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1. Executive Summary 

This report documents San Jose State University’s design process and final aircraft design for the 2012 

AIAA Design/Build/Fly competition.  It also covers competition rules, score analysis, design, construction, 

and final design performance to date. 

The missions for this competition simulate a small passenger aircraft and test speed, payload ratio, and 

climb time with three missions: a ferry flight, a passenger flight, and a time-to-climb flight. The first mission 

tests the aircraft’s top speed. The passenger flight emphasizes the aircraft’s payload ratio. The time-to-

climb mission tests the aircraft’s climb rate under load. Take-off must occur within one hundred feet on a 

paved runway.  

A parametric study of the scoring determined that minimum aircraft weight, maximum speed, and climb 

rate are most important. To maximize the score, the team minimized the aircraft weight and drag while 

maintaining an acceptable climb rate. To reduce weight, a pod and boom design was selected, with a 

mono-wheel landing gear, and single motor. To reduce drag, an airfoil shaped fuselage and a high aspect 

ratio wing were selected. To shorten the takeoff distance, without increasing power, a low wing with full 

span flaperons was used. 

Construction methods used for high lift-to-weight model gliders were used to further decrease the weight 

of the aircraft, including: a carbon capped balsa wing spar, a tapered carbon fiber tail boom, a fully 

articulated horizontal stabilizer using a carbon fiber glider V-mount. To waterproof the payload area, the 

fuselage is constructed of fiber-glassed balsa sheeting.  

Three prototype designs were tested with each design improving on the previous one. The first prototype 

had very good durability; however it was heavy and over-powered. The second prototype had reduced 

weight, a wider body to accommodate some electronic components, but had a restricted flaperon 

deflection angle that hampered take-off distance. The third prototype was the lightest and fastest, but 

crashed due to flutter of the horizontal stabilizer. 

The final aircraft weighs 2 pounds with batteries, has a maximum speed of 70 feet per second, a payload 

ratio of 2:1, and an expected climb rate of 2.45 feet per second. The aircraft mission expectations are to 

fly 6 laps, weigh 6 pounds with passengers, and climb to altitude in 134 seconds for missions 1, 2, and 3 

respectively. The aircraft is predicted to have a total flight score of around 7, and, once divided by the 

rated aircraft cost, obtain a score of 5. With further development, the aircraft will become lighter, thus 

increasing the flight score. 
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2. Management Summary 

2.1. Organization of Design Team 

 The 2011-2012 San Jose State University Design, Build, Fly team consists of thirteen aerospace 

engineering students ranging from freshmen to graduate students, organized as shown in Figure 2.1. 

 
Figure 2.1 Organization Chart 

 
 The team is divided into sections with a technical lead assigned to oversee each section. The 

sections are: stability and control, aerodynamics, structure and computer aided drafting (CAD), propulsion 

and electronics, and construction. Each section has members that assist the lead engineer; often 

members shift between sections to complete the tasks as needed. 
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2.2. Project Schedule 

The team had 7 months to design and construct the prototypes and the competition aircraft. Within this 

time frame, the team was able to build and test several prototypes prior to the completion of the 

competition aircraft. Figure 2.2 shows the Project Schedule; with bars representing the planned schedule 

for each task, lines showing the actual period during which each task occurred, and heavy vertical lines 

indicating project milestones. 

 
Figure 2.2 Team Gantt Chart 
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3. Conceptual Design 

The conceptual design phase is used to develop requirements from the rules and mission definitions, 

analyze the scoring method, and prioritize the design objectives that will maximize the performance score 

in the competition. The prioritization of the design goals will be reflected in the aircraft component 

selection and in every design choice thereafter. 

3.1. Mission Requirements and Rules 

The missions this year simulate the functions of a multi-purpose small passenger aircraft. The final aircraft 

will need to meet the following mission requirements. 

 Carry passengers with specified spacing and orientation requirements 

 Take-off within a 100-foot on a paved runway 

 Contain a given internal volume 

 Lift large weights compared to empty weight 

 Climb quickly to altitude 

The aircraft must also meet the following safety requirements: 

 Have no more than 1.5 pounds of NiCad or NiMH batteries for propulsion 

 Have a maximum propulsion current draw of 20A  

 Pass a structural safety test where the fully loaded aircraft is supported at the wing tips 

Mission and Scoring Summary 

The score for this year’s AIAA/DBF flight competition is calculated by equation 3.1. 

       
(                  )

√   
(        ) (3.1) 

The Written Report Score is based on the quality of the design report. Rated Aircraft Cost (RAC) is the 

maximum empty weight of the aircraft as measured after every mission. Flight scores are determined by 

flying three missions: Ferry Flight (M1), Passenger Flight (M2), and Time to Climb (M3). 

Mission 1 – Ferry Flight – The objective of the Ferry Flight mission is to fly as many laps as possible in 

four minutes. Timing begins when the aircraft throttles up for take-off. M1 is calculated using equation 3.2, 

where N_laps only counts completed laps. 

      
      

 ⁄  (3.2) 

Mission 2 – Passenger Flight – The objective of this mission is to have a high payload ratio. The aircraft 

must complete three full laps while carrying a payload of eight “passengers” that have a combined weight 
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of more than 3.75 lbs. Each “passenger” is a 1”x1”x5” aluminum block. Each passenger requires a ½” 

space fore and aft and a 1” aisle on one side. After the completion of the mission, the aircraft and payload 

are weighed in pounds, recorded as Flight_Weight, and used to calculate M2 with equation 3.3.  

        
    

             ⁄  (3.3) 

Mission 3 – Time to climb – The goal of this mission is to have a fast climb rate while loaded. The aircraft 

must carry two liters of water to a height of 100m and release it.  Height is determined by a Soaring 

Circuits CAM-f3q altimeter. Timing begins when the aircraft throttle is advanced for take-off and ends 

when the water is released. M3 is calculated using equation 3.4. Tteam is the climb time of the team and 

Tavg is the average climb time of all teams that successfully complete Mission 3. 

      √
    

     
⁄  (3.4) 

Flight Course 

All missions are carried out on the flight course, shown in Figure 3.1. The course consists of 8 maneuvers 

of which take-off and landing are only preformed once per mission. 

 
Figure 3.1 Representation of DBF course 

1. 100 foot takeoff 

2. 500 foot upwind leg 

3. 180° turn to the right 

4. 1000 foot downwind leg 

5. 360° turn to the left 

6. 180° turn to the right 

7. 500 foot upwind leg 

8. Landing on paved runway 
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Design Requirements 

Using the analysis from the previous section, design requirements and evaluation criteria can be 

developed to guide design decisions. Major requirements and their design impacts are summarized in 

Table 3.1. 

Table 3.1: Mission Requirements Related to Design Requirements 

Mission Requirements Design Requirements 

Take-off from ground High thrust and/or high lift 

Large internal payload Large internal volume 

Low weight Efficient structure and propulsion 

Rapid climb rate Low weight and/or high thrust 

Variable CG Stable aircraft 

3.2. Mission Goals 

To maximize the flight score, the design must be light, climb quickly, and fly fast. These design goals are 

interconnected and must be balanced to maximize the score. To prioritize the design requirements a 

score sensitivity analysis was conducted and figures of merit assigned to each goal. 

Scoring Sensitivity Analysis 

From the score equation, four aircraft figures of merit have been found to affect the score: aircraft empty 

weight, speed in the form of complete laps, flight weight, and climb time ratio. Since flight weight is 

assumed to be the aircraft’s empty weight plus the fixed payload weight of 3.75 lb, the four figures of 

merit can be simplified to three independent variables. 

A parametric study was conducted by plotting final score versus each of the independent variables. 

Figure 3.2a illustrates how score varies over a reasonable range of laps and RAC values, while holding 

the climb from mission 3 constant at a value of 1. Of importance is that the score increases linearly with 

increasing laps but exponentially with decreasing weight. Figure 3.2b shows how the score varies with 

climb time ratio and RAC, with number of laps held constant at 5. The score is seen to be relatively 

insensitive to increasing the time ratio since the square root of the climb time ratio is used to compute the 

score. 
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Figure 3.2a Speed and RAC versus score 
Figure 3.2b Climb Time Ratio and RAC versus 
score 

Mission Goals 

From the preceding analysis the relative importance of the goals were determined. 

Table 3.2: Mission Goals 

Weight 5    

Speed 3    

Climb Rate 2    

3.3. Configuration Selection 

The configuration selection process evaluates and compares component for the aircraft design based on 

their relative attributes. The selection process for the configuration of the fuselage, wing, empennage, 

propulsion, and landing gear was made based on the weighted goals from Table 3.2. 

Selection Process  

The configuration choices were quantified by multiplying the design figures by a component weighing 

factor and a configuration weight for each design goal. The final score for a component is the summation 

of this product for all goals. The highest score is then selected. 

The design goals are enumerated in the previous section. Component weighting factors from 1 to 5 

determine the importance of the component on the whole design and configurations figures determine the 

relative strengths of a particular configuration. A five signified the most important and one the least 

important. 
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Fuselage 

Table 3.3: Fuselage Selection with passenger arrangment 

  

 

 

 

 

 

 

  

  

 

 
 

 

Mission Goal Component Airfoil Cylindrical Flat PlateType Square Block 

Weight 5 3 3 5 3 5 

Speed 3 5 5 3 4 2 

Climb Rate 3 1 3 2 2 2 

Total - - 126 124 109 109 

The component weighting factors for the fuselage emphasize that the choice significantly affects speed, 

due to the high drag contribution, and has little effect on climb rate. An airfoil-shaped fuselage was 

chosen because it has a median surface area that correlates to median structural weight, and it has the 

best aerodynamic performance because its low drag coefficient. 

Wing 

Table 3.4: Wing Selection 

  

 

 
  

 

Mission Goal Component Low-Wing High-Wing Flying Wing 

Weight 5 3 4 3 2 

Speed 3 3 4 3 3 

Climb Rate 2 3 3 3 4 

Total - - 114 90 81 

The wing equally affects all mission goals; therefore the component weighting factors were all set to a 

median value. The low wing configuration was chosen because it was lighter and had better take-off 

performance. It is lightweight due to shorter landing gear and allows the aircraft to take-off earlier due to 

ground effect, improving mission 2 and 3 take-off performance. Climb rate is average because although it 

generates less lift than a high wing, it will consequently have less drag. Some other drawbacks include 

higher stall speed due to a lower CL,max and lower lateral stability due to a lack of natural dihedral effect. 
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These drawbacks will be addressed in later stages of the design. The flying wing scored worse because 

its geometry is not suited to carry the prescribed payload. 

Empennage 

Table 3.5: Empennage selection 

 

  

 

 

Mission Goal Component Conventional V-Tail T-Tail Canard 

Weight 5 2 4 4 2 3 

Speed 3 4 3 3 4 3 

Climb Rate 2 3 4 3 4 4 

Total - - 100 94 92 90 

The component weighting factors emphasize the effects of the tail on control. Effective control allows for 

tighter turns, which results in shortening lap length and decreasing lap time. The weight of this 

configuration is de-emphasized because the tail is lightweight compared to the overall weight of the 

aircraft. Ultimately, the conventional tail was selected due to its simplicity. The conventional tail 

configuration also allows the pitch control surface to be located within the prop wash, increasing the 

elevator’s effectiveness improving flight performance. Speed is average with no distinct advantage or 

disadvantages.  

Propulsion 

Table 3.6: Propulsion Selection 

  

    

Mission Goal Component Tractor Pusher Twin-Puller Twin-Pusher 

Weight 5 5 5 3 1 1 

Speed 3 5 4 4 4 5 

Climb Rate 2 5 4 4 3 2 

Total - - 225 175 115 120 

The component weights for propulsion are all high and equally significant. Since multiple motors can 

significantly affect the weight, different configurations can affect thrust, and propwash on the wing can 

increase climb rate. It is worth noting that multiple motors do not necessarily increase thrust since there is 

a limit to how much current can be drawn from each battery. A tractor propulsion system was selected for 

its light weight. Weight is less than a pusher because the tail structure does not intersect the propeller 

area and less than multiple motors because only a single motor mount is required. Speed is also high 

because in general a single large propeller has greater efficiency than multiple smaller propellers. In 
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addition, the climb rate is improved compared to a pusher because propwash over the top surface of the 

wing increases lift. 

Landing Gear 

Table 3.7: Landing Gear Selection 

 

    

Mission Goal Component Monocycle Conventional Bicycle Tricycle 

Weight 5 4 4 3 3 1 

Speed 3 4 4 2 3 1 

Climb Rate 2 3 4 3 2 2 

Total - - 152 138 108 44 

Component weighting of the landing gear emphasizes the configuration’s effect on weight and speed. The 

number and size of wheels increases weight and increases the amount of drag generated. After 

evaluating several configurations for the landing gear, a monocycle type landing gear was chosen. This 

configuration features a single gear unit along the centerline with skids on the wingtips and tail. It was 

chosen because its weight is minimal and has low drag. The choice of this configuration was tentative 

because of concerns about ground controllability that would increase take-off distance reducing mission 1 

and 3 scores. The monocycle was chosen anyway because it could be easily changed later. 

Final Design Configuration 

Figure 3.3 shows the chosen design configuration at an early stage of development. 

 
Figure 3.3 Representative design configuration 
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4. Preliminary Design 

The purpose of this section is to size components to meet design requirements and maximize design 

goals. This section covers the methodology used to obtain initial sizing, and uses this analysis to create a 

mission model. Performance is then estimated by finding aerodynamic characteristics and using them to 

estimate mission performance. 

4.1. Design and Analysis Methodology 

Preliminary design was done using an iterative process to determine the size of the following major 

aircraft components: the main wing, the power system, and the empennage. 

Main Wing 

Three important characteristics of the wing were determined in preliminary design. 

Aspect Ratio: Based on structural and performance considerations, an aspect ratio was chosen which 

balances the aerodynamic efficiency of high aspect ratio configuration with the weight advantages of a 

lower aspect ratio wing. 

Wing Area: Wing area was obtained with an initial guess at aircraft weight and the use of a matching 

graph that translated mission performance requirements to available power loading and wing loading. 

This was done iteratively, starting each new design cycle with the weight of the previous design iteration. 

Airfoil: The airfoil was selected to meet take-off and flight requirements while minimizing drag. 

Manufacturability was also considered in the selection process. 

Propulsion System 

The propulsion system has three major components that are highly interconnected. The selection process 

balanced advantages of each component to create a light and sufficiently powerful system. 

Battery Selection: Battery size determines the propulsion power available, increasing speed and climb 

rate but negatively affecting weight. To minimize weight, the smallest number of high performance 

batteries were selected that still met mission requirements. 

Propeller Selection: A larger propeller is needed to translate large amounts of shaft power from the motor 

to thrust, but increases weight. A larger propeller may also require a large or geared motor increasing the 

weight further. Thus, the smallest propeller was selected that still produced the required thrust. In 

addition, the pitch of the propeller needs to be optimized for the speed of the aircraft to efficiently translate 

shaft power to thrust. 
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Motor Selection: The motor must be capable of translating battery power into torque while maintaining the 

RPMs required for the propeller to operate efficiently. The lightest motor capable of operating efficiently at 

the maximum current was selected. 

4.2. Design Trades 

The most important goal of the design is to minimize weight while maintaining speed and the ability to 

perform the climb mission. To minimize weight, the minimum size of major aircraft components was 

determined. To do this, a matching graph was used to determine the maximum power loading and wing 

loading required to meet performance needs. An analysis was then done to determine the minimum 

power needed to meet take-off distance requirements. 

Matching Graph Analysis 

The matching graph analysis starts with determining the equations of motion of the aircraft for different 

flight conditions. 

Preliminary sizing of the aircraft began by finding a lift coefficient for climb rate based on a chosen aspect 

ratio and estimation of parasite drag. An aspect ratio of 7 was chosen as a balance between aerodynamic 

and structural efficiency and a parasite drag of 0.022 was estimated based on historical data. Figure 4.1 

shows the design point based on an Oswald efficiency factor of 0.9. 

 
Figure 4.1 Sizing for climb 
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Using the design point from Figure 4.1, a matching graph was constructed to determine wing and power 

loading. Equations of motion were formed for three flight conditions as functions of wing and power 

loading: top speed in steady-level flight, steady climb rate, and take-off from a standing start. The 

equations were then graphed in Figure 4.2, and a design point chosen. 

 
Figure 4.2 Matching plot 

The design point has the highest power loading, thus minimizing the weight of the propulsion system. A 

summary of important aircraft parameters determined from this analysis is shown in table 4.1. 

Table 4.1: Summary of Design Targets 

Aspect Ratio 7 
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4.3. Mission Model: Capabilities and Uncertainties 

The missions are modeled as a set of four maneuvers preformed on the course.  

 Take-off: This maneuver is at maximum throttle, and has twice normal power output because 

of battery performance. Flaps are down for payload missions, increasing CLmax. 

 Climb: For missions 1 and 2 this is the time it takes for the airplane to reach a safe cruising 

altitude of 50 feet. The motor is at full throttle and the climb angle is 15 degrees. For mission 

3 this maneuver continues until a height of 100 meters is reached. 

 Cruise: This phase is present in Mission 1 and 2. For mission 1 it is assumed that the motor 

is at full throttle and that the battery output power is constant for the entire 4 minutes. For 

mission 2 the airplane will be traveling at the speed that generates max L/D. 

 Turns: The course contains two types of turn, a 180-degree turn, and a 360-degree turn. 

Since the structure of the wing is sized for a 2.5-loading factor, all turns are assumed to be 

completed with that same load factor. Turns are assumed to be completed at cruise velocity. 

Though all missions must complete these maneuvers, mission 2 is not graded based on performance but 

simply completion. For that reason the model does not maximize performance for that mission. Mission 1, 

ferry flight, was modeled as a high-speed unloaded flight. Mission 3, time to climb, was modeled as 

constant climb with a heavy payload. 

The main uncertainties in the process of estimating mission performance were the following: 

 Winds: Head winds, tail winds, and cross winds, were neglected since they were found to 

have minimal effect on mission 1 performance for reasonable conditions. 

 Interference Drag: Drag contribution from individual components can be estimated with good 

accuracy, but interference between different components is difficult to estimate especially 

between the fuselage and wing. Interference drag was thus assumed to be 20% of the total 

drag, a standard value for amateur built vehicles. 

 Propeller performance: Propeller efficiency varies based on RPM and free stream conditions; 

for initial analysis, it was assumed to have an efficiency of 55%. 

 Power Output: Battery voltage and current draw vary throughout the flight; for this analysis a 

constant voltage and current were assumed (with exception of take-off). 
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4.4. Aerodynamic Characteristics 

Preliminary design analysis starts with estimating lift, drag, and stability characteristics, which are 

calculated as sums of the major aircraft components. 

Wing Airfoil Selection 

Airfoil selection considered three factors: ease of manufacturing, lift at low Reynolds numbers, and drag 

at cruise. Manufacturing considerations make the wing easy to build, which typically result in a lower 

weight. High lift at low Reynolds numbers is essential to meet the take-off requirement. Low drag 

increases flight speeds and improves the score for Mission one. 

Reynolds numbers have a significant impact on the performance of an airfoil. For various flight conditions, 

the Reynolds number was calculated by estimating propulsion, weight, and wing geometry. Reynolds 

numbers for critical flight conditions are shown in Table 4.2. Mission 1 is evaluated for cruise conditions 

since it has the fastest speed, and mission 3 is evaluated at take-off and climb conditions because it has 

the heaviest payload, and therefore the highest lift requirement. The flight performance for mission 2 is 

not specifically evaluated because it has no unique flight conditions. 

Table 4.2: Flight Reynolds Numbers 

Flight Condition MAC Reynolds Number 

Mission 1 Cruise 260,000 

Mission 3 Climb 150,000 

Mission 3 Takeoff 125,000 

The following parameters were used to select the airfoil 

 Low drag at lift coefficient of 0.15 and Reynolds number for mission 1. 

 Highest ratio of CL
3/2

/CD to increase climb rate for mission 3.  

 High CLmax to take-off within 100 feet. 

High performances airfoils were researched using the University of Illinois at Urbana-Champaign (UICU) 

airfoil database.  The four airfoils considered were the Eppler E210, NACA 4514, Selig/Donovan SD7062, 

and Wortmann FX 60-126. 

Figure 4.3 shows the predicted performance at cruise for the four airfoils. All have comparable drag at the 

required lift, but the E210 and FX60-126 are slightly better. 
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Figure 4.3 XFOIL Computational results for cruise performance 

Figure 4.4 shows the predicted airfoil performance during the climb portion of the mission. The best 

performer is the E210, but at high angle of attack. The FX60-126 and SD7062 have lower drag at cruise 

lift coefficient. 

 
Figure 4.4 XFOIL Computational results for climb performance 
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Figure 4.5 shows the airfoil performance during take-off. The best performers are the FX60-126 and 

SD7062.  

 
Figure 4.5 XFOIL Computational results for airfoil take-off performance 

Table 4.3 shows the summary of the predicted airfoil performance in the flight conditions of interest. 
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Table 4.3 shows the E210 and FX60-126 as optimal choices. The Wortmann FX60-126 was the final 

choice, because it has increased lift during take-off ultimately allowing a decrease in the size of the wing. 

These results do not meet the CLmax = 1.8 target set by the matching graph but are expected to once high-

lift devices are employed. 

Empennage Airfoil 

The horizontal and vertical stabilizers were designed as flat plates. Complicated airfoil designs add weight 

that does not result in significant performance gains. 

Aerodynamic Performance Estimation 

Aerodynamic performance is strictly related to the aircraft’s drag polar. The function that relates drag 

coefficient to lift coefficient can be estimated with a second-degree polynomial that includes other factors 

like aspect ratio, Oswald efficiency, and parasite drag. While aspect ratio and Oswald efficiency can be 

controlled by varying the geometry of the wing, parasite drag (aka zero-lift drag) needs to be estimated 

with computational programs or handbooks. Table 4.4 shows the individual breakdown of parasite drag 

per component. Since aircraft drag cannot be computed as a simple summation of all the individual 

components’ drag, a factor of 17% was added in the calculation to account for interference effects. 

 
 

Table 4.4: Parasite Drag Contributions 

Component CD,0 

Wing 0.0120 

Fuselage 0.0024 

Horizontal Stabilizer 0.0009 

Vertical Stabilizer 0.0006 

Landing Gear 0.0008 

Boom 0.0004 

Motor 0.0002 

Sum 0.017 

Interference (17%) 0.034 

Total 0.021 

 

 
Figure 4.6 Aircraft zero-lift drag estimation 

 
Figure 4.6 shows the relative contribution of the different components of the aircraft. The airfoil-shaped 

fuselage is shown to be very successful at reducing the overall drag, contributing just 18% of the total 

parasite drag. 

Once the zero-lift drag was estimated, a theoretical drag polar curve was constructed which provides the 

aerodynamic data necessary to analyze the flight performance. 

Wing, 58% 

Tail, 7% 

Fuselage, 
18% 

Interference 
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Figure 4.7 Theoretical aircraft drag polar 

Stability Analysis 

To meet performance goals, the aircraft is designed to have excellent static stability characteristics 

allowing it to remain stable even when payloads shift in flight. To ensure required stability, the aircraft 

aerodynamics were analyzed according to the following standard design principles.  

 Center of gravity was placed ahead of the aerodynamic center with a static margin of 10%. 

 Payload compartment was near the center of gravity to reduce center of gravity travel.  

 Propeller centerline was collinear with the center of gravity preventing pitch moment. 

To obtain a 10% static margin, the horizontal stabilizer had to be appropriately sized. Figure 4.8 shows 

how increasing the stabilizer size moves the C.G., as well as the aircraft aerodynamic center (A.C.), aft. 

The optimum stabilizer size is found when there is a difference of 10% MAC between aircraft C.G. and 

A.C. 
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Figure 4.8 Aircraft X-Plot 

To ensure dynamic stability, the aircraft aerodynamic stability derivatives were calculated using analytical 

methods. They are listed in table 4.5. 

Table 4.5: Aircraft Stability Derivatives 

CLα 4.948 CLB -0.0001 CLδa 0.384 

CMα -0.554 CMδe -1.947 CMq -17.259 

Cdαa 0.242 CLδe 0.352 CNr -1.17 

Cm  -9.99 CLp -0.713 CYr 0.374 

 

The results display good dynamic behavior in both short period and phugoid behavior. Short period 

damping is high at a value of 1.05. Phugoid damping has a frequency of 1.23 rad/s, which is low enough 

to allow the pilot to make adjustments. 

Propulsion and Power Battery Optimization 

To determine the optimal weight of batteries, a parametric study was conducted to determine the power 

required to take-off in 100 feet. The study was conducted using the first prototype and generated equation 

4.1 that relates gross take-off weight in pounds and battery power required in watts. 

                       (4.1) 

To estimate the number of the batteries required an iterative process was used. First the maximum gross 

take-off weight without batteries was estimated. Then, using equation 4.1, the power required was 

determined and used to calculate the number of batteries required with a 20% factor of safety. The 

battery weight was then added to the gross take-off weight without batteries to generate a new guess for 
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gross take-off weight. This process was iterated until the number of batteries converged. Figure 4.9 

shows a graphical representation of this process. 

 

Figure 4.9 Iterative battery weight calculation 

4.5. Estimated Mission Performance 

The information from weight, aerodynamic performance, and power sizing was used to estimate the 

aircraft’s mission performance. 

To estimate how the aircraft will perform in mission 1, the airplane’s maximum speed needed to be found 

by obtaining the velocity at which the required power for flight was equal to the power available in the 

aircraft propulsion system. 

 
Figure 4.10 Mission 1 maximum velocity 
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From Figure 4.10 the maximum cruise speed is found to be 83 ft/s. With the assumption that a 180-

degree turn takes 3 seconds the time for one lap is 39 seconds. 

Mission 2 is simply graded based on flight weight. Using the estimation of empty weight and adding a 

payload weight of 3.75 lb gives a flight weight of 5.75 lb. A low cruise speed of 40 ft/s will be used to 

ensure a high margin of safety and minimize battery use. 

The performance for mission 3 is estimated by dividing the 100 meter altitude requirement by the 

maximum rate of climb of the aircraft. Maximum rate of climb is achieved when the airplane is traveling at 

the speed that produces the greatest difference between power required and power available. This speed 

is found from Figure 4.11. 

 
Figure 4.11 Finding maximum rate of climb 

Using the result from Figure 4.11 in the equations of motion, a maximum rate of climb of 3.82 ft/s is 

obtained. At that rate it will take 86 sec. to climb to 100 meters. In the calculation of the estimated scores, 

the average team climb time will be equal to the climb time of our team. 

Table 4.6 contains a summary of the aircraft’s performance in the three missions. 
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Table 4.6: Estimated Mission Performance 

Mission 1 Mission 2 Mission 3 

Empty Weight 2 lb Empty Weight 2 lb Empty Weight 2 lb 

Cruise Velocity 86 ft/s Cruise Velocity 40 ft/s Loaded Weight 6.4 lb 

Turn time 3 sec Turn time 3 sec Rate of Climb 3.82 ft/s 

Lap time 35 sec Flight Time 186 sec Time to Climb 86 sec 

Laps 6 Flight Weight 5.75 lb Avg. Time to Climb 86 sec 

SCORE 2 SCORE 2.15 SCORE 3 

Max. Empty Weight: 2 lb 

Total Score: 5.06 
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5. Detailed Design 

Detailed design merges theoretical sizing with practical considerations and results in the decisions that 

define the details of the aircraft that will be built. This section addresses dimensions of important aircraft 

parts, structural capabilities of the final design, systems integration, weight and balance, and final flight 

and mission performance estimations. 

5.1. Dimensions 

Selected characteristics of important systems are shown in table 5.1. 

Table 5.1: Aircraft Dimensions 

Main Wing 

 

Vertical Stabilizer 

 

Horizontal Stabilizer 

Airfoil FX60-126 Airfoil Flat plate Airfoil Flat plate 

Span 4.3 ft Span 4.3 in Span 12.5 in 

Area 2.61 ft
2
 Area 15.5 in

2
 Area 39.84 in

2
 

Aspect Ratio 7 Aspect Ratio 1.19 Aspect Ratio 3.9 

a ±25º r ±30º e ±12º 

 

Aircraft Dimensions 

 

Electrical System 

 

Figures of Merit 

Length 47.5 in Power (max) 220 W 
Payload to 
TOW ratio 

2.2 

Width 51.6 in Motor 
Hacker 

A20-20L 
Wing loading 

(cruise) 
2.4 lb/ft

2
 

Height 8.6 in Batteries 
Elite 1500 

NiMH 
Power 

loading (min) 
0.10 lb/(ft-lb/s) 

Gross weight 1.85 lbs Cells 15 Load factor <2.5 

 

5.2. Structural Capabilities 

The structure of the aircraft is designed to pass the wing tip structural test required for the completion. 

The main structural members of the design are a composite wing spar, fuselage super structure, and tail 

boom. Overall the structure needs to meet strength requirements while cutting weight as much as 

possible. The materials choice was driven by the need to find the best strength to density ratio. That is 

why the team chose to use balsa wood as the main material for the structure. The balsa was then 

reinforced with composite materials such as carbon fiber with epoxy resin, fiberglass fabric, and Kevlar 

tow in the areas that require the most strength. 

The wing spar was one of the critical structures and it resembled the optimum combination of balsa and 

composite materials. The tail boom was built completely of carbon fiber, and the fuselage skin was 

reinforced with fiberglass fabric. Plywood, which is a high-density material, was only used to build the 

firewalls in front of, and the bulkhead behind, the payload area, with a third plywood bulkhead to mount 

the boom. 
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5.3. System and Subsystem Design 

Fuselage 

The fuselage contains several sub systems: a payload area, a forward motor section, an electronics bay, 

and a rear servo area. 

The payload area is sized to accommodate the two required payloads while having minimal structural 

weight and low drag contribution. To achieve this, the fuselage was shaped like a stretched symmetric 

S1046 airfoil extruded vertically to fit the passenger height and the other internal systems. The payload 

area is also large enough to contain 2 liters of water as well as a passenger arrangement that meets all 

spacing requirements. The fuselage shape is shown in Figure 5.1. For specific details regarding the 

payload arrangement, refer to the Drawing Package displayed in the latter part of the Detailed Design 

section. 

 
Figure 5.1 Fuselage top view 

To constrain passenger motion during flight, quarter-inch plastic brackets are attached to the floor and 

ceiling around each passenger. 

The water payload for mission 3 requires the payload area to be waterproofed, and a hole in the floor is 

added to allow the water to release. The dump valve is fitted in the hole located in the aft floor of the 

payload section. 

The motor, speed controller, and altimeter are located forward of the payload area, in the nose of the 

fuselage. Components are stacked vertically with the altimeter on top, as dictated by competition rules. 

The electronics bay is located on the underside of the aircraft, below the payload area. The bay is divided 

with two hatches by the wing spar. The propulsion battery pack and fuse are located in front of the spar. 

The receiver and receiver battery are placed behind the spar with sufficient space fore and aft to allow 

them to be moved to trim the airplane. The very back of the compartment houses the water release 

mechanism and triggering servo. 

The water release mechanism is built from a film canister and uses a string loop to hold the film canister 

cap in place. The string is wrapped around the servo arm so that when the target altitude is reached the 

arm rotates allowing the string to slip off. The water pressure is then sufficient to open the cap and 
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release the water. The film canister fits between the payload and electronics bay floor and protects the 

electronics from the exiting water. 

The aft section of the fuselage houses the rudder and elevator servos. They are placed internally to 

reduce drag. The elevator servo operates a flexible control rod and the rudder servo is connected to two 

Kevlar strings that run externally to operate the rudder. 

Tail 

The design of the tail was inspired by large radio controlled sailplanes, which are extremely effective at 

reducing structural weight while minimizing drag. The tail is mounted on the end of a carbon boom and 

uses a stabilator, or fully flying horizontal stabilizer, and an offset vertical fin with a hinged rudder. 

The horizontal stabilizer is a fully articulated flat plate constructed from a sheet of balsa. This 

configuration presents two problems: potential aeroelastic issues and mounting complexity. The light 

balsa sheet has very low stiffness, which can create flutter issues during flight, and the mounting of the 

stabilator is also difficult, since a joint needs to be put between the tail boom and the stabilator. To 

prevent these problems, the balsa sheet was covered with a thin layer of glass fiber giving it more 

stiffness and strength, and a very-light weight carbon fiber V-mount was used to mount the horizontal tail 

to the boom. 

The vertical stabilizer is also made from a light balsa sheet with the same idea of making it lighter. Again, 

fiberglass was used to make it stiff enough to withstand torsional deformation. The rudder is controlled 

through the servo mounted in the rear part of fuselage with Kevlar pull-pull cables. 

Main Wing  

The main wing design is also inspired by large sailplane designs. It features a carbon capped spar, full 

span flaperons, and a taper that improves structural and aerodynamic efficiency. 

Strength for the main wing comes from a central spar at the quarter chord of the wing. The wing spar 

bears the greatest loads as it holds the aircraft and payload weights. This requires the structure to be 

extremely strong. The structural strength is obtained by building the main spar using pultruded high 

modulus carbon fiber caps with end grain balsa shear webbing, wrapped with Kevlar tow and bonded with 

epoxy. Structural synergy is obtained by mounting the landing gear to the central spar. 

The wing is tapered about the quarter chord to achieve better span efficiency. The method used for 

calculating taper can be found in Anderson’s “Principles of Aerodynamics.” The taper ratio chosen was 

0.6, which results in an Oswald efficiency factor of 0.91. 

As mentioned in the Preliminary Design section, high lift is needed in order to meet take-off requirements 

without increasing propulsion power. This is achieved with full span flaperons, as opposed to a 

combination of ailerons and flaps. This configuration obtains the same increase in the lift coefficient that 
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would come from the use of flaps, but at a lesser weight. Flaperons in fact merge the flap and aileron 

control on the transmitter and use half as many servos. Consequently, the use of fewer servos reduces 

the total control system weight. The main drawback with this choice is that this configuration reduces 

control in roll during take-off. 

Control System Electronics 

The control system has four functions: pitch control, yaw control, roll control, and high-lift devices 

deployment. Wing servos are located inside the wing structure. As mentioned earlier, empennage servos 

are located internally in the rear of the fuselage, and the receiver and its power supply are located in the 

electronics bay. Table 5.2 shows the selected components of the control subsystem. 

Table 5.2: Electronics choice for control subsystem 

Component Type Selected Part Criteria for Selection 

Wing servos Futaba S3156 Light weight, high torque 

Empennage servos Futaba S3156 Light weight, high torque 

Receiver Spektrum AR6255 Light Weight, 6 channel 

Receiver battery pack 5x1/2AAA Ni-MH High power to weight 

Speed Controller Phoenix-25 Light Weight, Control Power 

 

5.4. Weight and Balance 

The designed aircraft weighs about 1.85 lbs. The aircraft center of gravity was kept inside the safety 

margins for all three missions to ensure stable flight. The design criteria include a requirement for C.G. 

location inside the main wing chord. Although the design goal was to keep the center of gravity relatively 

constant throughout the three missions, the team decided to make the empty aircraft slightly less stable; 

this configuration would ease pilot maneuvers during the first mission and reduce drag, decreasing lap 

time. Mission 2, unlike mission 1, is not graded based on flight performance but on completion; therefore 

the most stable configuration was chosen. The C.G. location for each mission is shown in Table 5.3. All 

C.G. distances are measured from the nose of the fuselage. 
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Table 5.3: Weight and Balance Table 

 Mission 1 Mission 2 Mission 3 

Component 
Weight 

(lb) 
C.G. Location 

(in) 
Moment 
(lb-in) 

Weight 
(lb) 

C.G. Location 
(in) 

Moment 
(lb-in) 

Weight 
(lb) 

C.G. Location 
(in) 

Moment 
(lb-in) 

Wing Structure 0.2979 7.160 2.133 0.2979 7.160 2.133 0.2979 7.160 2.133 

Fuselage 0.1896 8.287 1.571 0.1896 8.287 1.571 0.1896 8.287 1.571 

Tail Boom 0.0370 27.40 1.014 0.0370 27.40 1.014 0.0370 27.40 1.014 

Empennage 0.0559 44.76 2.502 0.0559 44.76 2.502 0.0559 35.76 2.502 

Landing Gear 0.0313 6.122 0.192 0.0313 6.122 0.192 0.0313 6.122 0.192 

Propeller 0.0470 -0.910 -0.043 0.0470 -0.910 -0.043 0.0470 -0.910 -0.043 

Motor & Speed 
Controller 

0.1566 0.136 0.021 0.1566 0.136 0.021 0.1566 0.136 0.021 

Receiver w/ 
Battery 

0.0840 8.102 0.681 0.0840 8.102 0.681 0.0840 8.102 0.681 

Propulsion 
Battery Pack 

0.8171 4.230 3.456 0.8171 4.230 3.456 0.8171 4.230 3.456 

Servos 0.1250 17.50 2.188 0.1250 17.50 2.188 0.1250 17.50 2.188 

Water Valve 0.0110 11.98 0.132 0.0110 11.98 0.132 0.0110 11.98 0.132 

Payload -- -- -- 3.924 6.750 26.49 4.409 7.198 31.74 

Total 1.852 -- 13.85 5.776 -- 40.34 6.261 -- 45.59 

Aircraft C.G. 7.47” 6.98” 7.28” 

 
Figure 5.2 shows the C.G. location for the three different missions. The C.G. envelope for the aircraft is 

limited forward and aft by elevator controllability and static margin requirements respectively. 

 
Figure 5.2 C.G. Variation for the three different missions 
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5.5. Flight Performance Parameters 

The performance parameters for the final design are shown in table 5.4. Since the exterior of the aircraft 

is not changed between missions, the aerodynamic coefficients remain unchanged. The main factor that 

affects the flight parameters is the aircraft weight. 

Table 5.4: Flight Parameters 

Performance Parameter Mission 1 Mission 2 Mission 3 

Flight Weight (lb) 1.85 5.78 6.26 

CLmax (Flaps deployed for M2 & M3) 1.22 1.61 1.61 

e 0.91 0.91 0.91 

CD,0 0.021 0.021 0.021 

Stall Speed (ft/s) 22.1 34.0 35.4 

Min. Takeoff Distance (ft) 6.71 88.3 97.3 

(L/D)max 12.2 12.2 12.2 

Cruise Speed (ft/s) 80 52 42 

Max. Speed (ft/s) 83 78 77 

Max. Turn Rate (rad/sec) 2.11 1.19 1.15 

(CL
3/2

/CD)max 11.4 11.4 11.4 

Max. Climb Rate (ft/s) 24.1 4.86 4.05 

 

5.6. Mission Performance 

Using the finalized geometry and the calculated flight parameters, the mission performance for the final 

design can be documented. 

The first and most important element in the scoring is the rated aircraft cost. That is obtained by finding 

the heaviest empty weight of the aircraft between the different missions. The team has chosen in its 

design to integrate all systems in every mission configuration. The choice was driven by the fact that 

incorporating removable parts in the design adds complications and thus weight. Therefore, since all 

parts are fixed, the empty weight of the aircraft would be identical for all missions. The total empty weight, 

as shown in Table 5.3, is 1.85 lb. Therefore RAC = 1.85. 

Mission 1: Ferry Flight 

This mission is graded based on the number of laps completed in 4 minutes of flight. The performance 

model will calculate the time it takes for the airplane to complete the first lap, and the time that it will take 

to complete every lap after. The lap times are added until the four-minute mark is reached. The results 

are shown in table 5.5. 
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Table 5.5: Mission 1 Performance 

Lap 1 Consequent Laps 

Maneuver Time Maneuver Time 

Takeoff 4 sec 500 ft Dash 6 sec 

Climb to Safe Altitude 8 sec First 180º Turn 2 sec 

First 180º Turn 2 sec 1000 ft Dash 12 sec 

1000 ft dash 12 sec 360º Turn 4 sec 

360º Turn 4 sec Second 180º Turn 2 sec 

Second 180º Turn 2 sec 500 ft Dash 6 sec 

500 ft dash 6 sec   

Total 38 sec Total 32 sec 

Number of Laps: 6 

Mission 2: Passenger Flight 

This mission is graded based on flight weight of the airplane carrying a payload of 8 simulated 

passengers made of 1” by 1” by 5” aluminum bars. The payload weight is found to be 3.92lb. Therefore, 

the sum of the empty weight plus the payload weight will give a Flight Weight = 5.78lb. 

Mission 3: Time to Climb 

This mission is graded based on the time it takes the aircraft to climb to 100 meters and dump the water 

payload. The performance model will add the time it will take the airplane to take-off and use a steady 

climb rate to 100 meters. The results are shown in table 5.6. In the score calculation the average team 

climb time will be assumed to be 60 seconds. 

Table 5.6: Mission 3 Performance 

Maneuver Time 

Take-off 11 sec 

Climb to Altitude 81 sec 

Time to Climb: 92 sec 

Mission Score Calculation 

Table 5.7 shows the final design score for all three missions normalized by the rated aircraft cost to give 

the final flight score. 

Table 5.7: Final Score Calculation 

Mission Score 

Mission 1 2 

Mission 2 2.15 

Mission 3 2.81 

RAC 1.85 

Final Flight Score: 5.12 

5.7. Drawing package 

The following four pages contain the drawing package. 
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6. Manufacturing Plan and Processes 

Manufacturing processes describe the construction methods and materials used. Several building 

techniques and materials are common to high-lift, low-weight model sailplanes. Construction methodology 

evolved through the building of three prototypes, each lowering weight and drag. 

6.1. Final Materials / Manufacturing 

Manufacturing techniques and materials used are different in each of the three major aircraft components. 

The fuselage is built from laser cut balsa and plywood parts, and is built to hold the payload and connect 

the aircraft components. The wing is built with ribs attached to a carbon capped balsa spar to produce a 

low-weight and high-strength structure. The flaperons are built up from laser-cut balsa pieces to have 

torsional stiffness while being lightweight. The empennage is built from fiberglassed balsa. A summary of 

materials is shown in Table 6.1. 

Table 6.1: Final Built-up Balsa Manufacturing Technique 

Manufacturing Component Material / Technique 

Principal Material Balsa wood 

Structural Material Plywood 

Selected Members Carbon Fiber 

Strengthening Fiberglass 

Waterproofing Epoxy 

Adhesive CA and epoxy 

Part Manufacturing CAD-designed laser cut 

Fuselage 

The fuselage has three major components, a superstructure for strength, vertical members to hold the 

shape of the skin, and a thin balsa skin for aerodynamic shaping and to hold water. All parts are laser cut, 

except the stringers and skin which are cut to size during construction. 

The superstructure is designed to carry loads between the tail, wing, and motor. The motor is attached to 

a plywood bulkhead at the front of the plane. Two wing ribs run between the front and back bulkheads 

that connect the motor, tail, wing, and payload floor. These are made from balsa to save weight. The tail 

boom terminates on a plywood bulkhead and is supported by a plywood frame. 

To create the complex curvature of the fuselage, the fuselage ceiling, payload floor, and fuselage bottom 

are laser cut to shape and use vertical stringers to maintain the shape over the payload area. Figure 6.1 

shows the fuselage superstructure with vertical stringers installed. 
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Figure 6.1 Fuselage with superstructure and stringers installed 

 
To cover the open area of the fuselage containing the payloads and to reduce drag, a thin skin is used. 

The skin is built from balsa sheeting that is fiberglassed on the interior using epoxy for strength and 

waterproofing. The skin is attached to the fuselage starting from the forward bulkhead. 

Wing 

The wing is built around a carbon capped balsa spar, with ribs to maintain shape, and a fully sheeted 

upper surface. The spar construction, used in radio-controlled sailplanes, has a high strength to weight 

ratio, and the fully sheeted upper surface keeps smooth flow over the top of the wing, reducing drag. 

The main spar is built from end-grain balsa with high modulus pultruded carbon fiber caps. The spar is 

then wrapped with Kevlar tow to keep the carbon adhered to the balsa under load. A test spar is shown in 

Figure 6.2. 

Laser cut balsa ribs attached to the main spar connect all span wise members and the balsa skin 

sheeting. The top surface of the wing is fully covered in light balsa sheeting, which keeps the covering 

from sagging and maintains the aerodynamic shape of the airfoil. Figure 6.3 shows the fully sheeted wing 

attached to the fuselage ready to be covered. 
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Figure 6.2 Main wing spar test article Figure 6.3 Fully sheeted wing attached to fuselage 

 
The size of the flaperons creates challenges in stiffness and construction. To have the necessary 

stiffness the flaperons are built with diagonal balsa ribs and are fully sheeted with thin balsa.  

Empennage 

The empennage is designed based on radio-controlled sailplanes. To save on weight, the tail is mounted 

on the end of a carbon fiber boom, and uses fiberglassed balsa sheets as control surfaces. The horizontal 

stabilizer is attached to a flying mount that is commonly used in radio-controlled gliders. This 

configuration allows for a smaller surface compared to a traditional fixed stab with elevator arrangement, 

thus saving weight. To additionally save weight, the rudder uses a fiberglass/Kevlar hinge. Figure 6.4 

shows a close-up of the empennage mounting. 

 
Figure 6.4 Empennage mounting as seen from lower port side of the airplane 
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6.2. Manufacturing and Materials Selection 

Materials and manufacturing techniques were investigated and tested through the construction of three 

prototype aircrafts, shown in Figure 6.5, and several test articles for specific design concepts. 

Prototype 1 Prototype 2 Prototype 3 

  
 

Figure 6.5 Flight prototypes 

Fuselage 

Different methods were investigated for creating the complex curvature of the fuselage. The first 

prototype used hollowed-out foam to model the aerodynamics of the fuselage. Because of the high weight 

and low internal space, it was apparent that this would not work for the final design. Therefore, for future 

prototype fuselages, a balsa stringer design was adopted instead. 

Several waterproofing methods were tested before a final workable balsa fuselage was constructed and 

used for the second and third prototypes. Work was done to use fiberglass only skins but manufacturing 

was not feasible. Further study may make fiberglass or carbon fiber more attractive. Table 6.2 shows the 

weights of the fuselage construction methods considered. 

Hollowed Foam – Foamular foam hot-wired, hollowed, and sanded to the desired shape. 

Laser Cut Balsa – Balsa fuselage framework with waterproofed balsa skin. 

Molded Composite – Balsa fuselage framework skinned with carbon fiber or fiberglass sheeting. 

Table 6.2: Fuselage Construction 

Figure of Merit Weight Laser cut balsa Hollowed foam Molded composite 

Weight 5 5 3 4 

Strength 5 4 3 5 

Manufacturability 3 4 3 3 

Reparability 3 2 3 1 

Durability 4 3 2 4 

Total  75 56 73 

Wing 

The wing was originally to be made of solid foam, but initial testing showed it was not strong enough and 

heavy when fiberglassed. The built-up wings have had several iterations. Prototype one had built-up 
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wings with a carbon leading edge. Prototypes two and three used a carbon capped balsa spar with 

varying amounts of balsa sheeting. Table 6.3 shows various construction techniques considered. 

Carbon Balsa Spar – This style spar was used for the second and third prototypes. The main 

spar was constructed with end grain balsa capped with high modulus pultruded carbon fiber and 

wrapped in Kevlar tow. Ribs were laser cut and attached to the main spar. A balsa leading edge 

and trailing edge stringer were attached and then sheeted with light balsa. 

 

Leading Edge Carbon – This built up wing was used for the first prototype. The main spar is 

balsa with ribs attached and sheeted. To strengthen the wing the leading edge was a carbon fiber 

tube. 

 

Fiber Glassed Foam – A foam block is cut by a hot wire and sanded to the desired shape and 

then covered with fiberglass. The fiberglass skin carries the main loads of the structure, and the 

foam core usually remains as part of the structure to aid in maintaining rigidity and shape. 

Table 6.3: Considered Wing Construction Methods  

Figure of Merit Weight Carbon Balsa Spar Leading Edge Carbon Fiberglassed Foam 

Weight 5 5 5 3 

Strength 5 5 4 3 

Manufacturability 3 3 4 5 

Reparability 3 2 2 3 

Durability 4 5 3 3 

Total  85 75 66 

Empennage 

The empennage needs to be rigid to prevent aeroelastic instabilities yet still remain light. To achieve this, 

three manufacturing techniques were explored. The first prototype used hot-wire cut foam because it was 

simple to manufacture, but lacked strength and durability. To counter this, fiber glassed foam was used, 

but found to be heavier. Prototypes two and three used fiberglassed balsa, which is stronger per weight 

but does not allow contoured surfaces. 

Solid Foam – Foam block cut by a hot wire and sanded to the desired shape. 

Fiberglassed Foam – Foam block cut by a hot wire and sanded to the desired shape, then 

covered with fiberglass. 

Fiberglassed Balsa- Sheet of balsa cut and sanded to its desired shape; must be a flat plate. 
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Table 6.4: Empennage Construction Methods 

Figure of Merit Weight Fiberglassed Balsa Solid Foam Fiberglassed Foam 

Weight 5 4 4 3 

Strength 4 5 3 4 

Manufacturability 2 3 5 4 

Durability 5 5 2 4 

Total  71 52 59 

6.3. Manufacturing Schedule 

Figure 6.6 shows the manufacturing schedule for the first, second, and third prototypes, and the planned 

schedule for the final prototype. 

 
Figure 6.6 Manufacturing Schedule 

 

Prototype 1

    Wing

     Fuselage

     Empennage

     System integration

Prototype 2

     Wing

     Fuselage

     Empennage

     System integration

Prototype 3

     Wing

     Fuselage

     Empennage

     System integration

Final Design

     Wing

     Fuselage

     Empennage

     System integration



 
 

  43 SAN JOSÉ STATE UNIVERSITY 

7. Testing Plan 

Testing was performed to validate design elements before incorporation into the final design. Subsystems 

tested include batteries, motor, propulsion, wing structure, water dump valve, and fuselage waterproofing. 

Tests were performed synchronously with design and construction. 

7.1. Batteries 

Battery testing was done to ensure performance under competition conditions and determine the 

minimum number of batteries needed. A LabView program was written to record battery voltages and 

temperatures as measured by a data acquisition system. Data was collected to correlate power with 

temperature ranging from ambient to 100°F and to study battery behavior during extended usage. 

7.2. Motor 

A static thrust test was performed to experimentally measure the power available. A test stand was made 

using a ball-bearing supported L-shaped arm that transferred the horizontal thrust of the propulsion 

system to a vertical force that a digital scale could measure. A watt meter was placed in series between 

the battery and the motor speed controller. An optical tachometer was used to measure motor RPMs. The 

power setting of the motor was controlled using a receiver and remote controller. This setup allowed the 

static thrust of the system, propeller rotation rate, and electrical power output of the battery to be 

measured simultaneously. APC brand propellers were used for the tests. The experimental setup used is 

shown in Figure 7.1. 

 
Figure 7.1 Static motor test stand 
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7.3. Take-off Testing 

Flight testing was used to determine a relationship between aircraft weight and power supplied to the 

motor for a set take-off distance. The test consisted of having the aircraft take-off several times at various 

power settings. When the take-off distance was between 80 and 90 feet the weight and power used were 

recorded. Power was measured using a watt meter connected between the batteries and speed 

controller. The weight was then changed and the test rerun to obtain multiple data points. 

7.4. Wing Structure 

The wings underwent tests to find the minimum structural weight required to pass the wingtip safety test, 

with a margin of safety. Tests were performed on entire wing assemblies and the main spar. 

The strength of four different wing builds was tested, including solid foam, foam wing with a carbon spar, 

a built up balsa structure, and a built-up balsa structure with a carbon capped-balsa spar. Ultimate failure 

strength was tested by placing the tips of the wing on a support stand and placing weights on the 

fuselage until failure. A scale was used to determine the weight of each wing and the ultimate weight held 

by the wing. 

Spar strength was also tested by clamping one end of the half-span spar and placing 14 lbs of weight 

successively further from the clamp until the spar broke. The carbon-capped spar broke when the weights 

were placed 27” away from the clamps. Figure 7.2 shows the tests being performed. 

 
Figure 7.2 Structural test on carbon-capped spar 
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7.5. Water Dump Valve Testing 

Water dump valve testing was done separately from prototype building to allow rapid testing of ideas. 

Several low weight ideas were tested including the use of silicone flaps, rubber flaps, and rubber O-rings 

with a foam cork before the current film canister release mechanism was designed. For rapid testing of 

valves, a hole was drilled at the bottom of a bucket and a test valve attached with tape. The bucket was 

then filled with water and the function of the valve tested by hand. 

7.6. Fuselage Waterproofing 

Several waterproofing methods were attempted before the final lightweight method was found. Different 

waterproofing solutions used a variety of coatings, resins, and materials to make the fuselage skins. Each 

solution was tested on a fuselage mockup with complexity varying from proof of concept to flight-ready 

fuselage. Figure 7.3 shows four of the mockups with complexity increasing from left to right. 

 
Figure 7.3 Waterproofing test mockups 

Skin materials tested included Depron foam, resin-covered balsa, and fiberglassed balsa. Coating resins 

include Polycylic, cyanoacrilic, MinWax, and different grades of epoxy. Depron foam was light, but did not 

bond to other materials well and was not rigid enough on its own. Sheet balsa coated only with epoxy 

leaked though the grains of the wood thus requiring more coats that increased weight. With a layer of light 

fiberglass the strength of the material increased and did not require as many coats of epoxy making it 

ultimately lighter. 

For testing, a fuselage mockup was built and waterproofed as intended, then filled partially with water and 

allowed to sit for ten minutes. If no water leaked after ten minutes the fuselage was filled with two liters 

and left until it leaked. The final design did not leak even when left overnight. Figure 7.4 shows an early 

waterproofing test. 
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Figure 7.4 Early waterproof testing 

7.7. Flight Testing 

To characterize the performance of the whole aircraft, extensive flight testing was performed. Basic 

performance data including cruise speed, stall speed, take-off distance, lap times, climb times and turn 

times were recorded. Data was taken on site using electronic scales, stop watches, and tape measures. 

Video footage was taken for each flight to allow post-flight analysis. 
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7.8. Flight Checklists 

Flight Sheet      

 

      

Today's Date:        

Pilot Name:      Flying Conditions:   

Today's Flight #:      Weather:       

Flight Purpose:      Temperature:       

      Wind Speed:       

       Elevation:       

         

Safety Checks:     Additional Comments:  

[       ] Inspect plane for visual damage          

[       ] Verify wind speeds are okay for flying        

[       ] Verify adequate flying voltage for:        

       [       ] Transmitter battery         

       [       ] Receiver battery         

       [       ] Propulsion battery         

[       ] Verify range check has been completed       

           

Pre-Flight Procedure:            

[       ] Verify aircraft is assembled correctly      

[       ] Verify CG is within tolerable limits      

[       ] Power on transmitter       

[       ] Power on receiver        

[       ] Test control surfaces for correct movement     

[       ] Power on propulsion system       

[       ] Verify correct operation of propulsion system     

[       ] Perform any additional tasks specific to the flight     

         

Post-Flight Procedure:   Description:    

[       ] Inspect aircraft for damage       

[       ] Power off propulsion system       

[       ] Power off receiver        

[       ] Power off transmitter       

         

Post-Flight Considerations:       

[       ] Battery Temperature            

[       ] ESC Temperature             

[       ] Motor Temperature            

[       ] Flight Purpose Fulfillment            
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7.9. Testing Schedule 

Testing times followed the schedule shown in Figure 7.5. 

 
Figure 7.5 Testing Schedule 
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8. Performance Results 

8.1. Key Subsystems Performance 

Battery Performance 

Results of the battery test are shown in Figure 8.1. Discharge currents ranging from 2A to 20A are shown 

and labeled 1 (2A) to 10 (20A). To maximize the voltage the cells were heated to 100°F prior to testing. 

 
Figure 8.1 Elite 1500 cell discharges. 

These results differ from the assumed battery performance in two key areas. First, the spike when fully 

charged was assumed to be twice the normal operating voltage while testing shows a much smaller 

spike. Second, the normal operating voltage, assumed to be one volt while under load is actually closer to 

1.1V, slightly increasing performance during cruise. 

Motor Static Thrust Test 

Table 8.1 shows data from motor static thrust testing. The power output varies depending on the propeller 

used, but is greater than the power assumed during preliminary design. APC brand propellers were used 

for the test. 
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Table 8.1: Static Thrust Test Data 

Propeller Electrical Power RPM Thrust Thrust Power Estimated Power 

10 X 7 E 260 W 8000 2.5 lb 78 ftlb/s 50 ftlb/s 

11 X 5.5 E 250 W 8200 2.8 lb 84 ftlb/s 50 ftlb/s 

12 X 6 E 255 W 6800 2.85 lb 79 ftlb/s 50 ftlb/s 

11 X 4.7 SF 260 W 7200 2.65 lb 77 ftlb/s 50 ftlb/s 

12 X 6 SF 260 W 4700 2.5 lb 65 ftlb/s 50 ftlb/s 

Power Requirement Study 

The power requirement study was performed for eight different weights but three are considered invalid. 

Part way through testing, the landing gear wheel hub broke and a replacement wheel of smaller diameter 

and harder material was used. The new wheel was judged to have better rolling performance and was 

used for subsequent landing gear. 

Data for both wheels is included in Figure 8.2 to illustrate the difference wheel choice can make. Also 

included is the power curve equation created and used in preliminary design. 

 
Figure 8.2 Power requirement study 

Wing Structure 

Multiple wings were constructed and tested. Each prototype had slight differences in manufacturing 

technique and material. Table 8.2 shows the weight, maximum load, and ultimate failure point of the wing. 
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Table 8.2: Wing Structural Tests 

Wing Design Weight Max Load Fracture Point 

Wing #1 Balsa Capped Spar and Shear Webs 240g 10lbs ¼ Span 

Wing #2 Balsa Capped Spar Shear Webs With Carbon 360g 20lbs Near Wing Root 

Wing #3 Carbon Capped Spar With Endgrain Balsa 190g 30lbs Wing Root 

Wing #4 High Modulus Carbon Spar With End Grain Balsa 175g >35lbs Wing Root 

 
As shown in the table, the weight of the wing has decreased over the course of testing while strength has 

increased to beyond useful strength. In future prototypes the main spar will be designed with less material 

to decrease weight and strength. 

8.2. Flight Performance 

To evaluate the performance of the aircraft, several test flights have been made. Table 8.3 summarizes 

the flights to date, with a brief description and comments from the pilot. The maiden flight for each 

prototype is highlighted in blue. 

Table 8.3: Flight Tests 

Flight Description Comments and/or Solutions 

Flight #1 Maiden Flight Set trim and performed stall test; easy stalls with left wing first 

Flight #2 Familiarization Flight Pilot tested controllability 

Flight #3 Speed Test Runs Max speed of 68fps was taken 

Flight #4 Load Test/Takeoff miss takeoff by 5ft; plane was loaded with 2.5lbs 

Flight #5 Load Test/Takeoff successful takeoff with flaps; plane was loaded to 4lbs 

Flight #6 Climb Test No leaks with 4.4lbs of water; sluggish climb characteristics 

Flight #7 Mission 2 Payload Under powered during initial climb. 

Flight #8 Mission 2 Payload Warmed batteries and different prop; adequate performance 

Flight #9 Mission 1 Crashed due to h-stab flutter 

Flight #10 Mission 1 Slow due to old motor 

Flight #11 Mission 2 Adequate performance 

Flight #12 Mission 3 Valve delayed opening at desired height; plane climb underperformed 

Flight #13 Mission 3 Prop changed and flaps lowered; Valve hinge was altered and fixed. 
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A summary of flight characteristics gathered from these flights is listed in table 8.4. 

Table 8.4: Expected vs. Experimental Flight Performance 

Mission Parameter Expectation Test Result Difference 

M
is

s
io

n
 o

n
e

 

Max Speed 83 ft/s 90 ft/s +7.7% 

Stall speed 22 ft/s 15 ft/s -32% 

Turn time 1.49 sec 3 sec +101% 

# of laps 6 5 -17% 

Lap time 32 s 48 s +50% 

RAC weight 1.85 lb 1.85 lb +0% 

M
is

s
io

n
 t

w
o

 

Takeoff Weight 5.78 lb 5.98 lb +3.5% 

Max Speed 78 ft/s 80 ft/s +2.6% 

Stall Speed 34 ft/s 23 ft/s -32% 

Loading Time 5 min 3 min -40% 

Takeoff distance 88.3 ft 70 ft -21% 

RAC weight 1.85 lb 1.85 lb +0% 

M
is

s
io

n
 t

h
re

e
 Takeoff Weight 6.4lb 6.5 lb +1.6% 

Takeoff distance 97.3 ft 80 ft -18% 

Climb Rate 4.05 ft/s 2.3 ft/s -43% 

Climb Time 92 sec 140 sec +52% 

Stall Speed 35.4 ft/s 24 ft/s -32% 

RACweight 1.85 lb 1.85 lb +0% 

 
There are several differences between the expected and actual performance, most are caused by real 

world considerations. 

The largest error is in the turn time, due to an idealistic mission model. The model assumes that the 

aircraft goes instantly from straight line flight into a full banked turn. Real world testing requires the aircraft 

to roll to execute a banked turn. While this time is relatively small, less than a second, it doubles an 

already small amount of time. As the pilot becomes more comfortable with the aircraft it is expected that 

this time will decrease. Also, turn time is increased by lowering turn speed; the speed change between 

cruise and turning had also been assumed instantaneous. In reality the airplane never reached the 

optimal turn speed, since it would take too long. 

The next largest error is in the climb rate and times. This is due to a worn motor and is not representative 

of the design potential. Data for this time is based on flight #12 and used a motor with a bad bearing that 

decreased available thrust. When a new motor is used, climb performance is expected to improve. 

Lap times also have a large error, mostly due to human factors and wind. The pilot is unable to turn 

exactly at the ends of the course, which adds extra distance to the course. Real world conditions, such as 

crosswinds and gusts, keep the pilot from flying a straight line, further increasing distance and thus lap 

time. With practice it is expected that lap times will decrease. 
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Finally, the aircraft parameter most accurately estimated is weight. Being the most important mission 

goal, it was constantly and carefully monitored during the build process and the results fed back into the 

design process. Errors in take-off weight for missions 2 and 3 are due to assumptions about payloads. 

The required aluminum volume, 40 in
3
, and associated density, 0.1 lb/in

3 
depending on alloy, is more 

weight than the minimum required weight stated in the rules (3.75 lb) and differs from the mission model 

by 0.25 lb. This is also reflected in the difference in take-off weight for mission 2. The extra take-off weight 

in mission 3 can be accounted for by a generously filled 2L bottle. Weight is expected to decrease 

because it is the main goal for upcoming prototypes. 

 

Figure 8.3 A successful take-off 


