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1.0 Executive Summary 
This report documents the design, manufacturing processes, and testing conducted by the University 

of California, Irvine (UCI), Team Angel of Attack for their aircraft entry in the 2011-2012 

AIAA/Cessna/Raytheon Design/Build/Fly competition. The objective of the competition is to produce an 

electric remote controlled aircraft that will receive the highest total score; a combination of the written 

report score, total flight score, and rated aircraft cost (RAC).  

The theme for this year’s competition is the small passenger aircraft [1]. The goal of the aircraft is to 

be as light as possible while carrying 8 aluminum bars simulating passengers. The aircraft must be 

capable of completing three missions that will test its performance extremes: first, is to fly the greatest 

number of laps under a four minute period without payload; second, is to maximize the payload-to-flight 

weight ratio; and third, is to minimize the time to climb 100 meters with a fully loaded aircraft. The major 

challenge is being able to takeoff during the payload missions given the propulsion limitations imposed by 

a 20 amp fuse and 1.5-lb maximum battery weight. 

Team Angel of Attack determined that the winning aircraft would be one built to complete all three 

missions with the lightest possible empty weight. There was no way that focusing completely on one 

mission or empty weight alone could win the competition. In addition, for mission 3, the aircraft must 

release 2 liters of water once it has climbed to 100 meters, which adds another level of complexity to the 

design. To address the challenges posed by each mission, the team designed an aircraft that could 

balance the mission requirements, primarily high speed for mission 1, low flight weight for mission 2, and 

high thrust for mission 3. 

The 20 amp fuse forced the team to chose a low Kv motor and increase the voltage and propeller 

diameter in order to gain enough thrust for takeoff during the payload missions. Because the third mission 

had the heaviest payload (4.41-lbs), the aircraft’s wing was sized specifically for the takeoff portion of that 

mission. This meant that the wing was overbuilt to fly mission 1, which allowed it to pull high G turns to 

reduce turn radius and lap time. 

Mission 2, flown at the aircraft’s speed for best range, needed to complete the mission with the 

lightest combination of structure and propulsion weight. The energy requirement for this mission was the 

highest, so efforts were taken to make sure that the selected battery pack would provide enough energy 

without penalizing weight. 

The key to success at the competition is being able to complete all missions, but empty weight is a 

significant factor as well. A lot of effort was put into reducing structural weight. Wing weight correlated 

strongly with propulsion weight and manufacturing methods were improved to create as light a wing as 

possible. 

Constraints on how to position the passengers within the aircraft drove the fuselage design. They 

were arranged in a 2x4 configuration. The fuselage featured a thin foam/fiberglass fairing surrounding a 

central carbon rod that ran from the motor to the tail. Stress was transmitted from the wing spar to the 

landing gear through the wing-box. The aluminum passenger payload was supported within a 
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foam/carbon-fiber structure bonded to the wing-box that doubled as the water tank for mission 3. Water 

was ejected by unfolding the latex joint of a bent carbon tube connected to the tank. This method of 

releasing water proved to be very light and reliable. 

The team’s optimization program ran thousands of plane designs through a mission model and 

converged on an aircraft with the highest competition score. This aircraft came in at a predicted empty 

weight of 2.49-lbs using the team’s weight calculations tied to the optimization program. Details on all the 

subsystem selections made to arrive to this aircraft solution are explained in the following sections. The 

predicted outcome of mission 1 was 6 laps and the mission 3 climb was clocked at 31.3 seconds, all very 

competitive values resulting in a maximum competition score of 448. The team proceeded to build and 

test fly a prototype to confirm the predictions and calibrate the optimization code. The predictions were 

very close to actual values, but deviations occurred due to difficulties in drag estimation. Nonetheless, the 

team’s pilot is getting the needed practice and taking the prototype to it’s performance limits as 

preparation for the competition, all while the rest of the team is fine-tuning the design to improve future 

test flight results. Team Angel of Attack is well on its way to bringing a competitive aircraft to this year’s 

DBF competition. 

2.0 Management Summary 
The UCI team implemented an organizational structure and design timeline that focused on 

maximizing efficiency and team collaboration. With 38 dedicated members, the team benefits from a wide 

range of interests and capabilities. 

2.1 Team Organization 

The team follows a hierarchical structure similar to industry, which places responsibility on members 

to perform their required tasks. Figure 2.1 shows the team’s organizational chart. 
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Figure 2.1 Team Organization 

The Project Manager is responsible for facilitating productivity in all areas of the project. He monitors 

budget, material procurement, scheduling, and leads team meetings. The Chief Engineer steers the 

design effort and facilitates the communication between design groups. These two individuals lead the 

project, which is further supported by the following individuals and teams: 

• Test Flight maintains the flight checklist. Organizes and conducts the test flights. 

• CAD creates detailed drawings of every component of the aircraft system and aids in the rapid 

visualization of possible aircraft solutions. 

• Report collects, formats, and verifies the work done by the design groups and flight test crew for 

inclusion into the design report. 

• Aerodynamics computes the flight characteristics and necessary wing dimensions. This team 

also ensures that the aircraft meets certain control and stability standards, and uses numerical 

modeling to predict flight performance. 

• Propulsion analyzes the propulsion system to find the best motor, propeller, and battery 

combination for the aircraft. 

• Structures optimizes the load-bearing components of the aircraft and maintains a weight build-

up. 
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• Payload designs and experiments with different payload restraint mechanisms, including the 

water release system. 

• Machining manufactures fuselage molds using CNC foam cutting equipment and also 

manufactures the payload to be used in testing and the competition.  

2.2  Project Milestone Chart 

 
Figure 2.2: Master Schedule 

The demand for a competitive aircraft requires an aggressive schedule. The Project Manager 

maintains a master schedule that tracks the various phases of the design, testing, and important 

milestones. The planned and actual schedules are shown in Figure 2.2. 

3.0 Conceptual Design 
The objective of the conceptual design process is to extract a set of figures of merit (FOM) from the 

analysis of mission goals, requirements, and the design constraints set out in the contest rules. During 

this process, different design concepts are chosen using the FOM. The end result of this was a high-

performance design that maximizes the overall flight score. 

3.1  Design Constraints 
The team analyzed the contest rules to determine the important design limitations set by the contest. 

Listed below are the requirements for the Design/Build/Fly competition for this year.  
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• The weight of the propulsion battery must not exceed 1.5 pounds.  

• Maximum drawn current supplied by the battery pack(s) or received by the motor(s) is limited to 

20 amps by means of a 20 amp fuse. 

• All payloads must be secured sufficiently to assure safe flight without possible variation of 

aircraft’s center of gravity (CG) during flight.  

• All payloads must be carried fully internal to the aircraft mold lines.  

• The aircraft must be designed to fly all three missions. 

• The ground rolling takeoff distance is a maximum of 100 ft. 

3.2 Scoring Formula 
The AIAA Design/Build/Fly Competition for 2012 consists of three missions and the design report. 

The total score is contingent on a combination of the scores received along with the rated aircraft cost 

(RAC). The formula to determine a team’s total score is: 

 

   !"#$%!!"#$% ! !"#$%&!!"#$%!!"#$%!!"#$!!!!"#$%
!"#$%!!"#$#%&'!!"#$                               (Equation 3.1) 

!
        !"#$%!!"#$!!!!"#$% ! !!! ! !!! ! !!!                                           (Equation 3.2) 

Where Mn is the flight score for that mission. 

 

                                    !!"#$%!!"#$#%&'!!"#$! !"# ! !"#!!"!!!"!!!"!!                 (Equation 3.3) 

Where EWn is the empty weight, including batteries, 

measured after the flight with the payload removed. 

3.3  Mission Sequence – Small Passenger Aircraft 

The team will have a maximum of four flight attempts with five minutes to install payload and check 

control surfaces before each flight. The assembly/flight line crew is limited to only the pilot, observer, and 

one ground crew member. The course consists of a 1000-foot course with two 180o turns and one 360o 

turn (Figure 3.1). To receive a score for a mission, the plane must land on the runway without significant 

damage (as determined by the judges). 

 
Figure 3.1: Course Layout shown to scale 
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3.3.1 Mission 1 – Ferry Flight 

The goal of mission 1 is to complete as many laps as possible within a four-minute period. Mission 1 

is an empty flight mission. The score for mission one is given by the equation:  

         !! ! ! ! !!"#$
!                                    (Equation 3.4) 

where Nlaps is the number of complete laps flown by the team for a successful mission 1 flight. The flight 

time begins when the throttle is advanced for the first takeoff or attempt. Only complete laps are counted 

in the score.  

3.3.2 Mission 2 – Passenger Flight 

Mission 2 is a three-lap payload flight with no time limit. The goal of this mission is to maximize the 

payload to flight weight ratio. The payload consists of eight simulated passengers. The simulated 

passengers are 1”x1”x5” aluminum blocks. The team will supply the aluminum payload, which must not 

weigh less than 3.75 lbs. They must be situated with the long dimension vertical and each have !” open 

space fore and aft with 1” aisles separating columns of passengers. The flight score for this mission is 

given by the equation: 

     !! ! !!! ! !!!"
!"#$!!!!"#$!!!!"#!                                                (Equation 3.5) 

The flight weight of the aircraft will be obtained immediately after completion of the mission by 

weighing the plane with the payload installed. 

3.3.3 Mission 3 – Time to climb 

Mission 3 is a single takeoff and climb to 100 m altitude. The payload will be a team supplied “Time 

End Indicating System” (TEIS). It consists of a team designed and fabricated water tank with a capacity of 

two liters fitted with a servo operated dump valve. A soaring circuit will actuate the dump valve at 100 

meters from the ground. This will signal to the judges that the altitude has been reached. The objective of 

mission 3 is to climb as fast as possible. The flight score for this mission is given by the equation:  

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

            (Equation 3.6) 

where Tteam is the time from advancing throttle for the initial takeoff to altitude and Tavg is the average time 

to climb for all teams getting a successful score for mission 3.  

3.4  Sensitivity Analysis 

The score equations were used to perform an analysis and determine the level of impact each score 

parameter had on the total score. In the first stage of this analysis the team considered the extreme 

cases to determine if the score equations can have unusual behavior in these conditions. Following this 

step, an analysis was done using MATLAB to determine the sensitivity of the score parameters. To 

perform this analysis, the scores were estimated using past years’ competition data. The estimated 

values for an average team were 3-lb empty weight, 6 laps, and a 30 sec climb time.  
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3.4.1 Extreme cases 

The score equations were analyzed for extreme behavior by considering the extreme cases for every 

score variable. The score variables consist of Nlaps, EWmax, and Tteam. Figure 3.2 shows the extreme cases 

considered. 

 
Figure 3.2: Flight Score Analysis 

The first case represents the smallest aircraft that can complete mission 1. The weight of this aircraft 

can be as low as 4 oz and can complete 5 laps. This design will have the best RAC, however, due to its 

size, it will not be able to complete mission 2 and 3. The second design is a faster design that can 

complete 12 laps, but has the penalty of a heavier propulsion system. The third design is the lightest 

design that can complete all three missions. The final design is one that can climb very quickly. As seen 

in this figure, none of the extreme cases produce a significant change in the total score except for a 

lightweight aircraft that can complete all three missions. 

3.4.2 Sensitivity analysis 

A sensitivity analysis was conducted to determine the effects of each score parameter on the total 

score. This study uses the same average design as the last score study. The impact of each score 

parameter on the total score was determined by varying one parameter at a time while holding the others 

constant. 
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Figure 3.3: Impact of change in parameters on the total score 

Figure 3.3 shows the effects of the change in each score parameter on the total score. This figure 

shows that the empty weight (EWmax) has the largest impact on the total score followed by the number of 

laps then by the climb time.  

3.5 Configuration Selection 
The design process was initiated by selecting an aircraft configuration that was favored by the results 

of the scoring analysis. 

3.5.1 Configuration Figures of Merit 

During the configuration selection process, each configuration was scored independently using a set 

of scoring parameters in order to find the best configuration for this year’s competition. Based on the 

scoring analysis, more weight was given to specific areas. The scoring parameters were: 

• System Weight (45%): The first and most important characteristic evaluated was system weight. 

This consists of the empty aircraft weight without motor, servos, or payload. Because a lighter 

aircraft will score higher, this area was given the most weight in determining the aircraft 

configuration. 

• L/D (30%): The lift to drag ratio was given the second highest weight. L/D is a basic function of all 

aircraft and can be used to evaluate the flight performance. Choosing a configuration to maximize 

L/D ensures an aircraft that can travel longer distances for a given battery pack and can achieve 

high climb rates, both of which factor into the score to reduce weight and climb time. 
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• Low Speed/Ground Handling (15%): Some configurations offer problems in these areas where 

good handling is critical to the completion of the mission. Longer takeoff rolls and instability at low 

speeds are examples. 

• Manufacturability (10%): The ease with which the aircraft can be manufactured was a 

consideration in the design process. The ability to design and build a specific configuration is 

determined by the experience of the members and more difficult configurations would require 

more time to build. 

3.5.2 Configuration Selection 

A few basic configurations were evaluated as possible options for this year’s design. The aircraft 

configurations were evaluated according to how well they could accomplish the tasks of the missions as 

dictated by the sensitivity analysis, with the conventional configuration acting as the baseline for 

comparison. Configurations considered were: 

• Conventional: The benefits of a conventional aircraft are that it is proven and relatively easy to 

design and build. Each component of the plane is entirely single-purpose and it would not be the 

most efficient design when it comes to weight and materials. However, without a span limit, a 

composite wing can easily match a flying wing’s lightweight and flight performance without the 

drawbacks of reduced stability.   

• Flying Wing: This type of aircraft offers a lightweight design by minimizing the material 

necessary to build, while having a greater L/D than the conventional. The body acts as both the 

payload storage as well as the lifting surface. With less wetted area than other configurations and 

a full streamlined body, drag is greatly reduced. They are also generally less stable due to the 

lack of a horizontal tail with a long moment arm, which also results in an increased takeoff 

distance.  

• Biplane: The biplane configuration is a great solution for a short span constraint. However, they 

generally produce more drag than conventional due to interference between the wings. They also 

require additional structure to connect the wings together, which adds weight and drag.  

 
Figure 3.4: Aircraft Configurations 
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FOM Weight Conventional 
Aircraft 

Flying 
Wing 

Biplane 

Aircraft Weight 45 0 0 -1 
L/D 30 0 1 -1 

Handling 15 0 -2 0 
Manufacturability 10 0 -1 0 

Total 100 0 -10 -75 
 

Table 3.1: Aircraft configuration figures of merit 

The conclusion reached is that for this year’s competition a conventional configuration would offer the 

best combination of a lightweight aircraft with good L/D and reliability. 

3.6  Sub-systems Selection 
After a conventional configuration was selected, the major sub-system components were analyzed 

using a figure of merit analysis to determine the best options. The main sub-systems were motor, tail, 

landing gear, payload, water tank, and water release configuration. 

3.6.1 Motor configuration 

The team investigated the placement and number of motors, which would affect the aircraft’s 

efficiency and ability to carry payload. The 20 amp fuse places significant limitations on the capabilities of 

the propulsion system which will affect the thrust output and system weight. A scoring sheet was used to 

gauge the different propulsion methods, using the single tractor configuration as the baseline for 

comparison. 

• Single Tractor: This configuration is lightweight and less likely to have propeller strikes on 

landing than a pusher configuration. Forward-mounted propellers have high efficiency because 

they act on undisturbed air. If high thrust is desired, a geared motor is the only way to not go over 

20 amps, and this increases system weight. 

• Single Pusher: Mounting a single motor aft of the aircraft will allow better air flow around the 

fuselage, improving stall characteristics and reducing drag. For clearance against a fuselage, it 

must be mounted on a pylon, thereby increasing weight. 

• Double Tractor: Two motors of reduced size can use smaller propellers to attain takeoff speed. 

This system’s weight is more than the single motor system for the same amount of thrust. The 

increased forward mass can make it difficult to balance the aircraft properly during the empty 

mission. 

• Push-Pull: The system weight is similar to the double tractor, and places a motor at the front and 

rear of the aircraft. This demands additional structure from the fuselage to support the large 

moments from the separated motors. Balancing the aircraft can be a problem. 
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Figure 3.5: Motor Configurations 

FOM Weight Single 
Tractor 

Single 
Pusher 

Double 
Tractor 

Push-Pull 

Aircraft Weight  45 0 -1 0 -1 
System Weight  30 0 0 -1 -1 

Efficiency 15 0 1 0 -2 
Clearance 10 0 -1 1 -2 

Total 100 0 -40 -20 -130 
 

 

Table 3.2: Motor Configuration Figures of Merit 

The single tractor configuration was selected from the FOM chart because it resulted in an overall 

lighter aircraft. 

3.6.2 Landing Gear Configuration 

Takeoff and landing are very critical for the successful completion of the missions. The challenge at 

takeoff is to maintain sufficient control during the ground roll till the aircraft attains sufficient speed. During 

the landing portion, the landing gear must take the load from the ground impact. A scoring sheet was 

used to gauge the different landing methods, using tricycle as the baseline for comparison. 

• Tricycle: Two main gear wheels are under the wing and one smaller wheel is under the nose of 

the aircraft. This configuration has good ground handling, but will have more weight and drag 

than a tail dragger configuration. 

• Bicycle: This configuration has two centerline wheels and two wing tip skids. It is heavier than 

the other options but suffers in ground handling because it cannot rotate on takeoff. 

• Tail Dragger: Two main gear wheels are under the wing and one smaller wheel is under the tail 

of the aircraft. This configuration does not have good ground handling in the presence of 

crosswind, but has less drag than a tricycle configuration. 

 
Figure 3.6: Landing Gear 
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FOM Weight Tricycle Bicycle Tail Dragger 
Aircraft Weight 40 0 -1 1 

Handling 40 0 -1 -2 
Drag 10 0 -1 1 

Durability 10 0 -1 0 
Total 100 0 -100 -30 

 
 

Table 3.3: Landing Gear Configuration Figures of Merit 

The tricycle configuration was selected due to its reliability and superior ground handling. 

3.6.3 Tail Configuration 

The tail provides stability and allows the aircraft to make high performance turns. Three 

configurations were considered with conventional used as the baseline.  

• Conventional: This configuration is simple to install and provides sufficient stability 

• T-Tail: It is effective at high angles of attack, but placing the horizontal stabilizer on top of the 

vertical will increase its structural weight. 

• V-Tail: Two surfaces form a “V” with the tail boom and provide both elevator and rudder control. 

Control authority is reduced in both yaw and pitch. 

 
Figure 3.7: Tail Configuration 

FOM Weight Conventional T-Tail V-Tail 
System Weight 50 0 -1 0 

Drag 30 0 0 0 
Stability 20 0 1 -2 

Total 100 0 -35 -40 
 

 

Table 3.4: Tail Figures of Merit 

The conventional tail was selected for its simplicity of design and robust stability behavior. 

3.6.4  Payload Configuration 

Two payload configurations were considered for mission 2 that would influence the shape of the 

aircraft fuselage: a single 1x8 row and a 2x4 configuration of aluminum passengers. Both choices 

affected fuselage frontal and side area, and therefore structural weight and drag. The minimum clearance 

requirements specified in the rules were used in the comparison. 2x4 was used as the baseline. 
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• 1x8: This configuration had the largest side area. The rules required that a 1” aisle follow along 

one side of the passengers, making them off-center unless another 1” aisle were also on their 

other side. This effectively gave the 1x8 configuration the same frontal area as the 2x4 

configuration. The main structure, needed for supporting the payload, could not run lengthwise, 

central to the fuselage, but had to go around the payload, potentially increasing structural weight. 

• 2x4: With a smaller side area, this configuration is less susceptible to crosswinds. The enclosed 

volume is also less. A smaller fuselage is less destabilizing which allows for smaller tail surfaces. 

This configuration also allows for a single main support structure to pass lengthwise through the 

middle of the payload and fuselage, reducing weight and complexity. 

 
Figure 3.8: Payload configurations 

FOM Weight 2 x 4 1 x 8 
System Weight 50 0 -1 

Drag 30 0 -1 
Stability 20 0 -1 

Total 100 0 -100 
 

Table 3.5: Payload Figures of Merit 

The 2x4 payload configuration was selected because it was lighter and had less drag. 

3.6.5 Water Tank Configuration 

The rules specify that the water tank must be sealed using non-collapsible material and be internal to 

the aircraft mold lines. Because the water gets ejected mid-flight, it is important to keep the CG from 

moving in order to maintain stability throughout the entire flight. The water plume must also be visible for 

the judges to see. As water gets released, the water slosh in the tank might be destabilizing if allowed to 

shift for long distances. Two tank configurations were considered, a center tank housed in the fuselage 

and a tank housed in the wing. 

• Center Tank: This water tank combines with the structure used to hold the aluminum passenger 

payload for mission 2. Water has less room to shift, and the tank walls take up less area, 

reducing the number of places where leaks in the tank can form. 

• Wing Tank: This configuration was initially investigated because of perceived weight savings. 

The load is distributed over the wing, reducing stress in the wing spar during flight. As water gets 

released, residual water may shift back and forth making it difficult to stabilize in roll. A gyro will 



 

!"#$%&'#()*+,*-./#,+&"#.*.(*0&$#"%*1*2"3%/*+,*2((.45! 6.3%*?<*+,*89!
 

help keep the aircraft laterally stable during the water release. The larger surface area of the wing 

tank increases the number of places where a leak may occur. 

 

 

Figure 3.9: Water Tank configurations 

FOM Weight Center Tank Wing Tank 
System Weight 50 0 0 

Stability 30 0 0 
Reliability 20 0 -1 

Total 100 0 -20 
 

Table 3.6: Water Tank Figures of Merit 

A center fuselage tank was selected because it provided less surface area for the water and 

minimized CG shift during the water release. 

3.6.6 Water Release Configuration 

It is important that the release system stays sealed and does not leak before reaching the 100-meter 

altitude. The servo actuated release system must work every time and provide a sufficiently visible plume 

for the judges. Three different configurations were analyzed and tested to observe how well they stayed 

sealed when not actuated. 

• Plug release: A servo would pull up a plug that was fitted to a hole at the bottom of the tank. The 

weight of the water would keep the plug sealed, however, a lot of torque was required from the 

servo to release the water. The edges of the exit had to precisely conform with the plug in order 

to not let any water leak. 

• Door release: The back end of the tank was fitted with a door hinged from the top that was 

prevented from opening by use of a pin that would be removed by a servo. The door and 

doorframe were heavy, and the sealing material used between the locking interfaces was difficult 

to make completely watertight. 

• Boom release: An exit pipe connected to a latex tube that was kept in a bent upward position by 

a servo arm. This kink in the latex tube was enough to prevent water from flowing out of the tank. 
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Figure 3.10: Water release configurations 

FOM Weight Plug Door Boom 
System Weight 40 0 -1 1 

Watertight 30 0 -1 1 
Reliability 15 0 -1 1 

Manufacturability 15 0 0 1 
Total 100 0 -85 100 

 

Table 3.7: Water Release Figures of Merit 

The boom release method offered a simple and very reliable way of releasing the water less 

susceptible to errors in manufacturing. 

3.7 Conceptual Design Summary 
The finalized conceptual design is a conventional aircraft, powered by a single tractor propeller, and 

features a tricycle landing gear configuration that will take the landing loads during touchdown. The water 

tank and aluminum payload share the same space and the water release system includes a bent latex 

tube that prevents water from flowing until let loose by a servo arm. This final concept reflects the 

qualities that the team deemed important in order to obtain a high score at the competition. 

 

 

 

 

 

 

 

Figure 3.11: Final conceptual design sketch 
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4.0  Preliminary Design  
Preliminary design took the configuration proposed during the conceptual design phase and applied it 

to a mission model that would output several aircraft. This section shows how the sizing and optimization 

of each subsystem was done to converge on an aircraft that would score the highest at the competition. 

4.1 Design and Analysis Methodology 

From a set motor, battery type, fuselage dimension, landing gear configuration, tail volume, wing 

airfoil, and chord, the optimization program started the sizing process with a simulation of mission 3 since 

it carried the heaviest payload of all missions (4.41-lbs of water). This mission would set the required wing 

area for the aircraft. It cycled through a large number of propulsion systems with varying numbers of 

battery cells and propeller types. The aircraft increased its wingspan, as the chord was kept constant, 

until it was able to take off within 90-ft (a 10-ft safety margin was imposed). After speeding up to its best 

climb speed, the aircraft went up to a 100-m altitude, at which point time to climb (Tteam) and energy 

required were recorded. If the energy available in the batteries was less than that required, then the 

aircraft was discarded. This was repeated again for different propulsion systems and resulted in a list of 

successful aircraft.  

The list of aircraft were then passed through a simulation of mission 2 where the propulsion system 

was varied, but this time only the lightest system with enough energy to complete three laps with the 

3.75-lb aluminum passenger payload was kept for each aircraft. These aircraft were then passed through 

a simulation of mission 1 with their propulsion weight not to exceed mission 2 or 3 to keep empty weight 

at a minimum. The aircraft flew the course at their maximum level flight speed for four minutes and only 

the propulsion systems that completed the most laps were kept. The chart below shows how the 

optimization program works.  
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Figure 4.1: Optimization program flow chart 

Out of the aircraft that completed mission 3, those with small spans tended not to complete mission 2 

because of the endurance requirement with a heavy payload and increased induced drag. The aircraft 

with large spans were not ideal for mission 1 because, when flown at their max velocity, their large 

parasite drag from the wings drained a considerable amount of their small battery packs. 

The list of aircraft that were able to complete all three missions were then entered into the score 

equation and plotted with respect to span. This process was repeated for different airfoil, motor, and 

battery type options, one at a time, to see their effect on the total score.  

Optimization Analysis 

The optimization code made use of structures, drag, propulsion, and energy models. An accurate 

weights build-up and drag model were crucial to the sizing program because they strongly affected flight 

velocities and energy consumption. Safety factors on thrust and power were applied to make up for 
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uncertainties in the calculations, which were later readjusted using flight data from the first prototype to 

calibrate the code. 

• Wing Chord: The competition rules did not put any limit on wingspan. Aerodynamics says that 

increasing aspect ratio will improve range and overall flight efficiency, which could allow the 

aircraft to reduce battery weight. To maximize range, CD/CL
1/2 must be minimized and aspect ratio 

is present in the denominator [2]. 

             (Equation 4.1) 

For a given wing area, this will reduce the needed chord. Laminar flow at low Reynolds numbers 

can have devastating effects on airfoil drag as it can separate more easily. Drag starts to 

significantly deteriorate airfoil performance below a Reynolds number of 200,000, which 

corresponds to takeoff speeds of around 35 ft/s for 9-inch chords. Thus this set a minimum chord 

length of 9 inches. 

• Wing Airfoil: Early in the design process, thin airfoils below 10% t/c were eliminated due to their 

susceptibility to laminar flow separation. Comparisons were made between different high lift low 

Reynolds number airfoils to see which would result in a higher score. They were of varying 

thickness, Cl max, and drag bucket behavior. 

• Tail volume: Using historical aircraft data on tail volumes, an initial estimate for horizontal and 

vertical tail volume was made (Ch = 0.5, Cv = 0.035). Due to the small fuselage, tail surface size 

could be reduced and still maintain lateral and longitudinal stability. 

• Motor type: Motors with a 300 watt output provided good thrust for their weight while larger watt 

motors started getting too heavy (more than 8oz). Smaller watt motors provide insufficient thrust 

to takeoff with a max payload weight of 4.41-lbs of water. To be able to output sufficient power 

and still remain below 20 amps, a low Kv motor is required. Motors in the 300-600 Kv range were 

investigated and from the start it was seen that outrunners were heavier than geared inrunners in 

the 300 watt class. 

• Battery type: The optimization study looked at the effect of different battery cells as they come 

with different weight, capacity, and cell resistance, all of which strongly affect mission 

performance. 

• Cell count and propeller choice: Successful combinations of these two parameters were an 

output of the optimization code to satisfy takeoff, energy, and flight requirements. 

4.2  Mission Model 
The mission model was used to estimate power and energy requirements for each mission. Its 

capabilities are shown below: 
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Figure 4.2: Mission model 

Takeoff: This starts from a still position on the ground, and sees the aircraft accelerate to takeoff speed 

at full throttle.  

Liftoff: After takeoff, the aircraft will reach its best climb speed before climbing up to pattern altitude. 

Climb: The aircraft will arrive to a specified altitude while flying at its best climb speed. 

Cruise: This is done at pattern altitude at max speed for mission 1, and at best range for mission 2. 

Turn: Turns take up a significant part of the total flight time, so making them as short as possible is 

important. What limits the radius of the turn is the structural loading and L/D max of the wing. Turns were 

made at an equivalent load factor of 3 using the weight from mission 3. Since the wings are sized for 

mission 3, which has the heaviest payload, structural loading for mission 1 can be significantly increased 

since it flies empty.  

Assumptions: The mission model assumes no headwind or crosswind conditions. 

4.3  Design and Sizing Trades 

To understand the influence of certain design choices on the total score, the optimization program 

was run with one characteristic changing at a time. A baseline aircraft was needed to make the 

comparisons. Its characteristics are shown below. 

Airfoil Motor Battery 
Eppler 214 Hacker B40-14L Elite 1500 

 

Table 4.1: Baseline aircraft specifications 

4.3.1 Aerodynamic Trade-offs 

The airfoils considered were high performance low Reynolds number airfoils. The most significant 

contribution to aircraft performance/score is how compatible the airfoil is with the speed and lift 

requirements of the aircraft.  A heavy payload will favor airfoils with a high Clmax. Also, the airfoil’s drag at 

cruise conditions should be minimal. The airfoils shown in Figure 4.3 differ in best L/D, and CLmax, but 

have about the same low CL behavior. The plots where obtained through Xfoil [3]. 
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Figure 4.3: Aerodynamic characteristics of airfoils considered 

 
Figure 4.4: Effect of airfoil selection and span on total score 

After taking each airfoil through the optimization program, it was seen that the BA-9 scored above the 

other airfoils. Its steep drag bucket and higher Cl max were a contributing factor.  

4.3.2 Propulsion System Trade-offs 

Motor Selection 

Inrunner motors with a Maxon 4.4 gear drive reduction were considered. A 6.7 gear reduction, which 

was heavier, would have brought down effective Kv to a point where RPM was too low, making it difficult 

to have decent prop pitch speed, and increasing the battery voltage to make up for RPM loss would have 

resulted in a heavier battery pack. Every motor was run in the optimization code with different sets of 

props and battery combinations. 
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Motor Kv Wt. (oz.) Rm(ohms) Idle Amps Continuous Watts 
Neu 1107 2.5Y + 4.4 557 5.0 0.033 0.75 300 
Neu 1107 6D + 4.4 432 5.0 0.058 0.45 300 
Hacker B40-14L + 4.4 487 7.34 0.035 0.86 300 
Hacker B40-21L + 4.4 325 7.34 0.078 0.42 300 

 

Table 4.2: List of motors considered 

 
Figure 4.5: Effects of motor selection and span on total score 

According to the optimization study, the Neu 1107 6D resulted in the highest total score. It needed 

less battery cells than its immediate competition, and weighed less. Its good performance at higher wing-

spans shows how it uses the energy from each cell more efficiently.   

Battery Selection 

A low Kv motor should be accompanied by a high voltage battery pack in order to maximize motor 

RPM. Depending on the energy demands of the mission, a high voltage battery pack can be composed of 

cells with less mAh than a smaller battery pack. Cells with less capacity also weigh less. They come with 

the disadvantage of increased resistance, but the optimization program will show if it nullifies the effect of 

their weight loss. Elite 1500 battery cells have the most capacity for their weight, while the KAN 650 

provide a little less than half the capacity at half the weight. 

Battery Capacity (mAh) Resistance (ohms) Weight (oz.) Energy density 
Elite 1500 1500 0.009 0.81 1852 
Elite 2000 2000 0.009 1.16 1724 
KR1400 1400 0.013 1.2 1167 
KR500N 500 0.019 0.6 833 
KAN650 650 0.014 0.49 1327 

 

Table 4.3: List of batteries considered 
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Figure 4.6: Effects of battery selection and span on total score 

The KAN650 cells show that a sacrifice in mAh is necessary in order to gain a significant advantage 

in weight. 

4.3.3 Final Optimized Aircraft 

 

Airfoil Motor Battery 
BA-9 Neu 1107 6D 4.4:1 KAN 650 

 

Table 4.4: Specifications of the optimized aircraft 

The selection of these three features for the aircraft subsystems through an investigation of their 

effect on the competition score was the result of the first step in the aircraft preliminary design. The BA-9 

brought down the stall speed, the Neu 1107 6D allowed the aircraft to perform at high voltage and high 

prop pitch speed, which in turn made the use of low capacity, lower weight KAN650 cells more possible. 

Below is the optimization run for the selected subsystems with a peak score occurring at a span of 4’10”. 

 

 Mission 1 Mission 2 Mission 3 
Prop 8x7 12x6 14x7 
Number of cells 21 21 21 

 

Table 4.5: Optimized propulsion systems for all missions 
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Figure 4.7: Effects of span on total score for final plane design 

4.4 Lift, Drag and Stability Characteristics 

This section details the flight characteristics of the optimized design. The drag polar and L/D curve for 

the entire aircraft are shown below. Each mission is flown with a different CL. Mission 1 is a fast mission, 

so the aircraft will fly at the CL that will give it its max flight speed and minimum induced drag. Mission 2 is 

flown at the CL for best range. Mission 3 is a climbing mission, so its CL is that for max L/D. 

 

 
Figure 4.8: Left: Drag polar of the entire plane. Right: Lift to drag ratio of the entire plane 

Drag 

The drag buildup for each mission, Figure 4.9, shows the relative contributions of friction and induced 

drag. Drag calculations were done as prescribed by Mark Page [4]. Mission 1 has minimum induced drag 

and is dominated by friction forces as seen from its low cruise CL. Mission 2, flown at the speed for best 

range, is still friction drag dominated since the speed for best range is high. In order to maximize rate of 

climb, Mission 3 must be flown at max L/D where friction drag equals induced drag. 
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Figure 4.9: Drag profile for all missions 

Stability and Control 

The aircraft’s flight CL is highest for mission 3. A Trefftz plot, shown in Figure 4.10, was created, with 

the geometry input in Figure 4.11, with the Athena Vortex Lattice (AVL) program, which was developed by 

Mark Drela and Harold Youngren at MIT [5]. This plot verified that peak CL occurred within 50% of the 

semi-span and that section CL’s did not exceed CL max at any point. 

 
Figure 4.10: Trefftz plot 

In order to evaluate the effects of the high climb rate and slow speed of mission 3, its flight conditions 

were simulated in the AVL program. The geometry input model is shown in Figure 4.11.  The weights and 

drag build-up previously performed were included in the model by specifying an estimated CDp for the 

various components as well as mass properties for each. 
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Figure 4.11: Geometry input model 

AVL takes the input geometry and uses an extended vortex lattice method to calculate the stability 

and control derivatives and the open loop transfer functions for the control surfaces.  Figure 4.12 shows 

the resulting pole-zero map of the eigenvalues calculated by the program. 

 
Figure 4.12: Pole-zero map 

All modes achieve level 1 criteria for a class I plane per MIL-SPEC 8785C [6] with two exceptions.  

The only unstable mode was a slight spiral divergence.  But with a time-to-double of 5.54 seconds, it falls 

under level 3 specifications.  In addition, the Control Anticipation Parameter falls within level 2 criteria, 

having an n/" of 10.59 g’s/rad at a short period natural frequency of 9.99 rad/sec.  Upon conducting 

further research, it was found that these are very common values for small-scale UAVs as discussed by 

Tyler Foster of Brigham Young University [7]. 

4.5 Predicted Mission Performance 

An output from the mission model was the time and energy consumption for each mission. The 

aircraft uses at most 70% of the available energy leaving 30% of the energy as a factor of safety. 
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Table 4.6: Mission 1 profile 

 

 

 

Table 4.7: Mission 2 profile 
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Table 4.8: Mission 3 profile 

5.0 Detail Design 
Following the optimization process and mission profile predictions, the aircraft dimensions were 

finalized. The prototype of the final design was then built and tested to confirm the mission profile 

predictions. 

5.1 Dimensional Parameters 

Table 5.1 details the dimensions, propulsion system and electronics of the final design. 

Wing  Horizontal Stabilizer  Vertical Stabilizer 
Span 58"  Airfoil SD8020  Airfoil SD8020 
Chord 9"  Span 18”  Span 8” 

Aspect Ratio 6.44  Chord 7”  Root Cord 9“ 
Wing Area 522 in2  Area 126 in2  Tip Chord 7” 

Airfoil BA9  Incidence 0  Rudder 
Static Margin 31.3%  Elevator  Span 8” 

Aileron  Span 18”  Root Cord 3.375” 
Span 26.5"  Chord 2”  Tip Chord 2” 
Chord 2.25"  Deflection ±15°  Deflection ±20° 

Deflection ±10°       
        

Fuselage  Motor  Batteries 
Length 34”  Type Neu 1107-6D  Type KAN650 
Width 6”  Kv 1900 rpm/v  Capacity 650 mAh 
Height 6.5”  Gear Box Maxon 4.4:1  R 0.014 # 

   RPMmax 60,000  V 1.2 V 
Electrical System  Io 0.45 A  Imax 30 A 

Speed 
Controller 

Phoenix 
ICE Lite 50  Rm 0.058 #  

Number of 
Cells 21 

Radio Receiver Spektrum 
AR7000  Pm 300 watt  

Pack 
Energy 43 KJ 

Number of 
Servos 6  Propellers 8x7, 12x6, 14x7  Rpack .294 # 

Servo Type HS-65 MG     Vpack 25.2 V 
 

Table 5.1: Dimensional parameters 
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5.2 Structural Characteristics and Capabilities 

This section describes the structural characteristics and capabilities, as well as the advantages that 

each component adds to the overall design. The sensitivity analysis determined that weight was the most 

important parameter, so the biggest focus was made on making the aircraft as light as possible. Before a 

formal detailed design could be finalized, an analysis of the aircraft loads along the wing and fuselage 

was made in both flight and landing scenarios.  

 
Figure 5.1: Shear and moment diagram 

The wing was designed to take on a 3 G load for mission 3 and therefore an 8.7 G load for mission 1. 

Using the max load, lift and speeds for each mission, the operational flight envelope was created (see the 

V-n diagram below). Mission 3 is note worthy for its higher max velocity compared to missions 1 and 2. Its 

propulsion system is meant to maximize thrust and obtain as high a climb rate as possible, to the point 

where half the battery is used up in the 30 seconds that it takes to climb 100 meters. 

 
Figure 5.2: V-n diagram 

The fuselage structure is comprised of a structural central carbon rod and non load-bearing foam-

fiberglass composite fairing. All loads during landing would be transmitted through the spar-rod 

connection (wing-box) down to the landing gear. The passenger and water payload were supported by a 
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basket-type structure that hung from the wing-box. The water tank featured a latex tube situated at the 

tank exit that was bent by a servo until the water needed to be released. This system proved to be lighter 

and more reliable than other release systems considered. The wings had a square carbon spar and foam 

ribs with carbon rims to provide rigidity. So-lite® that covered the spar and ribs completed the wing 

structure in what resulted in a very light and strong wing. All the components combined to make a 

lightweight aircraft that could effectively compete for the highest score.  

5.3 System Design and Component Selection/Integration 

The following subsystem components were analyzed with more detail to finalize the aircraft design. 

5.3.1  Passenger Payload Accommodation 

The 2x4 passenger layout had to follow strict clearance requirements set by the competition rules. 

There needed to be at least a 0.5” clearance fore/aft and around/between each passenger except along 

the outside walls. Also, an aisle of 1” minimum width had to run between the columns of passengers. 

Structure within the space between the payloads is allowed as long as it does not become a significant 

obstruction. The payload support structure consisted of the spar, fuselage rod, and water tank walls. The 

water tank, hanging from the wing-box, yielded a very light support structure because it eliminated the 

need to have rigid members to hold up the payload. Precautions had to be taken to ensure that all 

clearance requirements were met and there would be enough volume for two liters of water. The 

payloads were held in place on the floor and at mid-height with thin foam plates with holes in them to 

insert the payload. 

 
Figure 5.3: Payload accommodation 

5.3.2  Water Tank  

The water tank needed to provide support for the aluminum payload and be sealed to hold the water. 

The aircraft also could not shift its center of gravity in flight after releasing the water. The tank walls for 

the prototype were made of a carbon/foam composite which gave it enough rigidity to hold the water or 

aluminum payload. The water stayed isolated while the tank was kept very light. On the first prototype, 

the tank walls needed to be sealed with silicone where the landing gear pierced the tank. On subsequent 

designs this flaw was corrected by having the landing gear follow the edge of the spar until it came out of 
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the tank. The water release system consists of a 0.75” diameter carbon fiber tube joined to a nozzle at the 

back of the tank using a latex tube. The latex tube allows the two-section carbon fiber tube to bend and 

produce a kink, which seals the water tank. A servo mounted on the tank keeps the carbon tube bent 

shut. The servo swings its arm down when the 100 meter altitude has been reached releasing the carbon 

tube and the water. A baffle was used to reduce sloshing effects. Flight tests showed that during the 

discharge time (~15 seconds) water shifting in the tank did not affect the ability of the pilot to control the 

aircraft, so the horizontal tail volume of 0.5 proved to be adequate to control the aircraft during the water 

discharge. 

 
Figure 5.4: Water tank release system 

5.3.3  Wing-box 

The wing-box is the central structure co-cured to the wing spar that directs the wing loads to the 

landing gear on landing. This structure also connects the wing spar to the fuselage rod and payload 

holder. 

 
Figure 5.5: Wing-box placement 
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5.3.4  Wings/tails 

The objective of the wing and tail design was to reduce weight as much as possible while still being 

sufficiently strong. Several wing-manufacturing methods were explored that are explained in section 6. 

The wing was created using a carbon spar with carbon reinforced foam ribs, which was then covered in 

So-lite® material. This wing design eliminated most of foam core that comprised most of the wing’s initial 

weight. The same manufacturing technique was also used for the tails. 

 

 
Figure 5.6: Hollow foam and carbon fiber wing 

The number and distribution of carbon fiber layers used in the spar was dependent on the cap width, 

which was varied in order to find the spar with minimum weight. Figure 5.7 shows the spar cap width vs. 

weight for the wing. 

 
Figure 5.7: Effect of spar cap width on the total wing weight 

Modeling was done in MSC Nastran to determine if the carbon fiber spar cap was enough to prevent 

compression buckling of the wing. 
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Figure 5.8: Compressive stress (psi) on the wing spar due to a 5 G load 

5.3.5  Fuselage  

The fuselage was made non-structural in an effort to make it as light as possible. The payload was 

the biggest shape constraint for the fuselage. The molded fuselage fairing, made of 1/16” foam and 

fiberglass, had a very rapid taper from the payload section to the tail (more than 7°) which caused 

concern that flow would separate and not flow nicely over the tail. MSC flow simulation software was used 

to model the flow over the fuselage at the flight conditions resulting from the high angle of attack required 

during the climb for mission 3. Flow stayed attached according to the simulation. The removable top 

hatch used for battery and payload access was made from the same mold used for the fuselage. 

 
Figure 5.9: Flow simulation results 

5.3.6  Tail-boom 

A tail-sizing model varied the tail boom length and sized the tails using a prescribed tail volume, and 

determined the tail moment arm that resulted in the lightest weight of the tails and tail boom. The choice 

of a carbon laminated foam tail boom allowed for longer moment arms that reduced tail wetted area and 

helped in tapering of the fuselage. 
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Figure 5.10: Effects of tail boom length on the total weight of tails and tail boom 

5.3.7  Motor mount 

The motor mount was designed with the motor offset to the side of the rod. This allowed for the 

attachment of a nose gear to the motor mount. Pre-trimming the rudder could counterbalance the yawing 

moment that the off-center motor created. 

 
Figure 5.11: Off set motor mount with nose gear attachment included 

5.3.8  Landing gear 

The Tricycle configuration was chosen for its ground handling. Two different types of main gears were 

considered: one-piece inverted-U shape and a two piece wing-spar mounted landing gear. The inverted-U 

shape landing gear was chosen due to its modularity and ability to be mounted to the wing box. The nose 

gear was created in–house. A carbon rod was used as the strut and a carbon fiber mushroom axle mount 

at the bottom absorbed 20 percent of the landing force. The nose gear height was limited by the 

maximum prop diameter (14”). The optimum angle from the CG to the main gear was 14° for a tricycle 

gear. The main gear height was constrained by a -6° rake angle to minimize induced drag on the initial 

takeoff roll. The tread width of the landing gear was determined to be 12” in order to meet tip-forward 

requirements. Euler-Bernoulli beam theory was applied to determine the core thickness, width, and 
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number of layers of uni-carbon fiber that were needed to prevent buckling. The landing scenario assumed 

a 5G symmetrical landing with a safety factor of 3.0. This was assumed sufficient in conjunction with the 

nose gear. Simple finite element calculations were done assuming no taper on the gear and symmetrical 

sections. The initial calculations were done using MATLAB. 

 
Figure 5.12: Compressive stress (psi) for one wheel landing 

5.3.9 Electronics 

Servo Selection 

The most important factor when selecting a servo is proficient torque during flight. They were selected 

by analyzing hinge-moments for each control surface using AVL and then finding servos that had 

sufficient control power to handle the calculated moments, with the lightest weight possible. Five Hitec 

servos were considered: HS-225BB, HS-311, HS-85 MG (Metal Gear), HS-65 MG and HS-81 MG. These 

were compared according to their stall torque, weight and dimensions. 

Servo Stall Torque 
4.8v (in-oz) 

Stall Torque 
6v (in-oz) 

Weight 
(oz) 

Dimensions (in) 

HS-225BB 54.15 66.65 0.95 1.27" x 0.66"x 1.22" 
HS-311 42 48.6 1.51 1.57" x 0.78" x 1.43" 
HS-85 MG 41.66 48.6 0.77 1.14" x 0.51" x 1.18" 
HS-81 MG 36.1 41.66 0.62 1.17" x 0.47" x 1.16" 
HS-65 MG 24.99 30.55 0.42 0.92" x 0.45" x 0.94" 

Table 5.2: List of servo considered 

All of the servos considered had sufficient torque to move the parts; however, since weight and size 

were important factors in production, the HS-311 and HS-85 MG were deemed too heavy. While the HS-

81 provided more than ample torque, the HS-65 was chosen because it provided the required torque in 

the smallest volume and lightest assembly. 

Speed Controller Selection 

The competition regulations limit the motor current with a 20 amp slow blow fuse. During motor 

testing it was discovered that when the motor was running full throttle at takeoff, the fuse would allow 20-

25 amps to pass through it for a short time. This meant that higher than 20 amps would be needed for the 

peak value of any electronic speed controller (ESC) chosen. In addition, the high pack voltage (25.2v) 

necessitated that an ESC rated for high enough voltage be used. 
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ESC Max (amps) Max (volts) Dimensions (in) Weight (oz) 
Phoenix 25 25 19.2 1.08 x 0.91 x 0.16 0.6 

Phoenix Ice2 HV 40 40 50 1.8 x 1.7 x 0.8 2.2 
Phoenix Ice Lite 50 50 25 1.6 x 1.00 x 0.67 1.7 

Phoenix Ice 50 50 34 1.8 x 1.7 x 0.8 2.3 
Table 5.3: List of speed controllers considered 

The speed controller chosen was the Castle Creations Phoenix Ice Lite 50. Representatives from 

Castle Creations confirmed that the max voltage limit could be slightly surpassed as long as it was for a 

short period of time. It met the minimum specifications required while also being among the lightest of the 

speed controllers available. 

Electronics Integration 
All electronics except for the wing, tail, and release servos were housed in the compartment in the 

nose section in front of the payload. 4 KAN180 cells powered the receiver. An external switch was used 

to easily turn on/off the receiver to conserve energy while waiting in the flight line without opening up the 

aircraft. The fuse was mounted to the side of the fuselage in front of the payload. The altimeter circuit was 

located in the nose section in front of the wing as per the contest rules. 

5.4 Weight and Balance 
Aircraft weight, without payload, was estimated to be 2.49-lbs. A weight and balance table was 

computed for each mission based on weight estimates for the aircraft components. All measurements 

were made from a point 22 inches in front of the wing’s center of gravity. Components were placed so 

that the aircraft’s center of gravity would fall on the wing’s quarter chord or slightly in front of it. The 

Payload was placed at the aircraft’s quarter chord. 
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Table 5.4: Mission 1 weight and balance 

 
Table 5.5: Mission 2 weight and balance 
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Table 5.6: Mission 3 weight and balance 

5.5 Flight Performance Parameters 

The table below details the flight performance parameters for all three missions that were predicted 

by the mission model. These predictions were later compared to actual parameters obtained at the test 

flights.  

 

 
Table 5.7: Flight performance parameters 
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5.6 Predicted Mission Performance 

Aircraft parameters and mission outcomes from the mission model were used to predict the final 

competition score. 

 
Table 5.8: Predicted mission performance 

Mission 1 – Ferry Flight 

The main focus of this mission is to perform as many laps as possible within four minutes. This is an 

empty mission, so takeoff field distance is short and the aircraft lacks no power for climb. It will be able to 

fly at its max speed and make tight turns constrained only by its structural load limit. The aircraft is 

predicted to fly 6 laps within those four minutes. Flight tests will determine actual energy use and fine-

tune the propulsion system to maximize the number of laps. 

Mission 2 – Passenger Flight 

The aircraft must provide enough thrust and energy to takeoff within 100-ft and complete three laps 

with the aluminum passenger payload. The flight is made at the aircraft’s speed for max range to 

conserve energy. Critical to the success of the mission is the battery’s ability to provide the energy 

required. Propulsion tests with the expected propulsion system will confirm the energy consumption. 

Flight weight factored into the score for mission 2, so battery weight was kept at a minimum, resulting in a 

takeoff weight of 6.24-lbs. 

Mission 3 – Time to Climb 

To minimize climb time for this heavy mission, thrust had to be maximized. The climb was made at 

the aircraft’s best L/D.  Due to the high thrust demand, energy consumption was high.  The climb to 100 

meters was predicted to be 31.3 seconds. Critical to the success of the mission, other than being able to 

release the water, was the ability to pull a high number of amps through the battery during the entire flight 

without damaging it. Flight tests will more accurately correlate the current draw with expected thrust and 

fine-tune the propulsion system such that climb time can be minimized without taking it beyond rated 

performance maximums.  
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6.0 Manufacturing Plan and processes: 
Although the aircraft was sized to be as light as possible, multiple manufacturing methods were 

experimented with to conserve weight. Our manufacturing plan focused on the production of four main 

components: Wings and tail, landing gear, fuselage, and the water tank system. 

6.1 Wing and Tail 

The wings and tail are large volume components where manufacturing methods have a strong impact 

on weight reduction. Three methods were considered for manufacturing the wing and tail: 

• Foam core – The foam core method consists of foam cut by hot wire into the proper airfoil shape. 

The foam is then supported with carbon fiber spars and fiberglass. 

• Balsa built-up – This built up method consists of laser cut balsa ribs that would attach to a spar. 

Stringers create a frame that could be coated with a light material to preserve the airfoil shape.  

• Carbon ribbed – A foam wing is cut via hot wire and lined with thin carbon fiber strips as ribs. 

Excess foam would be cut out using a hot wire and the wing would be coated with a light material. 

 
Figure 6.1: The wing of the second prototype 

The foam wing has carbon ribs spaced 6 inches along the span to maintain structure. Foam sections 

were cut out leaving foam in areas that needed more surface area for the coating material to preserve the 

airfoil shape. The wing was cut into three sections before bagging it, and the center section was wrapped 

in carbon fiber to act as a spar along the maximum thickness of the airfoil. 

Covering materials for the built up wings were also evaluated based on their weight and application 

method. Table 6.1 shows So-lite® film as the ideal material choice since it is the lightest and can be ironed 

on to the surface whereas the dope for Japanese tissue paper would deteriorate the foam. So-lite® was 

eventually selected over MonoKote®. 
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Covering Material Weight 
(oz/yd) 

Application 
Method 

Description 

Japanese Tissue 0.21 Dope Light tissue paper that requires 
adhesive to apply to the airframe 
and doping. 

So-lite film 0.62 Iron-on Extremely light plastic film that 
can be ironed on to the wing 
surface. Typically clear coated. 

Solarfilm 1.70 Iron-on Plastic film covering that comes 
in various colors. 

Monokote 2.07 Iron-on Heavy but durable plastic film 
covering material.  

Table 6.1: List of covering materials considered 

6.2 Landing Gear 
 Different landing gear methods were used based on what the design called for: 

• Balsa / carbon fiber sheets – Balsa sheets were sandwiched by carbon fiber. The sheets were 

cut out to accept a rib section of the wing for attachment on one end and holes were drilled for the 

wheels on the other end.  

• U-shaped gear –Balsa sheets were soaked in water and bent to take the shape of a foam mold. 

After the wood dried into shape, it was sanded to a round shape then laid up with fiberglass, 

unidirectional carbon fiber, and another layer of fiberglass. 

• Mushroom Nose Gear – A mushroom-like foam mold was cut and taped on all sides. The tape 

allowed  the carbon fiber lay-up to take its shape without the epoxy ruining the foam mold.  

6.3 Fuselage Fairing 
Methods were investigated to create a fuselage that was large enough to house the payload, yet 

would still preserve a smooth outer surface to reduce skin friction.  

• Clay molding – A male mold was constructed using chloroplast templates that were cut and 

spaced out to loft the shape of the fuselage. The gaps between the templates were then filled 

with clay and smoothed out. Perfection proved to be hard to achieve since small bumps were 

hard to identify and smooth out. 

• Foam CNC – a male fuselage mold was cut using a computer numerical controlled (CNC) milling 

machine. High density foam was used to maintain an even surface. The mold was coated with 

two layers of polyester paint to reassure that the surface would remain smooth. 

• Female molding – Both the clay and foam male mold methods were preceding steps to making a 

female mold. Once the male molds were acceptably sanded, several layers of tooling gel coated 

the male mold and fiberglass was laid up on it to provide structure. Once dry, the tooling gel could 

be removed as a female mold that reflects the same shape of the male mold. Any dents that were 
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in the male mold showed up in the female mold, so male molding techniques played a key role in 

the quality of the female mold.  

Composites were then laid up in the female mold to adhere to the shape and smoothness that the 

mold provided. 

 
Figure 6.2: CNC cut fuselage molds (Left), tooling gel mold making (Right) 

6.4 Water Tank 

The water tank structure was designed to be load bearing and hold the aluminum payload while 

staying waterproof. Several materials were considered for manufacturing this tank including balsa wood, 

plywood, fiberglass, carbon fiber and foam. Weight build up estimations showed that the lightest method 

to manufacture the tank was a single layer of bi-directional carbon fiber and one layer of bi-directional 

fiberglass. The carbon fiber provided rigidity while the fiberglass insured a waterproof seal.  

The tank was manufactured using the lost foam method. A foam mold covered with tape and wax was 

used to shape the carbon fiber and fiberglass layer in the desired shape of the tank. The vacuum bagging 

process insured smooth surfaces and no leaks at the corners. The drain tube at the bottom of the water 

tank where the water is released from was part of the mold. The tank was made in one piece and glued to 

the wing and tail boom after the lost foam process was completed. 

6.5 Water Tank Release 
The water release system was designed as a drain that could be attached to a bendable tube. The 

tank was fabricated and a foam male mold was created for the tank to have a drain that could accept the 

diameter of a designated latex tube. 
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6.6 Milestone Chart 

 
Figure 6.3: Milestone chart 

7.0 Testing Plan 
 Tests were performed to guarantee that components, subsystems, and the assemblies were 

competition ready. Tests involved structural testing, propulsion tests, visual evaluations, and flight testing. 

7.1 Objectives 

Test objectives were defined for components that were critical or new to the team’s manufacturing 

experience. Components were compared against other manufacturing methods or they verified modeling 

calculations. 

7.1.1 Components 

Wings 

The wing spars were designed and tested to handle a certain bending stress. Maximum load tests 

were conducted on the wings through a three point bending test. The wings were supported on their tips 

while loaded with weights distributed along their spar. Wings were tested till they exceeded their 

maximum predicted bending stress. 
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Landing Gear 

The landing gear must withstand the impact of the aircraft upon landing. Multiple bow landing gears 

were made to verify the modeled calculations. The gear was first loaded statically by supporting weights 

on top of it. Once it passed bending tests, the gear was mounted to a vertical rail and dropped from 

various heights with different weights to simulate impact landing. 

Water Release 

The water tank needed to seal and release water efficiently and reliably. Every manufacturing method 

for the water tank was tested to see how well they could hold two liters of water without leaking. Any 

water that did not leave the tank would be counted in the empty weight of the aircraft. Systems were 

weighed “dry” before and after containing water. Once the most effective method of containment and 

release was chosen, it was implemented into a test plane to verify that the release was visible when the 

aircraft was at the proper altitude. 

7.1.2 Propulsion 

To validate the rated performance of the motors, batteries, and propellers, static thrust tests were 

conducted with various systems. Holding two components of the system constant, the third component 

was varied for comparison against the other types of that component as well as its listed performance. 

Battery 
Battery testing was preformed to ensure that good cells were used and soldered properly. Battery 

packs were cycled through charging and discharging a sufficient number of times so that they could reach 

their optimum state. The batteries were then tested using a certain propeller and motor as a control 

system. The voltage and endurance was monitored while maintaining a fixed current. The best battery 

packs were marked so that they could be used for test flights. 

Propeller 

Various propellers were tested on the static thrust stand while holding the motor and power supply 

constant. The thrust, RPM, and power outputs were recorded. The propeller tests verified the 

performance and selection of the optimal propeller. 

Motor 

Motors were tested on the static thrust stand holding the propeller and power supply constant.  Tests 

were mainly done to verify estimated calculations and search for any unexpected problems. 

Propulsion System 

Once all three components of the propulsion system were tested and chosen, the entire system was 

put together to verify performance on the static thrust stand. After passing static thrust testing, the system 

would be used in the test flights, first with a higher capacity battery supply, then with the optimum battery 

during a later flight. 
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7.1.3 Flight Tests 

To evaluate the overall performance of the aircraft, flight tests were performed with a telemetry 

system on board. Flight test objectives were outlined prior to test flight dates. These objectives included 

trimming the plane, pilot control feedback, completing all three missions, visibility of the water release in 

the air, verifying that the altimeter circuit worked, and monitoring the propulsion performance.   

7.2 Master Test Schedule 

Test Objective Start Date End Date 
Wing Spar Verify spar meets bending stress requirements 10/3 10/17 
Reduced Wing Repeat wing spar tests with reduced foam wing 12/19 1/16 
Landing Gear Testing Impact Testing to simulate hard landing 10/10 10/17 
Water Release 
Systems 

Ensure no leakage, reliability, and ease of 
release 

10/3 11/21 

Propulsion System Static thrust performance tests with motor, 
prop, and battery packs 

10/17 1/16 

Flight Testing Compare flight measurements to calculated 
model 

12/12 4/11 

Table 7.1: Master test schedule 

7.3 Preflight check list 
 

 
 
 

 

 

 

 

 

 

 

 

 

Table 7.2: Pre-flight check list 

Pre-Flight checklist 
Structural Integrity – Visual inspection for damaged components 

$ Wing $ Boom 
$ Control Surfaces / Linkages $ Landing Gear 
$ Wing Box $ Nose Gear 
$ Water Release System $ Fuselage 
$ Propeller $ Motor Mount 
Avionics – Ensure all wires and electrical components are connected 

and performing properly 
$ Servo Wiring $ Receiver Properly Connected 
$ Avionic Power Test $ Receiver Battery Peaked 
$ Range Test $ Main Battery Peaked 
$ Servo Test $ Failsafe 

Propulsion – System should perform as desired 
$ Motor Wiring  $ Prop Clearance 
$ Battery Connected $ Motor Test 

Final Inspection – Ensure safe, successful flight 
$ Correct Control Surface Movement $ Ground Crew Clear 
$ Mission / Objective Restated $ Pilot and Spotter Ready 
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7.4 Flight test plan 
 

 

 

8.0 Performance Results 
All of the aircraft systems were tested extensively to insure the measured performance matched the 

model predictions. The results of these tests were used to calibrate the system models and factors of 

safety. 

8.1 Performance of Key Subsystems 

8.1.1 Component Performance 

Wing performance 
The wing spar strength was tested with a 5 G loading test, which accounted for turning loads. Every 

wing was span-loaded after manufacturing before use on aircraft as see in Figure 8.1. 

Flight test plan 02/05/2012 
Prototype 2: XGF 

$  Acquire telemetry for all flights 
$ Keep track in live time of mAh, speed, current and altitude 
$ Ramp throttle to 100% before each flight on the ground 

First flight: Trim flight 
Battery: 21 cells 650 mAh, 

Propeller: 12x6 

Second flight: Mission 2 simulation 
Battery: 21 cells 650 mAh, 

Propeller: 12x6 
! Trim plane ! Takeoff weight: 6.25 lb 
! Understand behavior in 
straightaways and turns 

! Cruise speed: 60-65 ft/s 
! Stall speed: 30 ft/s 

! Try flap settings in 
takeoff/landing normal and 
running 

! Flight duration 3 minutes 

! Switch pilots and repeat ! Fly the course with spotters 
Third flight: Mission 3 simulation 
Battery pack: 21 cells 650 mAh, 

Propeller: 14x7 

Fourth flight: Mission 1 simulation 
Battery: 21 cells 650 mAh, 

Propeller: 8x7 
! Takeoff weight 7 lb ! Takeoff weight 2.49 lb 
! Climb speed: 45-50 ft/s 
! Stall speed: 35 ft/s 

! Climb speed: 65-70 ft/s 
! Stall speed: 22 ft/s 

! Flight duration 1 minute ! Flight duration 4 minute 
! Fly the course with spotters ! Fly the course with spotters 

 

Table 7.3: Flight test plan 
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Figure 8.1: Wing load test 

Results from testing the first two wings were utilized to calibrate the wing-spar sizing program that 

was used to size the wing-spar of the final plane.   

Landing Gear Performance 

The main landing gear was subject to two tests that ensured its reliability: a static loading test and a 

dynamic drop test. The static loading test consisted of loading the main gear statically up to the design 

load. The main gear is designed to support 5 times the maximum predicted takeoff weight, which was 35 

lbs.  

 
Figure 8.2: Main gear static load test 

Trial Design load (lb) Displacement (in) Failure load (lb) 
1 35 2.4 21 
2 35 1.7 29 
3 35 0.9 36 

 

Table 8.1: Landing gear static test results 

Table 8.1 shows the results of three prototype main gear. These results were used to calibrate the 

landing gear sizing program. Once the landing gear survived the static test, it was brought over to a drop 
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stand where it was secured at the top in place of the connection to the plane, and dropped from various 

heights. The dynamic test consisted of a 2-ft free fall drop with a 7-lb load. This test simulated a stall 

landing where the plane falls 2-ft above the runway. 

Water Release 
The selected water release system was implemented on to a test plane. The CAM 3 circuit was used 

on the test plane to drop the water at 100 meters. The latex tube release method proved to be reliable 

and visible from that altitude. The optimization code predicted the climb time to be 31.3 seconds and the 

measured climb time at the test flight was 35 seconds.  

 
Figure 8.3: Water released at 100 m altitude using CAM 3 circuit and the boom release method 

8.1.2 Propulsion Performance 

Batteries 

Several tests were carried out to measure the performance and determine the capacity of the KAN 

650 and the Elite 1500 batteries. In the first test, the loose cells were cycled, and the voltage and charge 

retained and discharged were monitored. The cells with the best performance are used to manufacture 

high performance battery packs. These packs are then cycled and rated based on the voltage and charge 

retained. The packs were then tested on the thrust test stand to measure the voltage drop due to the 

internal resistance of each battery pack. These test results were used to rate the battery packs and 

determine their capabilities. 

Propulsion system 

The propulsion predictions that were made by the propulsion model in the optimization code were 

tested to further calibrate the model. Static test results in Table 8.2 show that the model predictions were 

accurately modeling the propulsion system. 

 Thrust (lb) Current (amps) 
Propeller Predicted Measured Predicted Measured 

12x6 3.65 3.52 14.6 13.9 
12x8 3.86 3.79 16.9 16.1 

12x10 3.74 3.67 21.4 20.7 
 

Table 8.2: Static thrust test results for the Nue 6D and a 21 cell battery pack 

The propulsion model was also confirmed in flight-testing as the current, voltage and motor RPM 

values are logged using a wireless data logging system.  
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8.2 Flight Test Performance 

Flight tests were performed to accurately simulate the missions. The course was measured and 

spotters were set at both ends of the flight path. An Eagle Tree Telemetry data collection system was 

used and it compared data against the performance model code that was generated in MATLAB. The 

following plot compares the predicted current drawn by the motor verses the measured value for the 

second mission. 

 
Figure 8.4: Predicted and measured current for mission 2 lap 1 

Figure 8.4 shows that the predictions made by the propulsion model in the optimization code were 

accurate to ± 2 amps. The measured current was on average 1 to 2 amps higher than the prediction. This 

is due to the added drag caused by mounting the telemetry equipment that was not accounted for in the 

model. This plot also shows that the period of completing a task such as takeoff or climb was also 

modeled reasonably well. 

 
Figure 8.5: Predicted and measured energy for mission 2 lap 1 
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Figure 8.5 compares the modeled energy consumption and measured values.  It shows a close 

correlation between these values with some deviation.  

All missions were simulated in the flight tests preformed. Following a trim flight, mission 2 was flown; 

the pilot flew the plane at the desired cruise speed with the help of live telemetry data recording. The 

plane performed as expected with great turning performance. Mission 3 was flown next with 2 liters of 

water and the altimeter circuit. The water plume was very visible and there were no noted CG shifts 

during the water release period of 15 seconds. Mission 1 was flown last. In this flight the pilot was 

instructed to push the plane to its limits. The plane reached a maximum speed of 68 ft/s, where the 

predicted value was 70 ft/s. The plane was able to complete six laps as predicted in this flight.  

The results of these test flights show that some of the measured performance parameters were lower 

than the predicted values. This is due to the difficulty in predicting the drag very accurately. In some 

cases the measured performance parameters were better than predicted such as takeoff field length, 

which was on average 10 ft shorter than predicted. This is due to the factor of safety implemented in the 

optimization code. In the upcoming month, the team will focus on flight-testing to practice and promote 

consistency in the performance. The span will be shortened by two inches increments on the second 

prototype and it will be tested to see if it still makes the takeoff field length. Having a shorter span will 

reduce the wing area and that may help in reducing skin friction drag. This may help add one more lap in 

mission 1. 

 

 
Figure 8.6: Prototype 2 taking off 

 



 

!"#$%&'#()*+,*-./#,+&"#.*.(*0&$#"%*1*2"3%/*+,*2((.45! 6.3%*89*+,*89!
 

9.0 References 
[1] “AIAA Design/Build/Fly Competition - 2011/2012 Rules”, 10 Nov. 2011, <http://www.aiaadbf.org/>. 

 

[2] Shevell, Richard.  Fundamentals of Flight.  2nd Edition.  Prentice Hall.  1988. 

 

[3] Drela, Mark.  XFoil Subsonic Airfoil Development System.  28 January. 2012 

 

[4] Page, Mark.  Airplane Design.  2nd Edition.  2002 

 

[5] Drela, Mark & Harold Youngren.  Athena Vortex Lattice, v. 3.27. Computer Software.  MIT, 2008. 

 

[6] MIL-F-8785C.  Military Specification: Flying Qualities of Piloted Airplanes, November 1980. 

 

[7] Foster, Tyler M.  Dynamic Stability and Handling Qualities of Small Unmanned-Aerial-Vehicles,   

 Brigham Young University, April 2005. 

 

 


