ft) +8.00 +5.00 7.50 

Sh (ft
2) 16.41 19.89 10.19 

Sv (ft
2) 9.14 15.28 12.74 

bh (ft) 8.59 9.46 11.19 
ch (ft) 1.91 2.10 2.49 
bv (ft) 3.82 4.95 4.04 
cv (ft) 2.39 3.09 2.52 

bv,2 (ft) 2.70 3.50 2.86 
cv,2 (ft) 1.69 2.19 1.78 

 

 From the first order approximation tail sizing results in Table 7.1, it may be seen that the 

canard-tractor configuration minimizes the total planform area of the horizontal and vertical 

stabilizers.  As a result, the wetted area and consequently drag contribution from the tail or 

canard surfaces is minimized with the canard-tractor configuration.  In addition, the larger tail 

surfaces for the other configurations would increase the airframe weight. 

Control surface sizes may also be estimated by historical values.  The area of the rudder 

is typically 25-50% of the vertical stabilizer planform area and has a maximum deflection of 

±25°.  Similarly, the elevator area is around 25-50% of the horizontal stabilizer planform area 

with a maximum deflection of ±25°.  The rudder of the airplane will be the trailing edge of the 

vertical stabilizer, the elevator will be the trailing edge of the horizontal stabilizer or canard, and 

the ailerons will be located at the outboard sections of the wing. 

7.3. Longitudinal Static Stability and the Static Margin 

 In order for the airplane to demonstrate static stability, as described in Section 7.1, it must 

generate moments opposite to any pitch perturbation.  For this to be true, the sum of 

aerodynamic forces must be located on the aircraft such that when angle of attack increases, a 

negative moment is generated and vice versa.  This may be ensured by locating a point on the 
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airframe at which total lift is applied.  Total aircraft moment resolved about this point will be 

constant because the changing lift does not change the moment.  This point is called the “neutral 

point.”  In order to determine the location of the neutral point, determine an expression for the 

total moment about the aircraft center of gravity.  The neutral point is the center of gravity 

location at which this expression is constant with respect to angle of attack.  In order to obtain an 

expression for the location of the neutral, differentiate the moment with respect angle of attack, 

set this derivate to equal to zero, and solve for Xcg.  Performing this differentiation and non-

dimensionalizing the locations of the wing, horizontal stabilizer, and propeller by the chord of 

the main wing results in the following expression: 
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 The terms of Equation 7.6 are determined by methods in Raymer.[2]  For positive static 

stability, the neutral point should be located behind the aircraft center of gravity.  To demonstrate 

why this is true, consider an aircraft perturbed upwards by a gust of wind.  The angle of attack 

increases, which in turn increases the total lift of the aircraft.  This lift acts at the neutral point, so 

if this point is behind the center of gravity, the increased lift will provide a negative pitching 

moment, tending to correct the perturbation.  A trade study was performed to determine the 

effect of horizontal stabilizer location on the neutral point location.  The results of this trade 

study for the conventional configuration are shown in Figure 7.5. 
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Figure 7.5.  Neutral point location versus horizontal stabilizer location for conventional 

configuration. 
 

Figure 7.5 shows that the neural point of the airplane moves aft as the horizontal 

stabilizer moves aft.  However, as the horizontal stabilizer moves aft by ten feet, the neutral point 

moves aft by only one tenth of one foot.  Therefore, it was determined that the location of the 

horizontal stabilizer had only a minor effect on the location of the neutral point.  This seems 

counter-intuitive at first, but may be justified by considering that the planform area of the tail 

decreases as it moves aft, so its contribution to total lift also decreases. 

The strength with which the aircraft tends to resist a change in pitch can be characterized 

by the static margin, given by 

 ( )
a

a

L

M
cgnp C

C
XXSM -=-=  [7.6] 

where npX  and cgX  are the locations of the neutral point and center of gravity non-

dimensionalized by the chord of the main wing, and 
aMC  and 

aLC  are the changes in moment 

and lift with angle of attack.[2]  A large static margin results in a very stable airplane, but also an 
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airplane that may be difficult to maneuver.  A static margin range of 2-15% was chosen to create 

a maneuverable airplane but to additionally allow for center of gravity variation throughout the 

flight due to payload drop and fuel burn.  A summary of aft and forward center of gravity 

locations required to satisfy this static margin range is found in Table 7.2.  The neutral point and 

center of gravity locations are measured positive towards the rear of the airplane from the wing 

quarter-chord.  The center of gravity limits throughout the flight profile calculated by the 

Configuration group are within the limits for longitudinal static stability given in Table 7.2.  Also, 

the distance of the center of gravity from the quarter-chord of the wing is greater for the canard 

configurations.  Because the fuel is usually placed in the wings, this causes the center of gravity 

to shift more as fuel is consumed. 

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

  Conventional Canard-Pusher Canard-Tractor 
Neutral Point npX  (ft) 0.78 -2.05 -2.06 

aftcgX  (ft) 0.71 -2.12 -2.13 Center of 
Gravity Limits 

for Stability forwardcgX  (ft) 0.27 -2.56 -2.57 

 

7.4. Future Work in Stability and Control 

 The methods used to ensure the stability and controllability of the airplane in the 

conceptual design stage are simplistic.  As a result, they are useful only for first-order 

approximations for tail and control surface sizing.  Future work in stability and control will 

involve more complex and accurate calculations for lateral and directional stability in order to 

obtain more reasonable values for tail sizes.  In addition, control surfaces including rudder, 

elevator, and ailerons will be sized in consideration of controllability.  Finally, the dynamic 

stability of the airplane must be considered.  The dynamic stability of an airplane is complex, so 

there must be research in that subject in order to produce good results. 
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8. STRUCTURES (AK) 

8.1. V-n Diagram 
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Figure 8.1.  V-n diagram for the conventional tractor. 

Table 8.1.  Normal Force Coefficients for the Three Configurations 

Configuration Czamax Czamin zaC

a

¶

¶
(rad-1) 

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 the conventional tractor with gust loads 

included.  This V-n Diagram is representative of the two canard configurations as well, since the 

TOGW and the normal force coefficients, Cz, are also quite similar, see Table 8.1 for a 

comparison.  The maneuver load line from A-C was calculated using Equations 8.1-8.3 where Cz 

tail was approximated as the Cl tail.  The dive velocity, Vd, was approximated as 1.5Vc.  Equation 

8.3 was solved at V=Vd to yield point D of the diagram.  The line connecting A and E was found 

with Equation 8.4, and point E was solved by applying V=Vc to the same equation.  Equations 8.3 
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and 8.4 represent the maximum amount of lift the wing is producing at various velocities.[17] The 

line from E to D complies with FAR Part 23.333 which requires the load factor to vary linearly 

from the nc, load factor at cruise, to a value of -1.0 at Vd for utility aircraft.[18] 
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The gust load lines were plotted using FAR 23.333 guidelines stating that the derived 

gust velocities, Ude, at Vc and Vd are equal to 50 ft/s and 25 ft/s, respectively.[18]  Equations 8.5-

8.7 were used in plotting the gust loads.[2]  Since the gust velocity at Vc is outside of the 

maneuver envelope, it will be necessary to ensure that this part of the gust load is included in the 

flight envelope.  This should be very easy since the aircraft is being designed with a positive 

limit load factor of four and a negative limit load factor of -1.8.  Even though neither the 

symmetrical maneuver loads nor the gust loads are very close to the limit loads, it is important 

for this aircraft to be designed to withstand adverse conditions like unexpected landings. 
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8.2. Materials Selection 

 Since much of the emphasis in the design of this agricultural aircraft is being placed on 

the ruggedness and durability of the airplane, the materials used must be able to withstand 

unfavorable conditions.  Also, with an operating altitude of 20 ft, the risk of crashing is eminent 

enough to make this a design consideration.  This need for a fatigue resistant material rules out 

many composite materials.  Steel and aluminum are the remaining best options.  Even though 

steel has a higher elastic modulus than aluminum, it is also much heavier.  Also, there are many 

alloys of aluminum available that fill many different structural roles.  For instance the 7000 

series of aluminum alloys has proven to be exceptional and other alloys have been shown to 

perform well and can also be welded.  This characteristic could be very helpful if the aircraft is 

being used in remote areas and is in need of minor repairs that otherwise would require a more 

skilled professional to fix.  With this in mind, it is most logical to pursue an aluminum based 

aircraft because of its durability at a lighter weight.  It is very foreseeable, however, that steel 

and composites could be used for specific applications, like access hatches to the payload.[19] 

8.3. Fuselage Structure 

 Based on initial sizing approximations and conceptual weight buildups, it is quite clear 

that the payload weight is quite large compared to the empty aircraft weight.  With this much 

load located at the center of gravity where the lift of the wing and the forces of landing are also 

felt, it is necessary to have an extremely sturdy structure in the fuselage.  This will be 

accomplished by placing bulkheads at the heaviest load points such as the hopper, wing spar, and 

landing gear locations.[2]  The bulkheads will be connected to each other with four longerons.  As 

seen in Figure 8.2, this longeron structure will continue through the entire payload section of the 

fuselage and into the tail as well.  This construction method employing longerons and bulkheads 
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would be used for all three of the configurations, given that the locations of the bulkheads will be 

moved to allow for the canard tractor or pusher configuration. 

 In the two tractor configurations, the engine will be mounted ahead of a firewall.  The 

engine will be supported by several struts which connect to the firewall and then transfer the 

thrust from the engine to the rest of the aircraft.  In the canard pusher configuration, a similar 

construction method will be used in reverse at the rear of the aircraft.  In this configuration, the 

firewall will also be used for mounting the vertical tail. 

 

Figure 8.2.  Structural composition of the conventional taildragger 

 

8.4. Wing-Fuselage Attachments 

8.4.1. Structure at Wing-Fuselage Interaction 

 The wing will be built using two wing spars.  The main spar will be located at the wing’s 

quarter chord and the second spar will be near the three-quarter chord line.  Bulkheads will be 

located at the two locations where the wing spars intersect the fuselage.  This will provide 

adequate means to transfer the loads carried in the wing spare into the longerons and to the rest 

of the airplane.  Also, the quarter-chord wing spar will cross roughly at the aircraft’s center of 

gravity.  Since the hopper is located here also, the spar and the hopper can share one bulkhead, 

thus saving one in the construction of the fuselage.[2] 
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 In order for the plane to be towed on roads, the wings will be foldable similar to many kit 

aircraft that can be loaded into trailers.  Although the mechanics of this joint are unknown at this 

stage of the design phase, more research will be put into the actual devices that will allow the 

wings to be folded back without losing structural integrity.   

8.4.2. Wing Root Limiting Loads 

 As a preliminary examination of the bending moment and shear forces at the wing root, 

the wing was assumed to be a thin beam and both the lift and weight of the wing were reduced to 

resultant forces.  The resultant weight was located in the middle of the wing, and the resultant lift 

was located 0.4 times the length of the wing from the wing root.  This value was an 

approximation based off of Shrenk approximations for rectangular wings.  With these values 

approximated, the following equations, which had been adjusted to fit this problem as shown in 

Fig. 8.3, were used with W and L as the weight and lift of the individual wing.  Evaluations of 

Equations 8.8 and 8.9 are tabulated in Table 8.2. 

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

 Shearroot=-W+L [8.9] 

 

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

Configuration Scenario 
Lift of Both 

Wings 
(lbf) 

Moment at 
Wing 

Root (lbf-ft) 

Shear at 
Wing Root 

(lbf) 
Takeoff 825 1575 391 

Turn (2.4g) 1642 3245 800 
Landing 963 1860 460 

Conventional 
Tractor 

 
Design Load (4g) 3120 6265 1538 

Takeoff 849 1625 403 
Turn (2.4g) 1705 3375 830 

Landing 1000 1935 480 
Canard 
Pusher 

Design Load (4g) 3240 6510 1600 
Takeoff 846 1620 402 

Turn (2.4g) 1705 3375 830 
Landing 1000 1935 480 

Canard 
Tractor 

Design Load (4g) 3240 6510 1600 
  
 As seen from Table 8.2, all three configurations are essentially equal.  Of course, if the 

wings were to create a lift force at the design load of four (approximated as four times the 

TOGW), the magnitude of the moment created at the wing root is more than double compared to 

the moment created in the turn.  A trade study was completed on the effect of using a trapezoidal 

wing on root moment and shear.  It was found that the trapezoidal wing creates more lift closer 

to the fuselage and subsequently experiences less of a moment.  Also, there was very little 

change in the shear since the weight of the wing was very 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 from improvised gravel or grass runways, the 

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

of all three configurations, the solid-spring landing gear appeared to be the best.  This landing 
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gear is easy to manufacture, and with no moving parts other than the hubs, it is ideal in terms of 

maintenance and repair costs.  The landing gear would ideally be attached to the fuselage at the 

bulkhead located at the center of gravity.  Even though this placement could save weight by 

leaving out a bulkhead devoted only to the landing gear, design limitations, specifically the threat 

of the airplane tipping forward for the tractor configurations, required that the landing gear be 

attached at a point ahead of the CG.  In the tricycle configuration, the main landing gear would 

ideally be attached at the three-quarter chord bulkhead. 

8.5.2 Landing Gear Location 

 The taildragging configuration requires that the main wheels be ahead of the center of 

gravity making an angle between 16 and 25 deg and that there be a 10-15 deg tail-down angle.  

Analysis of this geometry results in the main landing gear wheels being placed 1.4 ft ahead of the 

CG and 3.8 ft below the CG when in level flight attitude.[2] 

 Initially, the canard tractor was envisioned as a tricycle, but a trade study on the location 

of the landing gear showed that the tricycle configuration would be extremely difficult to achieve 

since the propeller diameter was so large.  After solving the geometries for the canard taildragger, 

the landing gear was located 1.45 ft ahead of the CG and 4 ft below the CG.  The canard pusher 

configuration required a different arrangement than the taildragger since the propeller could 

easily strike on takeoff.  The main gear should be behind the CG with the angle formed by the 

vertical and the line from the CG to the wheel being less than the tipback angle.  With a tipback 

angle between 10 and 15 deg, the geometry of the main wheels was 1.0 ft behind the CG and 

roughly 2.9 ft below the CG.  The main issue with a pusher aircraft is that prop strike on takeoff 

is very possible since the diameter of the propeller is greater than the diameter of the fuselage.  
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Taking only the risk of prop strike into consideration, it would be much safer, and more reliable 

to use a tractor taildragger configuration.[2] 

8.6. Future Work in Structures 

The next step in the design process will be to refine the structural layout in order to 

minimize weight and maximize the load path efficiency.  Now that there are some more solid 

numbers, more in depth analysis can be completed on the longerons, bulkheads, wing spars and 

ribs.  Trade studies will be completed to ensure that the proper structural members are being used.  

For instance, one trade study to be examined is whether or not stringers could be used even with 

the concentration of weight near the CG.  Trade studies should also be able to clear up much of 

the ambiguity as to what size, shape, or length of beams should be used in the aircraft. 

 Also, more comprehensive work will need to be done on the landing gear.  Some of the 

dynamics of the landing gear will play a large role in takeoffs and landings, so it will be 

necessary to find the right deflections at various points during these flight segments.  Naturally, 

all of the future work will lead up to creating an entire structural system for this airplane that will 

be rugged and durable without being difficult to fly because 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 Conceptual Design phase was to 

determine and track the weights and locations of major aircraft components for all three 

configurations.  The total weight is one of the deciding factors in which configuration is 

ultimately selected.  Also, components must be positioned in such a way that the CG remains 

within 2-15% static margin as defined by Stability and Control throughout the flight.  At the 

same time, there was an effort to reduce the amount of empty space between components as well 

as the overall length of the fuselage to save weight. 

 The RFP lists two components that must be included:  a one ft radius sphere weighing 30 

lb that simulates all pumps, hoses, etc. needed to drive the application system and a hopper tank 

capable of carrying either 235 lb of liquid payload or 300 lb of solid payload to be expended as 

the mission progresses.  The uninstalled motor weight was 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 specified elsewhere were determined using the 

statistical methods provided in Raymer, pp. 460-463.[2]  The equations provided were general 

enough that weights could be determined from aircraft geometry, but specific enough that 

components such as furnishings, pressurization, and air conditioning that were not necessary to 

an unmanned vehicle could be omitted.  The majority of the input parameters to the Raymer 

equations were provided by other technical groups; those remaining were estimated based on 

historical data.  The weights for the three configurations in consideration are summarized in 

Table 9.1. 
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Table 9.1. Aircraft Group Weights 
� �����������	 
 ������
������ 
 ������
������� 


���������
 ������
�	���

�����������	�
��� �
��
� ������ ������
��
�����
��	�
��� ��
��� ��
��� ��
���
����������	�
��� ����� ����� �����
�� ��!��"���#
�$� 
�
��� 
�
��� 
�
���
�����
������
 ��� �
 �!� "
 �!� �


�#$�%
���
���	���
 &"! '
 &�! "
 &�! (

�#$�%
)��
���	���
 &&* '
 �** "
 �** (


 

 For all three configurations, the calculated weight is comparable to that estimated in 

initial sizing.  In terms of weight, the both canard configurations proved inferior to the 

conventional configuration, mainly because of larger control surfaces, longer fuselages, and 

heavier landing gear configurations. The largest contributors to the total weight were the two 

required payloads (37.7% and 29.6% of the conventional TOGW for dry and wet, respectively), 

and the engine (27.0%).  Efforts to lighten the engine will continue during preliminary design. 

9.3. Component Positioning and Center of Gravity 

 Developing a configuration in which the center of gravity remained within the specified 

limit for the duration of the mission proved particularly challenging since the largest contributor 

to the TOGW, the payload, is expended during the flight and location of the next largest 

contributor, the engine, skews the overall CG away from the desired location.  The locations of 

the wings, empennage, and fuselage, as well as the desired CG range were determined based on 

inputs from Aerodynamics and Stability and Control.  Locations of the landing gear were 

obtained from Structures.  To minimize CG travel as the mission is completed, the payload 

hopper was centered over the desired CG location.  It is assumed that baffles within the hopper 

will prevent a non-uniform distribution of payload from occurring at any point during flight.  The 

flight controls, hydraulics, and fuel system were tied to the wing, main landing gear, and fuel 

tank, respectively.  Because the payload hopper occupied the entire cross section of the fuselage 
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at the desired CG location, it was not possible to place the fuel tank there as well.  The chord and 

thickness of the wing were not sufficient to allow fuel to be stored there, so the tank was placed 

at a convenient location where the aircraft would not become unstable as fuel was burned.   

 Only two sizeable components were left with relatively few constraints:  the pump 

assembly and the electrical system.  Raymer describes the electrical system as consisting of a 

generator, tied to the motor, and several heavy batteries, which could be placed anywhere.[2]  

These along with the pump were used to counterbalance the motor, and because of the large 

diameter of the motor and the pump, these two were used to define the length of the fuselage.     
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Figure 9.1. Trade Study, Fuselage Length vs. Distance from Motor to CG. 

 
 A trade study was conducted of the total length of the fuselage vs. the distance from the 

overall CG to the motor in the conventional configuration, with all other components placed as 

mandated by Structures and Stability and Control and assuming that an overlap of the motor and 

payload compartment was possible.  Initially, the fuselage length is constrained by the minimum 

distance between the leading edge of the wing and the trailing edge of the tail surfaces. In all 

cases it was assumed that the tail cone extended for six feet beyond the ball/battery location to 

reduce drag, and the nose cone extended 1.5 feet beyond the motor CG.  The results are shown in 
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Figure 9.1.  As shown, the fuselage length increases at roughly four times the rate of the distance 

to the motor CG, since the motor is four times as heavy as the motor/battery combination.  

Several iterations were required to minimize this distance and produce the shortest fuselage 

possible.  

Table 9.2.  Longitudinal Component Locations and Center of Gravity of Conventional 
Conventional 

Component Weight (lb) 
Loc 
(ft) 

Moment 
(ft-lb) Component 

Weight 
(lb) 

Loc 
(ft) 

Moment 
(ft-lb) 

Structures 130.3   805.0 Equipment 74.2   653.6 
Fuselage 29.7 6.5 193.4 Flight Controls 4.8 9.0 43.0 

Wing 41.9 5.0 210.2 Hydraulics >0.1 4.5 >0.1 

Horiz. Tail 6.0 13.3 79.6 Electrical System 39.4 7.5 295.7 

Vert. Tail 6.8 13.4 91.4 Pump, Hoses, Etc. 30.0 10.5 315.0 
Main Gear 39.8 3.6 143.3 Useful Load 343.1   1769.2 
Taildragger 6.0 14.5 87.1 Fuel 43.1 6.3 269.2 
Propulsion 223.7   581.2 Payload, Wet 235.0 5.0 1175.0 

Engine, Installed 214.3 2.4 522.5 Payload, Dry 300.0 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 Center of Gravity of Canard Pusher 
Canard/Pusher 

Component Weight (lb) 
Loc 
(ft) 

Moment 
(ft-lb) Component 

Weight 
(lb) 

Loc 
(ft) 

Moment 
(ft-lb) 

Structures 168.6   1694.8 Equipment 75.6   349.4 
Fuselage 38.4 8.0 306.9 Flight Controls 6.1 12.0 73.6 

Wing 42.9 13.4 573.5 Hydraulics >0.1 11.3 0.1 
Canard 7.3 3.8 27.8 Electrical System 39.4 3.0 118.3 

Vert. Tail 13.3 15.9 211.6 Pump, Hoses, Etc. 30.0 5.3 157.5 
Main Gear 46.3 11.5 534.0 Useful Load 343.1   3674.3 
Nose Gear 20.5 2.0 41.0 Fuel 43.1 12.0 516.8 

Propulsion 223.7   2899.3 Payload, Wet 235.0 10.5 2473.4 
Engine, Installed 214.3 13.0 2786.4 Payload, Dry 300.0 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 Center of Gravity of Canard Tractor 

Canard/Tractor 

Component Weight (lb) 
Loc 
(ft) 

Moment 
(ft-lb) Component 

Weight 
(lb) 

Loc 
(ft) 

Moment 
(ft-lb) 

Structures 168.8   1405.8 Equipment 75.9   945.7 
Fuselage 41.1 8.0 329.0 Flight Controls 6.4 11.0 70.9 

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 13.3 522.3 

Vert. Tail 7.0 14.5 101.7 Pump, Hoses, Etc. 30.0 11.8 352.5 
Main Gear 51.9 5.2 271.0 Useful Load 343.1   2374.3 
Taildragger 16.1 15.0 241.2 Fuel 43.1 9.0 387.6 

Propulsion 223.7   660.7 Payload, Wet 235.0 6.6 1556.3 

Engine, Installed 214.3 2.7 576.0 Payload, Dry 300.0 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, moment arms, and moments for all components 

considered during Conceptual Design along with the CG for each configuration.  The distance 

from the CG to the motor is the shortest for the conventional configuration, resulting in it having 

the shortest fuselage and the lightest TOGW.  Schematics for the internal layouts of each 

configuration are included in Figure 9.3 at the end of the section. 

9.4. The CG Envelope 

 Because the fuel tanks could not be aligned with the payload CG, the overall CG of the 

plane drifts as fuel is burned.  The amount of drift varies depending on the amount of payload 

present.  Rather than determine the rate at which payload is expended as a function of the rate at 

which fuel is expended, CG locations were calculated for no payload, full wet payload, and full 

dry payload for various amounts of fuel remaining.  These conditions represent the bounds of 

actual conditions that could be experienced during a mission.  CG envelope diagrams are 

presented in Figure 9.2.  A static margin of 2-15% was considered acceptable for longitudinal 

stability. 
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Figure 9.2. CG envelope for all configurations at various loadings. 

 
9.5. Future Work in Configuration 

 Once a single configuration is selected and the project proceeds to Preliminary Design, it 

will be necessary to maintain an increasingly detailed weight and center of gravity buildup.  In 

particular, the materials selection process and increased structural definition will allow for a shift 

from the statistical weight buildup used here to a more accurate one where volumes of individual 

components (spars, ribs, skin, etc.) are calculated and multiplied by their densities to obtain their 

weight.  This will allow for more accurate tracking of the weight and CG as dimensions change 
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during optimization.  Additionally, to this point, the vertical CG location has been neglected 

since the heaviest components are centered along the thrust axis, resulting in a negligible 

pitching moment from thrust.  In reality, there could be significant shifts in vertical CG location 

as the payload hopper empties, and these will need to be studied in detail.  Finally, a moment of 

inertia buildup will need to be developed alongside the weight buildup to assist in dynamic 

stability and control calculations. 

 
Figure 9.3:  Internal Configuration 

Motor (2.38 x 1.82 x 1.5 ft.) 

Battery (~1 x 1 x 1 ft.) 

Pump (2 ft. OD sphere) 

Hopper (1.87 ft. x 2 ft. OD) 

Fuel Tank (7 gallons- 1.37 x 
1.37 x 0.5 ft.) 
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10.  COST ANALYSIS (MS) 

10.1. Propulsion Cost 

 The cost of the propulsion system is give by Equations 10.1-10.2.  Equation 10.1 gives 

the cost of a propulsion system producing less than 109.5 horsepower, while Equation 10.2 gives 

the cost for an engine producing greater than 109.5 horsepower. 

 (0.033( ) 6.67)hpPC e +=  [10.1] 

 12900 147( )PC hp= +  [10.2] 

10.2. Air Frame Cost 

 Air frame cost was found using Equation 10.3 

 20 ( * )compcomp
AF TOGW MF= �  [10.3] 

where MF  represents a material factor used to normalize the material covering process.  A value 

of 1 was used if the component was covered in fabric, and 1.25 was used for the aircraft parts 

covered with aluminum.  Since carbon fiber and other composite materials are expensive to 

manufacture, a value of 1.75 was assigned for composite covering applications. 

10.3. Rated Aircraft Cost 

 The rated aircraft cost was a combination of the propulsion cost and the air frame cost, 

and directly relates to the production cost.  Equation 10.4 states the rated aircraft cost. 

 RAC PC AF= +  [10.4] 

10.4. Cost Analysis Results 

Using the cost model and the available engines, Table 10.1 shows the propulsion cost 

evaluated for each engine.  The motors listed in Table 10.1 were the motors evaluated in the 

propulsion section, and since the cost was based on horsepower, the Zoche Aero-diesel engine 

was the best choice. 
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Table 10.1.  Propulsion Cost Values for Selected Motors 

Engine Powermax 
(HP) 

Zoche Aero-diesels (ZO 03A) 70 
UAV Engines Ltd (AR682) 75 

Rotax (912 UL DCDL) 81 
Jabiru Aero Engine (2200A) 85 

 
 
 The conventional tractor design had the best cost value because the design was projected 

to be 30 lbf lighter than the canard configurations, as shown in Table 10.2.  

Table 10.2.  Air Frame Cost for Configurations 
Air Frame Cost ($) Air Frame 

Fabric Aluminum Composite 
Conventional/Tractor 15600 19500 23200 

Canard/Tractor 16200 20250 24100 
Canard/Pusher 16200 20250 24100 

 

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

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

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

the most cost effective engine selection.  Table 10.3 demonstrates the compromises that can be 

made between motor selection and covering. 

Table 10.3.  Rated Aircraft Cost for Conceptual Configurations 

Fabric Aluminum Composite Fabric Aluminum Composite
23550 27450 31150 24950 28850 32550
24150 28200 32050 25550 29600 33450
24150 28200 32050 25550 29600 33450

Fabric Aluminum Composite Fabric Aluminum Composite
28650 32550 36250 27000 30900 34600
29250 33300 37150 27600 31650 35500
29250 33300 37150 27600 31650 35500

UAV Engines Ltd (AR682)

Conventional/Tractor
Canard/Tractor

Jabiru Aero Engine (2200A) Rotax (912 UL DCDL)

Canard/Pusher

Zoche Aero-diesels (ZO 03A)

Conventional/Tractor
Canard/Tractor

Canard/Pusher  
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11.  CONCLUSION 

 The conceptual design analysis produced three configurations that were relatively similar 

in size and weight.  The conventional, canard with tractor, and canard with pusher configurations 

all had wing spans of 20 ft and lengths of 14 ft, 16 ft, and 17 ft, respectively.  The takeoff gross 

weights were found to be 770 lb for the conventional and 810 lb for the two canards.   

Based off the conceptual design results, the conventional configuration of the AUAS is 

the most suitable for the mission outlined in the RFP.  This configuration produces the least 

amount of drag out of the three configurations due to the smaller tail and landing gear.  This 

configuration also weighed less than the two canard configurations, meaning less lift and power 

are needed to perform the mission.  The canard with tractor configuration was promising in that 

it was the most stable of the configurations.  The canard with pusher caused some difficulties in 

balancing the plane.  However, it can be trimmed, but at the cost of adding more empty weight. 

 While the analysis shows that the aircraft design is capable of flying the mission profile, 

many aspects of the plane could be optimized to improve its performance.  One such aspect is the 

wing.  While enough lift was generated for the mission, more could be generated to improve 

performance during takeoff and turns by improving airfoil and wing design.  This will be looked 

into in future studies.  More research into propulsion systems will be investigated to provide a 

system that creates more thrust and is lighter in weight.  Through the combined effort of the team 

members, the dimensions of the plane will be reduced so that the plane is easier to transport.  

Methods of increasing stability and flight control will be looked into to make the plane more 

user-friendly.  The ultimate goal is providing a design that is reliable and easy to use, while also 

being low in cost.  More trade studies and more accurate methods of calculation by all team 

members will provide detailed the analysis to attain this goal. 
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