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Plan of action 
The purpose of this project is to design (and possibly manufacture) a low-cost, vertical air 

launch system capable of launching a level 2, solid-fuel rocket. The end goal is to create a simple 

and inexpensive design that can be used by university students to study different aspects of 

vertical air launch. 

Literature Review 
To most effectively study air launch a subset of literature has been selected based on the 

following questions: 

1. What is air launch? 

 

2. What are the advantages of air launch as opposed to ground launch? 

 

3. Is air launch feasible? 

 

4. Is air launch currently in use? 

 

5. How varied are air launch systems/platforms? 

 

6. What is the future of air launch? 

 

It is also important to note that due to the highly experimental/commercial nature of air 

launch a great deal of information and designs are either proprietary or classified putting them 

outside of the reach of this author. 

What is Air Launch? 

 

Air launch is a blanket term for alternative methods of launching payloads into earth orbit 

or beyond. The desired payload is carried to a determined altitude inside of a rocket, attached to a 

carrier craft, and is then launched (Bartolotta, 2011). 

What are the Advantages of Air Launch as Opposed to Ground Launch? 

 

The increasing need for low-cost access to space and the advent of nano and micro- 
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satellites demand a more efficient and specialized launching method. One such method is carrying 

a winged launch vehicle on an airplane to cruise altitude. The launch vehicle will then separate and 

carry the payload into space. Starting from cruise altitude has the following benefits: lower air 

pressure, lower air density (which translates to less drag), lower required structural strength and 

weight, and a 1 to 2% increase in total propulsive efficiency. The advantages ultimately lead 

to lower cost per launch (Feaux,1989). 

Air launching provides mobility and deployment advantages over ground launching. It 

enables the users to achieve any desired launch azimuth without out-of-plane orbital maneuvers 

that consume large amounts of propellant as well as launch any small to medium payload in an 

on- demand fashion. The nozzle of the rocket launching the payload will be designed for a much 

smaller range of air pressures and will therefore be much more optimized (Sarigul-Klijn, 2001). 

Another advantage of air launch, as pointed out in Bartolotta’s publication, is the fact that 

given the appropriate system, it can reduce the dollar-per-pound-to-LEO figure from $10,000 to 

just under $8,900. Bartolotta also mentions that while an air launch system would not be able to 

carry very large payloads such as the space shuttle, it will still be viable to carry small and medium 

payloads( up to 15,0000lbs) which make up the bulk of the space traffic today (Bartolotta, 2011). 

The military advantages of air launch are numerous. As mentioned by Thomas McCants, air 

launch will yield an affordable and effective missile defense against both tactical and long-range 

ballistic missiles. The affordability is a result of a conventional transport aircraft (such as a Boeing 

747) carrying a large number of missiles while staying at a desired location and a desired altitude. 

The aircraft is then able to perform a multiple of simultaneous offensive and defensive missions. 

The same system can also be used for other missions such as launching a satellite at other times 

(US 7,849,778 B1, 2010). 

Is Air Launch Feasible? 
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According to Bartolotta, the idea of air launch has been in circulation since the days of 

Wernher von Braun. In the 50s, von Braun envisioned a reusable space shuttle-like logistics 

vehicle to supply a space station. However, it was determined that the technology of the time was 

not advanced enough to support such a mission. In the 60s, a similar two-staged vehicle was 

proposed 

for the Space Shuttle program, but the technologies needed were found to be immature and too 

expensive to develop. In 1972 the Space Shuttle design was fixed as we know it today. The same 

happened in 1984 when a $2 billion DOD-NASA program was cancelled due to the required 

technologies not being sufficiently mature. In the late 80s and 90s, a number of programs were put 

forth in Germany, Britain, and the U.S. These programs advocated the use of turboramjet-powered 

engines. The skyrocketing research and development costs overcame any return on investment. 

This last failure however, made the experts aware of the immense potential of using already 

available subsonic aircraft as a first stage carrier in the launch system. As a result in late 2010, 

NASA-DARPA conducted an extensive study into the use of subsonic carrier aircraft and was 

able to find a way to create a system to carry payloads of up to 20,000 lb into orbit at a cost less 

than that of ground launch (Bartolotta, 2011). 

Is Air Launch Currently In Use? 

 

Currently, only one company utilizes the use of air launch. Orbital Sciences’ “Pegasus” 

launch vehicle can carry and place into LEO satellites weighing up to 1,000 pounds. Although 

revolutionary, the Pegasus launch system has been a commercial failure. It has had 42 missions in 

24 years which translates to an average of 2 missions per year. Although the system has maintained 

a perfect record since 1996, this lack of launch demand makes its costs unjustifiable. This lack of 

demand is due to the fact that Pegasus is simply too small for the bulk of government and 

commercial satellites being developed today. Another reason for the high cost of the program is the 
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need for a dedicated carrier aircraft. The Pegasus rocket can only be deployed by it highly- 

modified Lockheed L-1011 TriStar carrier aircraft. The necessity for maintaining the aircraft (the 

only aircraft capable of launching the Pegasus) has substantially increased the operational cost of 

the program. 

What is the Future of Air Launch? 

 

Utilizing the lessons learned from the Pegasus program the Defense Advanced Research 

Projects Agency has granted Boeing a contract to develop and build the Airborne Launch Assist 

Space Access (ALASA). The goal of this project is to develop an air launch system that can place 

a 100 lb payload into orbit for less than $1 million per mission. ALASA will be the next step from 

Pegasus. The entire concept of air launch operations has changed. To drive down the costs of 

launching into orbit, DARPA has determined that the launch vehicle must have the capability to be 

launched from any aircraft without requiring any modifications. Boeing, for example, is designing 

the launch vehicle to be launched from the F- 15 Eagle. This would mean that ALASA will not 

need a dedicated aircraft. This allows for the aircraft to be used in its regular functions in addition 

to use as a carrier aircraft making the launch costs a very small margin of the overall operations 

cost of the aircraft. 

How Varied are Air Launch Systems/Platforms 

 

Air Launch vehicles can be categorized with respect to their sizes into 2 main categories: 

small and large. The above-mentioned ALASA and Pegasus launch vehicles are part of the “small” 

launch system category. These platforms offer inexpensive and dedicated launch services for 

Small, Micro, and Nano satellites. The need for putting heavier payloads into LEO will be met by 

larger launch platforms such as Orbital Sciences’ Thunderbolt rocket. This Strato-Launch system 

will be capable of putting 10,000 lb payloads into LEO orbit. Orbital Sciences is scheduled to start 

flight testing this system in 2016. 



9  

Design Concept 
Preliminary Design: 

Assessment of Need and Mission Requirements 

The advent of the nano-sat has sparked a revolution in the space industry. A market that 

was once exclusive to governments and large private firms is now open to smaller firms, research 

institutes, and even private citizens. This shift in satellite design philosophy requires a cheaper and 

easier way of delivery into space. The traditional method of launching (Ground Launch) is wasteful 

and very expensive. Since ground launch rocket engines were designed to carry very large vehicles 

into orbit and to other planets, they consume immense amounts of fuel and have marginal 

performance for a considerable portion of their flight (in the lower altitudes with thicker 

atmosphere). In order to make financial sense for their expensive rocket engines, companies are 

forced to carry a great number of nano-sats inside one rocket. This introduces unnecessary delays 

and risks for the customers. In the event of a launch failure, the destruction of the payload, damage 

to the launch pad, and extensive delays are imminent. It appears then that a faster and cheaper way 

of launching nano-sats into space must be employed. Air-launch is the answer. 

Air-launch is advantageous for the delivery of small payloads into space for a number of 

reasons. Launching from a higher altitude means the rocket will have to fly through a much thinner 

atmosphere. This translates into less drag which then means that only a small amount of fuel is 

required. There is currently no need to design and manufacture an airplane for the specific purpose 

of launching rockets from the sky. Indeed, there are already many aircraft that are capable of 

accomplishing that task such as the F-15 and the Lockheed L-1011 TriStar. 

Orbital is using a Lockheed TriStar as the launch vehicle for the Pegasus rocket with an 

88% success rate. The USAF is also conducting extensive research into using modified F- 15s for 

the purpose of launching small payloads into space. 
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Currently, all efforts have been concentrated on Horizontal Air Launch (HAL) which 

consists of attaching the rocket (and the payload within it) to the bottom (B-HAL) or top of an 

aircraft (T-HAL), carrying it to altitude, and launching it with the carrying aircraft being more or 

less horizontal. While HAL is somewhat of a step in the right direction, it does still come with 

unnecessary costs. The costs are mostly related to B-HAL. Between the time of the rocket’s release 

and ignition, the rocket will be falling and therefore losing altitude. This, as will be demonstrated in 

the following sections, is an unnecessary loss of energy that must be remedied by burning more 

fuel. Also, since the rocket is launched horizontally, it will require complex control laws to point it 

in the correct attitude for orbit. This will increase the financial cost of designing the rocket. It will 

also mean that the rocket must have movable fins, actuators, and a large array of attitude 

determination and control equipment (ADC) which will increase the weight of the rocket. 

The final solution is Vertical AirLaunch (VAL). Similar to HAL, the rocket can be attached 

to the bottom (B-VAL) or top (T-VAL) of the carrying aircraft. The rocket is then carried to a 

desirable altitude and launched from the carrier aircraft at which point the aircraft itself will 

acquire a vertical (or near-vertical) attitude and then launch the rocket. The two most important 

advantages of VAL are: 

1. The rocket is attached to the aircraft using detachable, telescopic rails. Therefore, it 

does not need to be separated from the aircraft before it is launched. 

2. Since the aircraft is used as the aiming mechanism and the pre-launch stabilizer, the 

rocket will not need any of the expensive and heavy ADC equipment. This means 

cheaper and lighter rockets. In this sense, given a stable enough aircraft, the process 

essentially becomes identical to a ground launch. 

It must be noted that this specific version of VAL (with the telescopic rails) has never been 

(to the best knowledge of the authors) tried or studied before. The purpose of this project will be to 
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design and build such a vehicle but on a small scale. The aircraft will fly the rocket to 5,000 ft and 

then launch it. The rocket climbs to its apogee at which point a parachute is deployed enabling the 

rocket and the payload within to land safely back on the ground. After the launch, the airspeed, 

static pressure, altitude, and the trajectory of the rocket will be recorded. 

Mission Profile 

Figure 1 shows the mission profile of the aircraft. 

1-2: Taxi 6: Launch rocket 

2: Take-off 6-7: Loop 

2-3: Climb 7-8: Finish loop/start descent 

3-4: Stabilize/cruise 8-9: Descent 

4-5: Climb 9: Land 

5-6: Stabilize 9-10: Taxi 
 

 
Figure 1. Mission Profile 

Basic Configuration Selection 
 

Wing Placement: A straight, high wing design was chosen. The high wing design has a 

natural dihedral effect, therefore eliminating the need for a dihedral angle. It will also be easier to 

install the rocket to the bottom of the aircraft. Since the aircraft will be climbing vertically to 

launch the rocket, a high wing design will be desirable in order to avoid the wing from getting hit 

by the rocket. 
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Empennage Selection: The empennage will be of a conventional configuration with the 

horizontal stabilizers mounted on the fuselage at the base of the vertical stabilizer. The empennage 

will include a fully-moving horizontal stabilizer and a very large rudder-to-fin ratio. The fully- 

moving horizontal stabilizer configuration is considered to allow for smaller deflections and to also 

enable the airplane to stabilize itself while in the launch attitude (AOA ~90o) and very low speed. 

This will also allow for trimming the aircraft at the two extremely different CG positions it will have 

during the mission (CG is considerably more aft when the rocket is attached). 

 

Fuselage Selection: The fuselage will be a cylindrical shape. Since the payload will not be 

inside the fuselage, it eliminates the need to create extra space. Another advantage of using a 

cylindrical fuselage is that it produces less drag. Later iterations of the fuselage will change the 

shape in order to reduce drag and reduce the chances of scraping the tail on takeoff. 

 

Propulsion Installation: Based on the mission requirements, the chosen propulsion installation 

will consist of two conventional tractor-mounted props attached to the wings. One of the main 

reasons why this was chosen is because a pusher configuration will not be as effective when the 

aircraft climbs vertically. 

Performance of similar aircraft 

Other aircraft that have accomplished the same mission requirements include the F-15 and 

the Lockheed TriStar. The F-15 is able to launch a rocket flying horizontally as well as climbing to 

a vertical climb. The Lockheed TriStar was only able to launch a rocket while flying horizontally. 

As previously mentioned, launching a rocket while flying horizontally is not as cost effective as a 

VAL. Below are some of the performance specifications for both aircraft. 
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Lockheed TriStar 

Maximum operating altitude = 42, 000 feet 

Maximum Speed = Mach .9 

Cruise Speed = 600 MPH 

Stall Speed with Max Weight = 124 MPH 

F-15 

Maximum operating altitude = 60,000 ft 

Maximum Speed = Mach 2.2 

Cruise Speed = Not available 

Stall Speed with Max Weight = Not available 

Thrust/weight: 1.07 
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General Proposed Layout 
 

 
Figure 2. Conceptual Design 

 

Mission Driven Specifications, Relation to Configuration 

The aircraft will be designed to launch the rocket at slightly above 5,000 feet, therefore the 

cruising altitude will be 5,000 feet. The cruise speed will be about 80 ft/s. Since the aircraft does 

not experience any compressibility effects at the cruise speed, the wings do not need to be swept 

(although some taper will have to be included). The density at the cruise altitude is half the density 

at sea level which means that a high Cl is needed. A high AR is also desirable in order to decrease 

the induced drag. Since the aircraft will be climbing vertically, the thrust to weight plus drag ratio 

has to be greater than 1. Furthermore, some analysis will be required to determine the energy loss 

due to G forces exerted by the climb. This is necessary to ensure the aircraft preserves enough 

energy to complete its loop maneuver. 
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● Cruise Speed = 80 ft/s 

● Cruise Altitude =  5,000 feet 

● T/(W+D) > 1 

● Climb Rate = 60 ft/s 

● Max_load_factor=5 

 
The rocket’s configuration is studied in more detail later on in the report.  

Estimated Weight and Basic Aerodynamic Data 

The estimated empty weight of the aircraft is about 10 lbs. The payload consists of a 3 

pound rocket as well as a J580 motor that weighs 2.3 pounds. The estimated weight of the entire 

payload without the required telemetry equipment will be 5.5 pounds. The total estimated weight of 

the aircraft with the payload is 15.5 pounds. 

Basic aerodynamic data is shown below: 

● Aspect Ratio = 10 

○ This number was chosen by studying heavy-lift cargo airplanes such as the C-130 

and the  C-5 Galaxy. 

● Oswald Efficiency (e) = 1.05 

○ The Oswald efficiency was calculated using the empirical formula provided in 

Anderson’s Aerodynamics textbook: e=1.78(1-0.045*AR0.68)-0.64 

● Cdo = 0.007 

○ This number was calculated using boundary layer theory 

● Clmax =1.8 

○ This value was chosen per Roskam’s recommendation for typical heavy-lift cargo 

aircraft during cruise without flaps. 

● Clmax_TO = 2 

○ This value was chosen per Roskam’s recommendation for typical heavy-lift cargo 

aircraft during take-off with flaps. 

● Clmax_L = 2.5 

○ This value was chosen per Roskam’s recommendation for typical heavy-lift cargo 

aircraft during landing with flaps. 
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Power plant Selection 

The power plant will consist of two propeller-driven, electric motors. Gas-powered motors 

were abandoned due to their high cost and the weight management difficulties brought on by the 

extreme maneuvering required to perform the launch. A thrust to weight plus drag ratio greater than 

1 could be achieved with a single-motor configuration, but this configuration was deemed unsafe 

since in the event of an engine out, the airplane is not assumed to have satisfactory gliding 

characteristics to be able to make a safe landing (specially with the rocket attached). 

Landing Gear Placement and Type 

The landing gear will have a double-main configuration (see figure 14). One of the 

advantages of this configuration is that the aircraft will be level during taxi which will also help 

keep the rocket in a level position. It will also make it easier to attach the rocket to the bottom of 

the aircraft. The aft wheels will be placed behind the loaded CG position (CG position with the 

rocket attached). 

Detailed Preliminary Design 
 

Power and Weight Sizing 
 

Weight Sizing 
 

Table 1. Weight Table 
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Figure 3. Matching Graph 

Table 2. Data Used for Performance Sizing 

Power Sizing 

The zero lift drag coefficient of the aircraft was calculated to be around .0403. The zero 

lift drag coefficient of the rocket was calculated to be about .02 using a software called 

OpenRocket. This was added to the plane’s zero lift drag coefficient. In order to factor in the 

interference drag due to the rocket, the overall zero lift drag coefficient was increased by 23%. 

The matching graph was completed by using Advanced Aircraft Analysis software (AAA). The 

weight used in the matching graph was increased to 25 lbs instead of the current estimated total 

of 23 lbs in order to compensate for unforeseen weight additions. 

 

 
Table 3. Performance Requirements 
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Table 4, Performance Sizing Results 

 

The power requirement and the results of the matching graph indicate a required power 

of 1.7 horsepower (1300 watts). However, while searching for proper power plants, it was 

discovered that no electric motor rated for 1300 watts produces the required amount of thrust 

necessary to satisfy the T > D+W requirement. This is due to propeller size limit. There is a 

direct relationship between the diameter of the propeller and the amount of amps drawn by the 

motor. Lower-rated motors are limited to smaller propellers which produce less thrust. To 

overcome this problem, it was decided to “oversize the power plant”. In its current state, the 

propulsion subsystem consists of two 1650-watt, brushless, outrunner motors. Each motor will 

produce a maximum thrust of 11.5 lbs at sea level. Two obstacles are very likely to force 

another upgrade of the motors. The first is that the maximum burst current allowed through the 

engines is limited to 12 seconds by the ESC. The second is that propeller performance 

degrades with altitude which means that the maximum thrust provided by the motor will be 

even lower at the theoretical launch altitude. The next available motor is the E-flite Power 92 

and it is rated at 1800 watts. This motor will provide 15 lbf of thrust at sea level and 13 lbf at 

5,000 feet. As mentioned before, the main concern with upgrading the power plant is added 

weight. However, in this case, upgrading the motors will actually improve the thrust-to-weight 

ratio of the aircraft. This is due to the fact that the weight increase is much smaller compared to 

the amount of thrust increase. 
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Basic Systems Architecture 

Power/Fuel Systems 

a. Aircraft Power System: The primary power for all systems aboard the aircraft 

will be provided by a pair of 6 cell Lithium Polymer batteries. This includes all 

avionics, servos, and sensors aboard the aircraft. 

b. Rocket Power Systems: All avionics and electronics aboard the rocket will be 

powered by two to four 9-volt batteries, as needed. 

Avionics 

c. Flight Avionics Unit: An on-board flight avionics module will provide live video 

feed, inertial metrics such as acceleration and pressure data in addition to power 

monitoring. 

d. Control Actuation Systems 

i. Ground Steering: Taxiing and ground steering will be made possible by a 

quad wheel landing system where the front wheels will dictate steering 

with an attached servo. 

ii. Air Steering: Two servos will be used for the Ailerons installed within the 

main wing. The rudder and the elevator will be controlled by single servos 

dedicated to each control surface. 

iii. Rocket Release and Launch systems: The release safety lock system for 

the rocket launch guide rail will be controlled by a dedicated servo. 

Propulsion 

e. Speed Control: An electronics speed control unit will be responsible for throttle 

management for both electric motors propelling the plane. 
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Detailed Aerodynamic Choices 
 

Airfoil and Control Surface Choices 

Table 5 shows the candidate airfoils that were chosen for the wing and empennage. FX 

74-C15-140 MOD was chosen for the wing due to its high maximum coefficient of lift. Since the 

coefficient of lift for this airfoil is high, no flaps were selected for the airplane. During the sizing 

of the flaps with the eppler airfoil, it became obvious that the large size of the flaps required to 

have a meaningful increase in coefficient of lift would interfere with the desired size of the 

ailerons. Therefore, the eppler airfoil was abandoned and the FX74 was chosen. The FX 74-C15- 

140 airfoil will later be tested in San Jose State University’s wind tunnel for aerodynamic 

performance and characteristics verification. Another reason why this airfoil was chosen is 

because even though it produces more lift, the coefficient of drag of the airfoil is still low 

throughout the angle of attacks that the airplane will experience. Figure 2-5 shows the airfoil 

data. 

The airfoil that was selected for both the horizontal and vertical tail is the NACA 0018. 

 

This airfoil was chosen since it is widely used for the empennage. Table 6 shows the parameters 

of the wing and empennage. 

The control surfaces that were selected for the airplane include ailerons, elevator, and 

rudder. Table 7 shows the dimensions that were calculated for the control surfaces. The control 

surface areas were calculated by using AAA software. The horizontal tail surface area was 

calculated without the rocket configuration since the CG moves back and thus causes a smaller 

moment arm. The control surface to surface ratio was obtained from Roskam. 
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Table 5. Airfoil Parameters 

 
 

 

 
Figure 4. Coefficient of Lift vs. Angle of Attack 

 
Figure 5. Coefficient of Drag vs. Angle of Attack
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Figure 6. Pitching Moment Coefficient vs. Angle of Attack 

 

Table 6. Surface Area Parameters 

 
 

Table 7. Control Surface Parameters 

 
 

 
Stability Derivatives 

Tables 8 and 9 show the longitudinal and lateral/directional stability derivatives. These 

derivatives were calculated using AAA software. They show that the airplane has natural 

stability both in the longitudinal and lateral/directional direction. 
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Table 8. Longitudinal Stability Derivatives 

 
 

Control Derivatives (Cruise at 80 ft/s): 

The longitudinal and lateral/directional control derivatives were also calculated 

using AAA software. They were calculated during the cruise stage of the airplane with 

no rudder, elevator, or aileron deflection. 

Table 10. Longitudinal Control Derivatives 

 

Table 11. Lateral/Directional Control Derivatives 

 

Table 9. Lateral/Directional Stability Derivatives 
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Flight Dynamics (Cruise at 80 ft/s) 

 
The time history plot and bode plots were obtained by using Matlab. 

 

 
Figure 7. Response to +1 deg. step elevator input 

 

Figure 7 shows that the axial velocity, normal velocity, pitch rate, and angle of attack 

dampen back to zero after a +1 degree elevator step input. The axial velocity slightly oscillates 

and stabilizes after 30 seconds. The normal velocity oscillates and stabilizes quickly at around 5 

seconds. Pitch rate and angle of attack oscillate after the 1 degree elevator step input and 

stabilize after 25 seconds. All the graphs settle back to the initial condition. 
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Figure 8. u/de 

Figure 8 shows the phugoid mode with a magnitude of about 113 abs which translates to 

approximately 2 feet per second per degree. This occurs around .065 Hz. The graph begins at 

360 degrees out of which is believed to be equivalent to 0 degrees (in-phase). There is a phase of 

300 degrees at this location which is also equivalent to -60 degrees. There is no response after 

the short period mode. 

 

 
Figure 9. Alpha/de 
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Figure 9 shows the phugoid mode with a magnitude of about -.185 degrees AOA per 

degrees elevator deflection. This occurs around .0058 Hz. The phase begins at 180 due to a sign 

shift. The short period mode is located at -.208 degree per degree at a frequency of .835 Hz. 

There is no response after the short period mode. 
 

 

 
 

 
Figure 10. Theta/de 

 

Figure 10 shows the phugoid mode with a magnitude of about -1 degree per degree. This 

occurs around .0728 hz. The phase also begins at 180 due to a sign shift. The short period mode 

is located at -.2 degree per degree at a frequency of .831 Hz. There is no response after the short 

period mode. 
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Figure 11. beta/da 

Figure 11 shows that the dutch roll occurs around .705 Hz. There is no response after 

the dutch roll. 
 

 
Figure 12. phi/da 

Figure 12 shows that there is not a lot of bank at the dutch roll. There is no response 

afterwards. 
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Figure 13.beta/dr 

Figure 13 shows that there is no response after the dutch roll. The phase starts at 180 

degrees because beta goes the other way due to a spiral response. 

 

 
 

 
Figure 14. phi/dr 
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Figure 15. psi/dr 

 

Figure 14 and 15 also show that there is also no response after the dutch roll. 
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Weight and Balance 

 

Tables 12 and 13 show the weight and location of each component. The center of gravity 

was then calculated. The CG slightly moves back without the rocket since the CG of the rocket is 

slightly forward of the CG of the plane. As there is no active fuel consumption aboard this 

aircraft, the weight sensitivity ends up being binary: loaded with the rocket, and without. The 

moment of inertias with both the load and unloaded configurations is shown in table 14. 

 

Table 12. Weight and Balance (Loaded) 
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Structural Concepts

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Primary structural element identification 

Carbon fiber composites will be used to manufacture all of the plane’s structures. All of 

the parts of the aircraft (fuselage, horizontal & vertical stabilizers, and the wing) will be hollow 

shells made from alternating layers of 2K plain and 12K twill carbon fiber. The omission of 

separate supporting structures (I-beams in the wings and support beams in the fuselage) allows 

for a lower empty weight. This reduction in structural integrity will be compensated for by 

adding additional plies of the previously-mentioned material in the aircraft’s structure. With the 

above in mind, the primary structural elements of the aircraft are: 

Table 13. Weight and Balance (Unloaded) 

Table 9. Moments of Inertia 
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A. Fuselage 

 

B. Wing 

 

C. Horizontal Stabilizer 

 

D. Vertical Stabilizer 

 

E. Landing Gear Support 

 

Attachments 

The only external attachments are the 2-piece telescopic rail, Aerobee rocket, and the 

safety pin. 

All of the above-mentioned components are store-bought. The structural integrity of the 

rocket’s design has been proven in previous launches. The ejection and guiding capabilities of 

the telescopic rail will be tested under a 3g loading with the rocket attached. This is to ensure 

that the rail is capable of guiding the rocket away from the plane in case unknown anomalies 

cause the rocket motor to ignite before the airplane is in its launch attitude. 

The safety pin will be modified to break under any force larger than 15 lbs. This is to 

allow for the rocket to fly away from the plane in case a situation similar to that explained in the 

previous paragraph develops. 

 

Preliminary layout 

Figures 16 shows the preliminary layout of the aircraft with the rocket attached. The 

placement of the rocket down the centerline of the fuselage makes the use of a singular “nose” 

landing gear impractical. Therefore, it was decided to use a main gear setup for the front of the 

aircraft as well as the back. This added extra weight to the aircraft and has presented some 

difficulties with providing a steering mechanism, but it has been the only solution to the nose 

gear problem. 
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Figure 16. Preliminary Layout 

 

CFD Simulation 

Recent research in air-launching rockets has been analyzed through computational fluid 

dynamics (CFD) to develop an optimum rocket system. Noh
 
has demonstrated that rocket design 

requires sophisticated CFD and finite element method (FEM) analysis to study, understand, and 

predict the aerodynamic and structural behavior of the rocket during the pull-up maneuver.   Their   

research   demonstrates   the   comparison   of   pressure   coefficient through experimental, Euler, 

and Navier Stokes equations. Further, the coefficient of lift and drag are determined. Mahmood 

performed a similar analysis where the entire vehicle and stores are simulated before and after 

deployment. A 3-D Euler solution is analyzed under a chimera based mesh  technique  between  

the  major  and  minor  grids  for  a  delta  wing  shaped  aircraft under transonic flow and is 
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compared to experimental aerodynamic forces, moment, and pressure coefficients. To expand the 

study, the same article investigates a 6-degree of freedom dynamic analysis to simulate the Euler 

angles and Euler rates before and after deployment. Likewise, Freeman investigates the use of CFD 

on various aircraft/store carriage systems for weapons integration to develop separation 

characteristics, changes in aerodynamic properties, and performance characteristics to optimize the 

systems ground and flight characteristics. Therefore, leading to a viable certification on the 

aircraft/store combination and relieve the expense of actual flight-testing. On the other hand, Woo 

Lee investigates a preliminary design of a hybrid air-launching rocket for Nanosat capabilities. In 

this article, mission and trajectory optimization routines are performed on the rocket to successfully 

accomplish its mission. Woo also demonstrates the three stage design of the rocket and its winged 

profile, followed by the optimized mission plan upon deploying from an aircraft. One of the most 

important requirements for carrying out a CFD simulation is mesh generation. Obtaining a 

completely mesh independent solution can be expensive and time consuming, especially for 

unusual geometric shapes. To be able to accurately resolve the fluid flow around a vehicle, a fine 

mesh is required. However to reduce computational time and memory a strategy must be employed 

to refine the mesh only in particular areas within the flow domain. This is accomplished through a 

reduction of the number of cells, while still maintaining similar results, difference in drag less than 

5%. 

Simulation Method 

Grid Type 
The grid being used can be seen in figure 17 and figure 18. The grids are 3-D, structured 

trimmer grids, or an “adaptive mesh”. The term adaptive mesh is used to signify where more 

accurate and precise results should be accounted for. Under this method, adaptive mesh allows 

for complete control of grid resolution as compared to a fixed resolution. This process works 
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well for complex designs. If going from trimmer to polyhedral mesh, more computational effort 

is required, thus this option is not suitable for the analysis of the aircraft. Trimmer mesh is much 

easier to work with considering the type of analysis. In order to take advantage of this scheme, 

the grids were designed on a CFD program called STAR-CCM+.   

 

 
Figure 17. Top View of Mesh 

A segregated solver is a solution algorithm where the governing equations are solved separately 

from one another. Due to the governing non-linear coupled equations, several iterations of the 

solution must take place before the solution has converged. Coupled solvers take into account the 

equations of continuity, momentum, energy, and species simultaneously. Therefore, a segregated 

solver works well for incompressible flow models where the coupled solver is not necessary for 

the desired accuracy. 

To simplify the analysis, the propellers of the plane were removed from the CFD model to 

prevent any disturbance of the airflow. The remaining model of the aircraft was left intact with a 

very refined mesh. Also, due to the lack of computational power, a deployment of the rocket could 

not be established for this current work. More detail about this will be discussed in Future Work. 

The plane has a 10 ft. wingspan, with the mesh on the wing refined to 2mm. To ensure grid 

independence, multiple grids were made. All of the main simulations were done at 5.7 million 
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cells. An additional simulation was done at 11.6 million cells. That simulation also included 

volumetric controls for vortex capture, and trailing edge refinements. The results between the two 

grids were similar to within 1 percent. Therefore, the results that are shown are grid independent. 

 

 

 
Figure 18. Mesh of the Model 

 

CFD Solver Approach 
The CFD solver used a 3-D dimensional, segregated, steady state, incompressible y+- hybrid 

model, with a K-epsilon model to solve for turbulence, this option works exceptionally well with 

geometries at low Reynolds numbers. The boundary conditions were as follows: the plane and 

rocket were put into a box with symmetry planes as the boundaries. The inlet was a stagnation 

inlet. The outlet was a velocity outlet, and the walls were left default, with no slip condition. A 

prism layer was created. It utilized a 20-prism layer mesh to capture the boundary layer, with a 

stretching ratio of 1.5 at an absolute thickness of 4 mm. All of this was done at a density of 

1.18415 kg/m
3
, a free-stream velocity of 22.8 m/sec, and a reference area of 10 ft

2
. 

Post Processing 
For these simulations, the coefficient of lift and drag, along with the force values of lift and drag 

will be determined for α = -5, 0, 5, 10, and 15. Furthermore, plots of the flow velocity around the 

plane and rocket will be found as well. 
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Results 

The following table represents the lift and drag characteristics of the airplane alongside with 

their non-dimensional form. As shown in the table, a sweep from -5 degrees to 15 degrees angle 

of attack demonstrates an increase in lift and drag, as shown in Table 4. Figure 5 illustrates an 

overall graph of cl and cd versus angle of attack. Figure 7 illustrates the total pressure over the 

entire surface of the model. Lastly, the Appendix holds Figures 8-13, which represent lift and drag 

vs. angle of attack and velocity gradient over the aircraft at varying angle of attacks. 

 
Table 15. CFD Results 

Α Cl CD L (N) D (N) 

-5 0.0831 0.139 23.78 39.85 
0 .8332 .1092 238.24 31.21 

5 1.49 .147 427.5 42 

10 2.02 .237 578.8 67.7 

15 2.38 .37 682.9 105.9 

 
Figure 19. CL and CD vs AOA 
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Figure 20. Total Pressure over the Surface of the Model 

Wind Tunnel Data 

The test section of the wind tunnel at San Jose State University was too small to allow for flow 

matching of a complete, scaled model. Testing a model inside this test section would require a free-

stream velocity of over 200 mph, which is beyond the capabilities of the wind tunnel.  

The CFD DATA show that the current aircraft configuration develops too much drag. 

Therefore, a redesign of the system is currently underway (See Figure 21 below). This new 

configuration uses one piece for the fuselage and the rocket hard point and allows for the carrying 

on the rocket on the top-side of the aircraft. This will allow for the use of smaller, retractable 

landing gear that will have a considerable impact on the weight and drag of the aircraft. In addition, 

a 3-D CFD analysis of before and after deployment will be performed. 
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Figure 21.New Configuration 

 

Conclusion 

Overall, using STAR-CCM+ proved to be a very beneficial tool in analyzing the aerodynamic 

characteristics of the Air-Launch vehicle. From this experiment, certain changes will be made to 

the design of the aircraft since it did not meet the required L/D criteria.  

Additionally, an overset mesh can be used to model the separation of the rocket from the 

aircraft. These results can be incorporated into a thermal plume study to investigate any 

complication that may occur at separation. 

Final Design 
Following the results of the CFD analysis, a major redesign was performed. The following 

sections will explain the redesign process and will present the end product. 

 

Wing Design 

Airfoil Selection: Wind Tunnel Testing 

The original airfoil was replaced by one with a higher lift coefficient. The CH-10-48-13 

provides higher lift at lower drag. To confirm the performance of the wing with the new airfoil, a 

scaled model was 3D printed (figure 22) and tested in the wind tunnel at the aerodynamics lab at 

San Jose State University. Table 16 shows a summary of the test results. The RAW data for the 
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test can be found in APPENDIX D. 

 
Figure 22. CH-10-48-13 Wing inside SJSU's Wind Tunnel 

The sea-level Reynolds number of the prototype was calculated to be 518,000 during cruise.  

Consequently, the scaled chord length required for the wing model to achieve flow similarity 

in the wind tunnel was calculated to be 0.17 m. This scale provided flow similarity while the wind 

tunnel maintained a freestream velocity of at 44.7 m/s (100 mph). 

 

𝑅𝑒𝑃𝑟𝑜𝑡𝑜𝑡𝑦𝑝𝑒 =
𝜌 ∗ 𝑉∞ ∗ 𝐶

µ
=  

1.225 ∗ 24.38 ∗ 0.3048

1.789 ∗ 10−5
~518,000 

 
 

𝑅𝑒𝑚𝑜𝑑𝑒𝑙 = 518,000 =  
1.225 ∗ 44.7 ∗ 𝐶𝑚𝑜𝑑𝑒𝑙

1.789 ∗ 10−5
 => 𝐶𝑚𝑜𝑑𝑒𝑙 =  0.17 𝑚 

 
Table 16. Wind Tunnel Test Results of the CH-10-48-13 Wing 

AOA -8 -6 

 CL -0.037 CL 0.088 

 CD 0.096 CD 0.099 

AOA -4 -2 

 CL 0.582 CL 0.906 

 CD 0.065 CD 0.062 

AOA 0 2 

 CL 0.979 CL 1.232 

 CD 0.074 CD 0.094 
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AOA 4 6 

 CL 1.455 CL 1.685 

 CD 0.117 CD 0.157 

AOA 8 10 

 CL 1.866 CL 1.956 

 CD 0.189 CD 0.224 

AOA 12   

 CL 2.073   

 CD 0.255   

 
 
 

 
Figure 23. Wing Test: Wind Tunnel DATA 

 

Rocket Position 

Mounting the rocket on top of the aircraft allowed for the omission of the rocket adaptor 

piece used in the preliminary design. This resulted in better drag characteristics and enabled the 

use of smaller and lighter landing gear. The landing gear configuration was also changed to that of 

a conventional tricycle scheme. The fixed landing gear is still not optimal from an aerodynamics 
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standpoint, however it does result in a considerably cheaper and simpler system.  

Lateral Stability: Wing Dihedral 

Lateral control is provided through the use of ailerons. The ailerons were sized according to 

the sizing method laid out in Raymer’s Aircraft Design book. The hinge line for the ailerons is 

place 20% behind the leading edge of the control surfaces in order to provide some mass-

balancing in the event of strong tail winds or other flutter-inducing phenomena. 

 

The top-mounted rocket dictated a low-mounted wing. This resulted in a need for some 

added dihedral in order to ensure roll stability which is crucial during the aiming maneuver. The 

total amount of dihedral required to provide for a stable platform was calculated to be 

approximately 6o.  

 

However, instead of building the entire wing with a constant 60 dihedral angle, the wing 

was given a polyhedral: of the 10 feet of the wing span, the inboard 8 feet maintain a 0 degree 

dihedral and the last 1 foot of each wing tip is given a 20o dihedral angle which results in a total 

dihedral angle of 6o for the entire wing. 

 

The polyhedral design was utilized in order to ensure manufacturing simplicity. The most 

common method of manufacturing ribs for RC aircraft is laser cutting. Since laser cutters are 2-

axis machines, they cannot cut diagonal holes for wing spars. The polyhedral wing will allow for 

manufacturing most of the ribs conventionally. Two “adaptor” ribs will have to be 3D printed to 

allow for connecting the tips of the wings (with dihedral) to the rest of the wing.   
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Figure 24. Isometric View of the CH-10-48-13 wing with integrated nacelles and polyhedral tips 

 

 

Engine Placement 

New nacelles were designed in order to allow for the engines to be integrated into the wing. 

Integrating the nacelles into the wing provides extra drag reduction, but does bring about the 

potential problem of engine overheat. The nacelles are designed with ducting to allow for air flow 

around the motor, however performance testing is require to ensure that the engines will not 

overheat during flight. The new, integrated nacelles design necessitates the utilization of 

3Dprinting, since there is no other cheap, clean means of fabricating this set up. 

 
Figure 25. Wing-Integrated Engine Nacelle 
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Fuselage Design  

12 inch sections of tube mailers were attached to each other using epoxy to manufacture the 

fuselage of the aircraft. The sections were then reinforced with a top and bottom fiber glass keel. 

This resulted in a very light and strong fuselage tube. The fuselage length was also extended in 

order to allow for a longer moment arm for the elevator and rudders. This elongation also allowed 

for the rocket exhaust to be placed farther away from the empennage. This extra distance (and 

significantly reduces heating) enables the use of conventional (cheap) material to fabricate the 

empennage (mainly balsa wood and monolite covering). The downside to extending the fuselage 

a shift in the CG position towards the aft of the plane. This was remedied by adding a 2 pounds of 

ballast to the nose of the aircraft. While not elegant, this solution is cheap and simple to implement. 

This 2 lb ballast can also be replaced by a third battery in order to provide extended mission time. 

The fuselage was tested in a cantilevered configuration with a point load of 75 lbf. No 

noticeable deformation or failures were observed in the fuselage structure.  

The nosecone is a plastic, four-to-one, 4” rocket nosecone. It is readily available for purchase 

and requires no additional modifications before integration. 

 
Figure 26. Fuselage 

Empennage Design 

 

An H-tail configuration was selected in order to place the vertical stabilizers away from the 

extremely hot exhaust of the rocket. The extension of the fuselage resulted in a reduction in size for 
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the horizontal stabilizer and elevators. The elevator and rudder hinge lines were placed at 0.2*c 

behind the leading edge of the control surfaces in order to provide some mass balancing. 

 

Landing Gear Design 

A conventional, tricycle landing gear scheme was adapted in order to keep the cost down and 

maintain simplicity of design. The nose and main gears can be bought and do not require any 

fabrication. Drop testing was done on the landing gear. The landing gears were mounted onto the 

fuselage. The fuselage was loaded to its takeoff weight (while maintaining the CG position in the 

“flight” position). The setup was lifted 18 inches into the air and then dropped. Minor bouncing 

was observed, but no tendency to tip over or physical damage was observed. 

 

Wireless Ignition System 

The remote ignition system consists of two sub-systems: transmitter, receiver, and ignition 

system. 

The RF receiver and transmitter were purchased as a pair. The unmodified system has a 200-

meter range. The transmitter is powered by a coin cell, lithium battery.  The receiver is wired to an 

electric igniter which will ignite the rocket motor upon receiving the launch command. 

The igniter subsystem onboard the aircraft is powered by two 9-volt batteries. The batteries are 

connected in parallel. Upon closing the circuit, they will put out 9 volts at 6 amps (54 watts of 

power) which will cause the electric igniter inside the rocket motor to ignite. This will start the 

rocket motor and launch the rocket. The receiver itself is powered using 4 AA batteries.  

To insure safe operation of the system, a safety switch is integrated into the receiver which will 

inhibit launch unless a redundant command is issued by an independent source from the ground 

(the launch commander) after the pilot has issued initial launch command.  

The launch sequence consists of the pilot putting the launch system in the desired attitude (pitch 
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angle of ~90o), stabilizing the aircraft and issuing the initial launch command. Once the situation is 

deemed safe and stable, the launch commander will issue the second (final) launch command at 

which point the motor will ignite and the rocket will launch from the aircraft. 

A link to the ignition system’s test video can be found in APPENDIX G. 

 
Figure 27. Receiver 

 
Figure 28. Receiver on and in Safe Mode (Green Light) 

Rocket Design 

The Rocket’s main body is constructed from 3” tube mailer sections. The fins are laser cut from 

1/8” birch plywood. These fins are then reinforced with one layer of fiberglass and epoxy resin on 

each side. The rocket motor is held in place by a steel motor casing and the motor’s thrust is 

transferred to the structure through the same motor casing. The entire motor is held inside the 



47 

 

rocket’s body using a simple rocket retainer. All components of the rocket system can be bought 

online. The parachute ejection is controlled and initiated by the use of a barometric altimeter. The 

altimeter ignites an ejection charge which detaches the two halves of the rocket after apogee is 

reached. The parachute is then ejected and deployed enabling a soft landing.  Figure 29 shows the 

dimensions of the rocket. 

 

 
Figure 29. Rocket Dimensions 

 

 
Figure 30. Rocket Components 

 

Rocket Testing  
The rocket was launched (from the ground) using a solid I-540 motor. Information regarding 

the rocket motor can be found in APPENDIX F.  Atmospheric pressure and flight time were 

recorded at a frequency of 5 Hz. Processing the data (found in APPENDIX E) resulted in the 

following altitude vs time graph. The data revealed the maximum altitude of the rocket (when 

launched from the ground) to be 1168.87 meters. Maximum altitude was reached in 13.4 
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seconds resulting in an average velocity of 87.23 m/s.  

 
Figure 31. Ground Launch Data (I-540 Motor) 

 

Final Design 

 

 
Figure 32. Front View 
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Figure 33. Isometric View 

 
Figure 34. Side View
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Appendix A: Pegasus Launch System: Fact Sheet 
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Appendix B: Strato-Launch System: Fact Sheet 
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Appendix C: CFD Results 

 
Figure 7 Lift and Drag vs AoA 

 

 

 
Figure 8 Velocity Gradient at -5 deg AoA 

 

 

 
Figure 9 Velocity Gradient at 0 AoA 
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Figure 10 Velocity Gradient at 5 deg AoA 

 

 
Figure 11 Velocity Gradient at 10 deg AoA 

 

 
Figure 12 Velocity Gradient at 15 deg AoA 
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Appendix D: Wind Tunnel Testing RAW Data 
Orientation Notes  q V_ref NF/SF AF/AF2 Rho AOA 

   [Pa] [m/s] [N] [N] [Kg/m3] [deg] 

Normal   1522.584 49.62144 13.38914 1.645841 1.236723 0 

Normal   1493.856 49.1744 13.745 1.779288 1.235551 0 

Normal   1498.644 49.62144 13.52259 2.046181 1.217278 0 

Normal   1489.068 49.1744 13.78948 1.556877 1.231591 0 

Normal   1503.432 49.62144 13.61155 1.957217 1.221167 0 

Normal   1498.644 49.62144 13.78948 1.779288 1.217278 0 

Normal   1474.704 49.1744 13.2557 1.512395 1.21971 0 

Normal   1493.856 49.1744 13.47811 1.690324 1.235551 0 

Normal   1503.432 49.62144 13.56707 1.912735 1.221167 0 

Normal   1465.128 48.72736 13.78948 1.734806 1.234127 0 

Normal   1522.584 50.06848 13.30018 1.467913 1.214738 0 

Normal   1460.34 48.72736 13.34466 1.512395 1.230094 0 

Normal   1517.796 49.62144 13.21121 1.779288 1.232834 0 

Normal   1484.28 49.1744 13.65604 1.957217 1.227631 0 

Normal   1517.796 49.62144 13.65604 1.467913 1.232834 0 

Normal   1474.704 49.1744 13.78948 2.090663 1.21971 0 

Normal   1503.432 49.62144 13.30018 1.779288 1.221167 0 

Normal   1508.22 49.62144 13.38914 1.82377 1.225056 0 

Normal   1479.492 49.1744 13.30018 1.690324 1.22367 0 

Normal   1503.432 49.62144 13.65604 1.734806 1.221167 0 

Normal   1498.644 49.62144 13.83396 1.601359 1.217278 0 

Normal   1493.856 49.62144 13.87845 1.734806 1.213389 0 

Normal   1536.948 50.06848 13.83396 1.82377 1.226197 0 

Normal   1474.704 49.1744 13.78948 1.601359 1.21971 0 

Normal   1503.432 49.62144 13.47811 1.734806 1.221167 0 

         

Orientation Notes  q V_ref NF/SF AF/AF2 Rho AOA 

   [Pa] [m/s] [N] [N] [Kg/m3] [deg] 

Normal   1445.976 48.72736 16.59186 1.467913 1.217994 2.1 

Normal   1484.28 49.1744 17.08116 1.734806 1.227631 2 

Normal   1455.552 48.72736 16.68083 2.268592 1.226061 2.1 

Normal   1484.28 49.1744 16.59186 1.289984 1.227631 2 

Normal   1460.34 48.72736 16.76979 1.779288 1.230094 2.1 

Normal   1493.856 49.1744 16.68083 1.023091 1.235551 2 

Normal   1484.28 49.1744 16.9922 1.868252 1.227631 2 

Normal   1493.856 49.1744 17.17013 1.334466 1.235551 2 

Normal   1498.644 49.62144 17.17013 1.868252 1.217278 2.1 

Normal   1474.704 49.1744 16.90324 1.690324 1.21971 2 

Normal   1469.916 49.1744 16.9922 1.868252 1.21575 2 

Normal   1484.28 49.1744 16.76979 1.289984 1.227631 2 

Normal   1493.856 49.1744 17.17013 1.645841 1.235551 2 

Normal   1465.128 48.72736 17.12565 1.512395 1.234127 2 
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Normal   1489.068 49.1744 17.34806 2.402039 1.231591 2 

Normal   1479.492 49.1744 17.43702 0.756197 1.22367 2 

Normal   1522.584 50.06848 17.21461 1.82377 1.214738 2 

Normal   1484.28 49.1744 17.17013 1.42343 1.227631 2 

Normal   1498.644 49.62144 17.03668 1.82377 1.217278 2 

Normal   1479.492 49.1744 16.94772 0.667233 1.22367 2 

Normal   1503.432 49.62144 16.9922 1.82377 1.221167 2 

Normal   1503.432 49.62144 17.08116 1.82377 1.221167 2 

Normal   1474.704 49.1744 16.90324 1.645841 1.21971 2 

Normal   1498.644 49.62144 17.08116 1.289984 1.217278 2 

Normal   1489.068 49.1744 17.17013 1.957217 1.231591 2 

         

Orientation Notes  q V_ref NF/SF AF/AF2 Rho AOA 

   [Pa] [m/s] [N] [N] [Kg/m3] [deg] 

Normal   1522.584 49.62144 21.21801 0.533786 1.236723 4 

Normal   1522.584 50.06848 20.41733 2.046181 1.214738 4 

Normal   1489.068 49.1744 19.88354 1.245502 1.231591 4 

Normal   1508.22 49.62144 20.19492 1.42343 1.225056 4 

Normal   1493.856 49.1744 19.97251 1.112055 1.235551 4 

Normal   1493.856 49.62144 20.19492 1.42343 1.213389 4 

Normal   1508.22 49.62144 19.88354 1.512395 1.225056 4 

Normal   1498.644 49.62144 20.95112 0.978608 1.217278 4 

Normal   1522.584 50.06848 20.10595 1.512395 1.214738 4 

Normal   1517.796 49.62144 20.90663 0.889644 1.232834 4 

Normal   1532.16 50.06848 20.77319 1.912735 1.222377 4 

Normal   1479.492 49.1744 20.90663 0.934126 1.22367 4 

Normal   1493.856 49.62144 20.32837 1.82377 1.213389 4 

Normal   1493.856 49.1744 20.59526 0.489304 1.235551 4 

Normal   1508.22 49.62144 20.86215 2.22411 1.225056 4 

Normal   1498.644 49.62144 20.32837 0.978608 1.217278 4 

Normal   1503.432 49.62144 20.37285 1.690324 1.221167 4 

Normal   1474.704 49.1744 19.97251 1.556877 1.21971 4 

Normal   1522.584 49.62144 20.46181 1.556877 1.236723 4 

Normal   1503.432 49.62144 19.88354 1.512395 1.221167 4 

Normal   1474.704 49.1744 20.19492 1.112055 1.21971 4 

Normal   1532.16 50.06848 19.97251 1.734806 1.222377 4 

Normal   1489.068 49.1744 20.68422 1.156537 1.231591 4 

Normal   1465.128 48.72736 20.10595 1.957217 1.234127 4 

Normal   1522.584 50.06848 20.81767 0.40034 1.214738 4 

         

Orientation Notes  q V_ref NF/SF AF/AF2 Rho AOA 

   [Pa] [m/s] [N] [N] [Kg/m3] [deg] 

Normal   1474.704 49.1744 23.30867 1.645841 1.21971 6 

Normal   1479.492 49.1744 23.97591 0.489304 1.22367 6 

Normal   1489.068 49.1744 23.70901 1.156537 1.231591 6 
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Normal   1508.22 49.62144 23.70901 1.112055 1.225056 6 

Normal   1479.492 49.1744 23.66453 2.22411 1.22367 6 

Normal   1503.432 49.62144 23.62005 0.444822 1.221167 6 

Normal   1527.372 50.06848 24.15383 1.201019 1.218557 6 

Normal   1445.976 48.72736 23.13074 1.467913 1.217994 6 

Normal   1532.16 50.06848 23.35316 1.467913 1.222377 6 

Normal   1517.796 49.62144 23.13074 1.690324 1.232834 6 

Normal   1508.22 49.62144 24.02039 0.756197 1.225056 6 

Normal   1517.796 49.62144 23.84246 1.334466 1.232834 6 

Normal   1503.432 49.62144 24.50969 0.80068 1.221167 6 

Normal   1546.524 50.06848 24.64314 2.001699 1.233837 6 

Normal   1489.068 49.1744 24.42073 0.934126 1.231591 6 

Normal   1556.1 50.51552 24.55417 2.090663 1.219601 6 

Normal   1508.22 49.62144 23.79798 0.934126 1.225056 6 

Normal   1493.856 49.62144 23.70901 1.734806 1.213389 6 

Normal   1532.16 50.06848 23.13074 1.067573 1.222377 6 

Normal   1541.736 50.06848 23.79798 0.978608 1.230017 6 

Normal   1536.948 50.06848 23.4866 0.978608 1.226197 6 

Normal   1560.888 50.51552 24.28728 0.80068 1.223354 6 

Normal   1532.16 50.06848 23.97591 1.868252 1.222377 6 

Normal   1508.22 49.62144 24.33176 0.355858 1.225056 6 

Normal   1527.372 50.06848 24.42073 1.82377 1.218557 6 

         

Orientation Notes  q V_ref NF/SF AF/AF2 Rho AOA 

   [Pa] [m/s] [N] [N] [Kg/m3] [deg] 

Normal   1522.584 49.62144 26.2445 0.711715 1.236723 8.1 

Normal   1460.34 48.72736 25.66623 1.023091 1.230094 8.1 

Normal   1503.432 49.62144 26.28898 0.088964 1.221167 8.1 

Normal   1498.644 49.62144 26.28898 1.201019 1.217278 8.1 

Normal   1489.068 49.1744 26.64484 0 1.231591 8.1 

Normal   1465.128 48.72736 26.37794 1.512395 1.234127 8.1 

Normal   1508.22 49.62144 26.33346 0.711715 1.225056 8.1 

Normal   1489.068 49.1744 26.33346 1.023091 1.231591 8.1 

Normal   1479.492 49.1744 26.28898 0.711715 1.22367 8.1 

Normal   1508.22 49.62144 26.28898 1.023091 1.225056 8.1 

Normal   1493.856 49.62144 25.75519 0.667233 1.213389 8.1 

Normal   1493.856 49.62144 26.06657 0.533786 1.213389 8.1 

Normal   1522.584 49.62144 25.9776 0.266893 1.236723 8.1 

Normal   1493.856 49.1744 26.33346 0.934126 1.235551 8.1 

Normal   1508.22 49.62144 25.79968 1.378948 1.225056 8.1 

Normal   1508.22 49.62144 26.77828 0.311375 1.225056 8.1 

Normal   1460.34 48.72736 26.46691 0.711715 1.230094 8.1 

Normal   1517.796 49.62144 27.0007 0.489304 1.232834 8.1 

Normal   1489.068 49.1744 26.51139 1.779288 1.231591 8.1 

Normal   1503.432 49.62144 26.15553 0.355858 1.221167 8.1 
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Normal   1498.644 49.62144 26.55587 1.245502 1.217278 8.1 

Normal   1493.856 49.1744 25.9776 0.311375 1.235551 8.1 

Normal   1517.796 49.62144 25.93312 0.533786 1.232834 8.1 

Normal   1527.372 50.06848 25.75519 0.355858 1.218557 8.1 

Normal   1479.492 49.1744 26.33346 1.201019 1.22367 8.1 

         

Orientation Notes  q V_ref NF/SF AF/AF2 Rho AOA 

   [Pa] [m/s] [N] [N] [Kg/m3] [deg] 

Normal   1479.492 49.1744 28.20171 0.40034 1.22367 10 

Normal   1493.856 49.62144 27.75689 1.156537 1.213389 10 

Normal   1532.16 50.06848 29.00239 -0.08896 1.222377 10 

Normal   1517.796 49.62144 27.75689 1.023091 1.232834 10 

Normal   1546.524 50.06848 28.11275 0.355858 1.233837 10 

Normal   1422.036 48.28032 27.93482 0.934126 1.220114 10 

Normal   1560.888 50.51552 27.44552 0.80068 1.223354 10 

Normal   1479.492 49.1744 28.11275 0.489304 1.22367 10 

Normal   1445.976 48.72736 27.57896 0.711715 1.217994 10 

Normal   1570.464 50.51552 27.71241 0.489304 1.230859 10 

Normal   1465.128 48.72736 26.95621 0.088964 1.234127 10 

Normal   1508.22 49.62144 27.44552 -0.13345 1.225056 10 

Normal   1493.856 49.62144 26.77828 0.845162 1.213389 10 

Normal   1508.22 49.62144 27.71241 -0.66723 1.225056 10 

Normal   1484.28 49.1744 27.93482 0.533786 1.227631 10 

Normal   1450.764 48.72736 26.91173 0.934126 1.222028 10 

Normal   1484.28 49.1744 27.75689 0.622751 1.227631 10 

Normal   1498.644 49.62144 27.93482 0.711715 1.217278 10 

Normal   1493.856 49.1744 27.53448 0.40034 1.235551 10 

Normal   1465.128 48.72736 27.17862 0.177929 1.234127 10 

Normal   1513.008 49.62144 27.35655 0.133447 1.228945 10 

Normal   1465.128 48.72736 27.13414 0.40034 1.234127 10 

Normal   1541.736 50.06848 27.57896 0 1.230017 10 

Normal   1508.22 49.62144 27.57896 1.467913 1.225056 10 

Normal   1513.008 49.62144 27.40104 0.222411 1.228945 10 

         

Orientation Notes  q V_ref NF/SF AF/AF2 Rho AOA 

   [Pa] [m/s] [N] [N] [Kg/m3] [deg] 

Normal   1479.492 49.1744 28.82447 -0.53379 1.22367 12 

Normal   1474.704 49.1744 30.02549 0.266893 1.21971 12 

Normal   1527.372 50.06848 28.95791 -0.04448 1.218557 12 

Normal   1493.856 49.1744 28.7355 -0.7562 1.235551 12 

Normal   1455.552 48.72736 28.15723 -0.13345 1.226061 12 

Normal   1536.948 50.06848 28.55757 0.489304 1.226197 12 

Normal   1484.28 49.1744 29.31377 -0.88964 1.227631 12 

Normal   1460.34 48.72736 28.69102 0 1.230094 12 

Normal   1469.916 49.1744 30.02549 0.222411 1.21575 12 



45  

Normal   1465.128 48.72736 30.11445 0.311375 1.234127 12 

Normal   1522.584 49.62144 29.84756 0.222411 1.236723 12 

Normal   1493.856 49.1744 29.84756 0.40034 1.235551 12 

Normal   1484.28 49.1744 29.66963 0.177929 1.227631 12 

Normal   1489.068 49.1744 29.09136 0.133447 1.231591 12 

Normal   1441.188 48.72736 28.86895 0.222411 1.213961 12 

Normal   1532.16 50.06848 28.86895 -0.35586 1.222377 12 

Normal   1460.34 48.72736 28.77998 -0.08896 1.230094 12 

Normal   1460.34 48.72736 29.31377 -0.66723 1.230094 12 

Normal   1532.16 50.06848 29.04688 0.489304 1.222377 12 

Normal   1498.644 49.62144 28.51309 0.177929 1.217278 12 

Normal   1455.552 48.72736 29.26929 -0.31138 1.226061 12 

Normal   1493.856 49.1744 28.60205 -0.04448 1.235551 12 

Normal   1522.584 49.62144 28.86895 0.177929 1.236723 12 

Normal   1469.916 49.1744 28.77998 -0.7562 1.21575 12 

Normal   1474.704 49.1744 30.2479 -0.84516 1.21971 12 

         

Orientation Notes  q V_ref NF/SF AF/AF2 Rho AOA 

   [Pa] [m/s] [N] [N] [Kg/m3] [deg] 

Normal   1474.704 49.1744 12.45502 2.357557 1.21971 -2 

Normal   1522.584 49.62144 12.67743 1.512395 1.236723 -2 

Normal   1493.856 49.1744 12.36605 1.957217 1.235551 -2 

Normal   1532.16 50.06848 12.18812 2.046181 1.222377 -2 

Normal   1450.764 48.72736 12.4995 2.135146 1.222028 -2 

Normal   1527.372 50.06848 12.27709 2.001699 1.218557 -2 

Normal   1513.008 49.62144 12.9888 1.645841 1.228945 -2 

Normal   1469.916 49.1744 12.27709 2.046181 1.21575 -2 

Normal   1493.856 49.62144 12.67743 1.556877 1.213389 -2 

Normal   1484.28 49.1744 12.41053 2.402039 1.227631 -2 

Normal   1527.372 50.06848 13.07777 1.512395 1.218557 -2 

Normal   1489.068 49.1744 12.63294 2.313074 1.231591 -2 

Normal   1469.916 49.1744 12.76639 1.467913 1.21575 -2 

Normal   1493.856 49.62144 12.41053 1.868252 1.213389 -2 

Normal   1532.16 50.06848 12.76639 1.779288 1.222377 -2 

Normal   1479.492 49.1744 12.54398 2.22411 1.22367 -2 

Normal   1503.432 49.62144 12.72191 1.734806 1.221167 -2 

Normal   1484.28 49.1744 12.4995 2.313074 1.227631 -2 

Normal   1498.644 49.62144 12.45502 1.289984 1.217278 -2 

Normal   1469.916 49.1744 12.27709 2.313074 1.21575 -2 

Normal   1513.008 49.62144 12.09916 1.42343 1.228945 -2 

Normal   1508.22 49.62144 12.41053 2.135146 1.225056 -2 

Normal   1460.34 48.72736 12.09916 1.556877 1.230094 -2 

Normal   1479.492 49.1744 12.23261 2.046181 1.22367 -2 

Normal   1493.856 49.1744 12.09916 1.601359 1.235551 -2 
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Orientation Notes  q V_ref NF/SF AF/AF2 Rho AOA 

   [Pa] [m/s] [N] [N] [Kg/m3] [deg] 

Normal   1498.644 49.62144 8.229207 2.135146 1.217278 -4 

Normal   1479.492 49.1744 8.051278 2.268592 1.22367 -4 

Normal   1479.492 49.1744 8.09576 1.868252 1.22367 -4 

Normal   1527.372 50.06848 7.873349 1.957217 1.218557 -4 

Normal   1503.432 49.62144 8.362654 2.001699 1.221167 -4 

Normal   1513.008 49.62144 7.873349 2.22411 1.228945 -4 

Normal   1484.28 49.1744 8.407136 2.046181 1.227631 -4 

Normal   1498.644 49.62144 7.161634 1.82377 1.217278 -4 

Normal   1522.584 49.62144 7.873349 2.090663 1.236723 -4 

Normal   1498.644 49.62144 8.273689 2.135146 1.217278 -4 

Normal   1489.068 49.1744 8.184725 2.179628 1.231591 -4 

Normal   1517.796 49.62144 8.051278 2.22411 1.232834 -4 

Normal   1513.008 49.62144 7.962314 2.268592 1.228945 -4 

Normal   1517.796 49.62144 7.917832 2.22411 1.232834 -4 

Normal   1522.584 49.62144 8.184725 1.779288 1.236723 -4 

Normal   1498.644 49.62144 7.695421 2.135146 1.217278 -4 

Normal   1484.28 49.1744 8.051278 2.313074 1.227631 -4 

Normal   1527.372 50.06848 7.650938 2.001699 1.218557 -4 

Normal   1503.432 49.62144 8.4961 2.491003 1.221167 -4 

Normal   1489.068 49.1744 7.962314 2.22411 1.231591 -4 

Normal   1503.432 49.62144 7.739903 2.046181 1.221167 -4 

Normal   1508.22 49.62144 7.650938 1.690324 1.225056 -4 

Normal   1498.644 49.62144 8.006796 2.22411 1.217278 -4 

Normal   1508.22 49.62144 7.784385 2.135146 1.225056 -4 

Normal   1498.644 49.62144 7.917832 2.135146 1.217278 -4 

         

Orientation Notes  q V_ref NF/SF AF/AF2 Rho AOA 

   [Pa] [m/s] [N] [N] [Kg/m3] [deg] 

Normal   1479.492 49.1744 0.133447 3.64754 1.22367 -6 

Normal   1489.068 49.1744 1.201019 2.446521 1.231591 -6 

Normal   1493.856 49.1744 1.156537 2.980307 1.235551 -6 

Normal   1493.856 49.62144 1.245502 1.645841 1.213389 -6 

Normal   1489.068 49.1744 0.845162 2.935825 1.231591 -6 

Normal   1508.22 49.62144 0.978608 2.179628 1.225056 -6 

Normal   1493.856 49.1744 0.133447 3.113754 1.235551 -6 

Normal   1474.704 49.1744 1.067573 2.268592 1.21971 -6 

Normal   1479.492 49.1744 0.266893 2.535485 1.22367 -6 

Normal   1503.432 49.62144 1.912735 1.112055 1.221167 -6 

Normal   1484.28 49.1744 1.42343 2.757896 1.227631 -6 

Normal   1484.28 49.1744 0.756197 1.067573 1.227631 -6 

Normal   1484.28 49.1744 0.889644 2.357557 1.227631 -6 

Normal   1479.492 49.1744 1.512395 1.734806 1.22367 -6 
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Normal   1508.22 49.62144 1.289984 2.446521 1.225056 -6 

Normal   1493.856 49.1744 1.289984 1.779288 1.235551 -6 

Normal   1450.764 48.72736 0.934126 2.668932 1.222028 -6 

Normal   1474.704 49.1744 1.067573 1.82377 1.21971 -6 

Normal   1489.068 49.1744 1.378948 3.113754 1.231591 -6 

Normal   1474.704 49.1744 1.201019 2.491003 1.21971 -6 

Normal   1479.492 49.1744 0.40034 2.846861 1.22367 -6 

Normal   1474.704 49.1744 1.334466 1.868252 1.21971 -6 

Normal   1493.856 49.62144 0.266893 3.158236 1.213389 -6 

Normal   1474.704 49.1744 0.711715 2.713414 1.21971 -6 

Normal   1493.856 49.1744 0.533786 3.113754 1.235551 -6 

         

Orientation Notes  q V_ref NF/SF AF/AF2 Rho AOA 

   [Pa] [m/s] [N] [N] [Kg/m3] [deg] 

Normal   1489.068 49.1744 -0.26689 2.535485 1.231591 -8 

Normal   1508.22 49.62144 -1.55688 2.001699 1.225056 -8 

Normal   1517.796 49.62144 -0.4893 2.22411 1.232834 -8 

Normal   1513.008 49.62144 -1.95722 2.491003 1.228945 -8 

Normal   1493.856 49.1744 -0.4893 3.202718 1.235551 -8 

Normal   1503.432 49.62144 -1.37895 2.357557 1.221167 -8 

Normal   1469.916 49.1744 -0.17793 1.512395 1.21575 -8 

Normal   1508.22 49.62144 -1.95722 1.957217 1.225056 -8 

Normal   1513.008 49.62144 0 1.82377 1.228945 -8 

Normal   1484.28 49.1744 -1.60136 2.535485 1.227631 -8 

Normal   1498.644 49.62144 -0.04448 1.378948 1.217278 -8 

Normal   1527.372 50.06848 0.489304 1.957217 1.218557 -8 

Normal   1508.22 49.62144 -1.64584 1.556877 1.225056 -8 

Normal   1489.068 49.1744 -0.57827 1.912735 1.231591 -8 

Normal   1513.008 49.62144 -0.44482 1.868252 1.228945 -8 

Normal   1489.068 49.1744 -0.88964 2.668932 1.231591 -8 

Normal   1489.068 49.1744 -0.08896 2.268592 1.231591 -8 

Normal   1479.492 49.1744 -1.73481 1.912735 1.22367 -8 

Normal   1465.128 48.72736 -0.31138 2.802379 1.234127 -8 

Normal   1513.008 49.62144 -0.35586 2.135146 1.228945 -8 

Normal   1484.28 49.1744 -1.69032 1.289984 1.227631 -8 

Normal   1484.28 49.1744 -0.80068 2.535485 1.227631 -8 

Normal   1498.644 49.62144 -0.71172 2.046181 1.217278 -8 

Normal   1498.644 49.62144 -1.33447 3.069272 1.217278 -8 

Normal   1465.128 48.72736 -0.4893 2.090663 1.234127 -8 
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Appendix E: Rocket Launch Raw Data 
Mission Time [s] Altitude [m] Mission Time [s] Altitude [m] Mission Time [s] Altitude [m] 

0 -0.84 8.4 1055.47 16.8 1132.7 

0.2 11.53 8.6 1064.67 17 1128.63 

0.4 26.97 8.8 1074.35 17.2 1124.76 

0.6 64.32 9 1082.62 17.4 1121.83 

0.8 118.76 9.2 1092.6 17.6 1119.56 

1 170.21 9.4 1099.29 17.8 1116.26 

1.2 182.35 9.6 1106.92 18 1114.84 

1.4 218.8 9.8 1113.62 18.2 1112.2 

1.6 263.96 10 1120.22 18.4 1106.17 

1.8 312.12 10.2 1126.46 18.6 1105.79 

2 360.24 10.4 1131.28 18.8 1103.24 

2.2 406.29 10.6 1137.9 19 1100.98 

2.4 448.39 10.8 1142.34 19.2 1098.63 

2.6 486.49 11 1145.84 19.4 1095.23 

2.8 522.68 11.2 1149.92 19.6 1092.69 

3 555.6 11.4 1153.99 19.8 1090.15 

3.2 586.39 11.6 1156.55 20 1087.42 

3.4 615.83 11.8 1159.77 20.2 1083.09 

3.6 643.01 12 1162.52 20.4 1078.77 

3.8 670.71 12.2 1163.85 20.6 1078.58 

4 694.51 12.4 1164.98 20.8 1075.94 

4.2 720.17 12.6 1166.41 21 1073.69 

4.4 742.26 12.8 1168.21 21.2 1071.71 

4.6 764.76 13 1168.4 21.4 1068.9 

4.8 786.12 13.2 1168.68 21.6 1066.92 

5 807.44 13.4 1168.87 21.8 1063.64 

5.2 826.96 13.6 1168.3 22 1059.79 

5.4 844.5 13.8 1168.4 22.2 1056.41 

5.6 863.82 14 1166.88 22.4 1054.25 

5.8 881.42 14.2 1166.31 22.6 1053.59 

6 898.59 14.4 1163.85 22.8 1053.41 

6.2 915.05 14.6 1162.99 23 1051.25 

6.4 930.61 14.8 1158.82 23.2 1049 

6.6 945.26 15 1153.51 23.4 1046.56 

6.8 962.45 15.2 1150.39 23.6 1046 

7 974.17 15.4 1151.53 23.8 1045.16 

7.2 987.58 15.6 1151.53 24 1043.84 

7.4 1000.27 15.8 1148.4 24.2 1039.81 

7.6 1012.12 16 1137.23 24.4 1037.38 

7.8 1024.18 16.2 1141.3 24.6 1036.26 

8 1034.94 16.4 1136.67 24.8 1036.44 

8.2 1045.25 16.6 1136.76 25 1036.63 
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Mission Time [s] Altitude [m] Mission Time [s] Altitude [m] Mission Time [s] Altitude [m] 

25.2 1034.57 33.8 976.5 42.4 910.89 

25.4 1035.13 34 973.71 42.6 910.33 

25.6 1033.54 34.2 971.38 42.8 908.76 

25.8 1032.79 34.4 968.59 43 907.47 

26 1032.51 34.6 965.43 43.2 905.99 

26.2 1030.17 34.8 966.91 43.4 904.42 

26.4 1027.08 35 964.03 43.6 903.58 

26.6 1024.93 35.2 962.64 43.8 900.53 

26.8 1023.34 35.4 962.91 44 901.18 

27 1024.65 35.6 960.68 44.2 899.05 

27.2 1023.43 35.8 959.94 44.4 897.21 

27.4 1021.94 36 957.52 44.6 896.84 

27.6 1018.95 36.2 955.57 44.8 894.71 

27.8 1017.73 36.4 953.81 45 892.22 

28 1016.05 36.6 952.23 45.2 891.11 

28.2 1011.75 36.8 948.42 45.4 888.9 

28.4 1010.07 37 947.86 45.6 885.67 

28.6 1011.56 37.2 948.33 45.8 884.56 

28.8 1009.23 37.4 944.24 46 884.93 

29 1009.04 37.6 941.83 46.2 883.82 

29.2 1008.57 37.8 941 46.4 882.53 

29.4 1006.15 38 940.72 46.6 880.96 

29.6 1004 38.2 939.6 46.8 880.5 

29.8 1002.41 38.4 938.49 47 879.02 

30 1002.6 38.6 937.66 47.2 876.81 

30.2 1001.01 38.8 936.45 47.4 874.97 

30.4 999.52 39 933.85 47.6 873.49 

30.6 998.59 39.2 932.28 47.8 870.36 

30.8 997.37 39.4 931.54 48 869.16 

31 995.23 39.6 930.98 48.2 868.24 

31.2 993.92 39.8 930.24 48.4 866.49 

31.4 991.5 40 928.85 48.6 865.85 

31.6 991.12 40.2 926.81 48.8 864.92 

31.8 989.26 40.4 924.77 49 863.08 

32 987.58 40.6 923.01 49.2 862.99 

32.2 985.91 40.8 921.9 49.4 860.04 

32.4 984.32 41 920.61 49.6 858.11 

32.6 983.3 41.2 919.49 49.8 857.1 

32.8 980.13 41.4 918.29 50 854.52 

33 976.87 41.6 916.72 50.2 853.7 

33.2 977.52 41.8 916.25 50.4 852.87 

33.4 976.87 42 914.4 50.6 850.38 
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Mission Time [s] Altitude [m] Mission Time [s] Altitude [m] Mission Time [s] Altitude [m] 

33.6 976.41 42.2 912.92 50.8 848.55 

51 847.44 59.2 788.59 67.4 733.8 

51.2 846.06 59.4 787.13 67.6 732.26 

51.4 844.78 59.6 785.76 67.8 731.8 

51.6 844.04 59.8 784.84 68 730.8 

51.8 841.93 60 783.29 68.2 728.71 

52 840.46 60.2 782.74 68.4 727.71 

52.2 838.99 60.4 782.47 68.6 725.89 

52.4 837.7 60.6 779.27 68.8 724.8 

52.6 835.96 60.8 778.27 69 723.62 

52.8 834.21 61 776.71 69.2 721.35 

53 832.56 61.2 775.53 69.4 719.9 

53.2 830.45 61.4 774.43 69.6 719.99 

53.4 827.97 61.6 772.7 69.8 719.17 

53.6 827.42 61.8 772.06 70 717.81 

53.8 826.41 62 770.51 70.2 715.36 

54 825.59 62.2 769.05 70.4 714.64 

54.2 823.11 62.4 767.5 70.6 713.09 

54.4 821.92 62.6 766.31 70.8 712.64 

54.6 819.44 62.8 764.49 71 710.19 

54.8 818.34 63 763.03 71.2 709.83 

55 817.7 63.2 762.39 71.4 707.56 

55.2 816.69 63.4 760.66 71.6 707.11 

55.4 815.87 63.6 759.66 71.8 705.75 

55.6 814.12 63.8 758.47 72 704.57 

55.8 811.93 64 756.1 72.2 701.94 

56 810.46 64.2 755.46 72.4 701.12 

56.2 809.82 64.4 754.64 72.6 699.94 

56.4 806.98 64.6 752.91 72.8 698.13 

56.6 805.79 64.8 751 73 696.77 

56.8 803.96 65 749.27 73.2 695.96 

57 802.68 65.2 747.09 73.4 693.69 

57.2 801.85 65.4 745.9 73.6 692.79 

57.4 800.21 65.6 745.9 73.8 691.61 

57.6 798.93 65.8 745.08 74 691.07 

57.8 798.19 66 743.08 74.2 689.08 

58 796.36 66.2 741.62 74.4 688.53 

58.2 795.36 66.4 739.71 74.6 686.45 

58.4 792.34 66.6 738.8 74.8 684.73 

58.6 791.15 66.8 737.35 75 685.09 

58.8 790.6 67 736.07 75.2 683.19 

59 789.05 67.2 734.53 75.4 681.84 
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Mission Time 

[s] 

Altitude 

[m] 

Mission Time 

[s] 

Altitude 

[m] 

Mission Time 

[s] 

Altitude 

[m] 

75.6 679.84 84 628.51 92.4 577.07 

75.8 678.4 84.2 627.88 92.6 575.37 

76 677.31 84.4 626.53 92.8 574.47 

76.2 675.78 84.6 625.63 93 572.33 

76.4 674.96 84.8 624.73 93.2 570.45 

76.6 673.24 85 622.48 93.4 570.18 

76.8 671.8 85.2 621.67 93.6 568.03 

77 670.8 85.4 620.5 93.8 566.6 

77.2 668.91 85.6 619.24 94 566.33 

77.4 668.18 85.8 616.91 94.2 564.81 

77.6 667.19 86 616.73 94.4 563.02 

77.8 664.21 86.2 615.92 94.6 561.23 

78 664.12 86.4 614.75 94.8 559.18 

78.2 662.95 86.6 612.68 95 558.82 

78.4 661.32 86.8 610.98 95.2 556.94 

78.6 660.06 87 610.35 95.4 555.96 

78.8 658.97 87.2 608.28 95.6 554.8 

79 657.17 87.4 606.48 95.8 553.64 

79.2 656.81 87.6 605.95 96 552.3 

79.4 654.73 87.8 605.77 96.2 551.05 

79.6 652.3 88 603.25 96.4 548.9 

79.8 650.49 88.2 602.53 96.6 549.08 

80 651.49 88.4 601.55 96.8 546.67 

80.2 650.67 88.6 600.74 97 546.4 

80.4 649.95 88.8 599.48 97.2 544.53 

80.6 648.87 89 598.58 97.4 543.99 

80.8 647.52 89.2 597.6 97.6 542.47 

81 646.98 89.4 595.53 97.8 541.22 

81.2 645.35 89.6 595.09 98 539.44 

81.4 644.72 89.8 593.29 98.2 538.28 

81.6 643.19 90 591.32 98.4 536.23 

81.8 642.11 90.2 590.15 98.6 535.16 

82 640.31 90.4 588.63 98.8 534.18 

82.2 639.32 90.6 587.37 99 533.73 

82.4 638.23 90.8 585.94 99.2 532.93 

82.6 636.34 91 584.6 99.4 529.99 

82.8 634.9 91.2 582.62 99.6 530.34 

83 634.18 91.4 581.46 99.8 528.29 

83.2 633.37 91.6 580.47 100 527.31 

83.4 632.2 91.8 579.76 100.2 526.33 

83.6 631.3 92 578.59 100.4 525.09 

83.8 629.41 92.2 577.7 100.6 522.23 
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Mission Time 

[s] 

Altitude 

[m] 

Mission Time 

[s] 

Altitude 

[m] 

Mission Time 

[s] 

Altitude 

[m] 

100.8 521.7 109.2 465.38 117.6 405.06 

101 520.63 109.4 463.7 117.8 403.21 

101.2 518.94 109.6 462.82 118 402.06 

101.4 517.07 109.8 461.13 118.2 401.09 

101.6 515.73 110 458.65 118.4 400.3 

101.8 514.04 110.2 457.86 118.6 398.19 

102 512.53 110.4 457.15 118.8 397.05 

102.2 511.73 110.6 456.35 119 394.76 

102.4 510.93 110.8 454.58 119.2 393.88 

102.6 509.33 111 452.72 119.4 392.56 

102.8 508.62 111.2 450.87 119.6 391.68 

103 507.28 111.4 450.25 119.8 390.36 

103.2 505.59 111.6 448.39 120 388.86 

103.4 503.9 111.8 446 120.2 387.9 

103.6 501.95 112 445.47 120.4 385.35 

103.8 501.68 112.2 443.53 120.6 383.68 

104 500.61 112.4 441.67 120.8 382.8 

104.2 499.1 112.6 440.17 121 382.1 

104.4 497.24 112.8 440.34 121.2 379.55 

104.6 495.9 113 438.49 121.4 378.76 

104.8 495.1 113.2 437.08 121.6 376.65 

105 493.24 113.4 435.75 121.8 377.09 

105.2 492.7 113.6 434.43 122 373.84 

105.4 491.64 113.8 432.22 122.2 372.7 

105.6 490.22 114 430.89 122.4 371.64 

105.8 489.51 114.2 429.66 122.6 370.15 

106 488.17 114.4 428.95 122.8 368.31 

106.2 486.58 114.6 426.83 123 366.38 

106.4 485.07 114.8 425.24 123.2 364.97 

106.6 483.56 115 423.83 123.4 363.83 

106.8 482.58 115.2 421.27 123.6 362.87 

107 481.52 115.4 420.3 123.8 361.47 

107.2 478.59 115.6 419.6 124 359.36 

107.4 478.33 115.8 418.1 124.2 358.13 

107.6 476.55 116 416.6 124.4 356.2 

107.8 475.22 116.2 414.84 124.6 355.24 

108 473.18 116.4 413.43 124.8 352.79 

108.2 472.38 116.6 412.99 125 351.47 

108.4 470.88 116.8 412.37 125.2 349.19 

108.6 469.19 117 410.25 125.4 348.58 

108.8 468.31 117.2 409.55 125.6 347.18 

109 467.42 117.4 407.79 125.8 345.78 
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Mission Time 

[s] 

Altitude 

[m] 

Mission Time 

[s] 

Altitude 

[m] 

Mission Time 

[s] 

Altitude 

[m] 

126 344.2 134.4 292.76 142.8 238.54 

126.2 343.5 134.6 290.32 143 237.93 

126.4 342.36 134.8 289.62 143.2 236.63 

126.6 341.14 135 289.45 143.4 235.5 

126.8 339.39 135.2 286.75 143.6 233.86 

127 337.46 135.4 286.23 143.8 232.65 

127.2 336.24 135.6 284.14 144 231.52 

127.4 335.36 135.8 282.4 144.2 229.7 

127.6 333.35 136 281.09 144.4 227.8 

127.8 331.95 136.2 280.74 144.6 227.02 

128 330.64 136.4 278.31 144.8 225.98 

128.2 329.59 136.6 277.96 145 224.16 

128.4 327.06 136.8 276.74 145.2 223.03 

128.6 326.53 137 275.26 145.4 221.74 

128.8 324.43 137.2 274.83 145.6 219.06 

129 324 137.4 273.18 145.8 218.1 

129.2 323.91 137.6 271.87 146 216.81 

129.4 322.16 137.8 271 146.2 215.34 

129.6 321.11 138 269.7 146.4 213.78 

129.8 320.59 138.2 267.79 146.6 212.22 

130 319.1 138.4 266.74 146.8 210.93 

130.2 318.32 138.6 266.48 147 210.58 

130.4 316.4 138.8 263.79 147.2 208.77 

130.6 316.05 139 264.14 147.4 208.25 

130.8 314.83 139.2 262.83 147.6 206 

131 313.43 139.4 259.88 147.8 205.66 

131.2 312.38 139.6 258.58 148 204.1 

131.4 311.33 139.8 257.36 148.2 202.11 

131.6 309.41 140 256.84 148.4 200.47 

131.8 307.41 140.2 254.93 148.6 198.92 

132 306.62 140.4 253.72 148.8 197.8 

132.2 305.66 140.6 252.15 149 195.72 

132.4 304.79 140.8 251.81 149.2 195.47 

132.6 302.35 141 250.5 149.4 193.74 

132.8 301.48 141.2 249.2 149.6 193.48 

133 300.69 141.4 247.38 149.8 192.01 

133.2 299.91 141.6 246.43 150 190.89 

133.4 298.69 141.8 244.26 150.2 189.51 

133.6 297.38 142 243.65 150.4 188.56 

133.8 295.29 142.2 242.7 150.6 187.79 

134 295.11 142.4 241.66 150.8 185.98 

134.2 293.81 142.6 240.01 151 185.54 
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Mission Time 

[s] 

Altitude 

[m] 

Mission Time 

[s] 

Altitude 

[m] 

Mission Time 

[s] 

Altitude 

[m] 

151.2 183.99 159.6 134.88 168 88.13 

151.4 182.61 159.8 134.45 168.2 87.79 

151.6 181.84 160 132.56 168.4 85.23 

151.8 181.15 160.2 131.45 168.6 84.8 

152 179.85 160.4 130.25 168.8 83.86 

152.2 177.79 160.6 128.53 169 83.26 

152.4 176.58 160.8 127.85 169.2 82.41 

152.6 175.46 161 126.73 169.4 80.1 

152.8 175.12 161.2 124.84 169.6 78.74 

153 173.57 161.4 124.42 169.8 78.82 

153.2 172.53 161.6 122.62 170 77.54 

153.4 170.81 161.8 122.02 170.2 76.52 

153.6 170.29 162 120.56 170.4 75.84 

153.8 168.4 162.2 119.7 170.6 74.13 

154 167.54 162.4 118.42 170.8 73.28 

154.2 165.9 162.6 116.79 171 72 

154.4 165.47 162.8 115.85 171.2 70.89 

154.6 164.01 163 115.42 171.4 70.89 

154.8 162.81 163.2 113.28 171.6 68.76 

155 162.03 163.4 113.45 171.8 67.91 

155.2 161.43 163.6 111.39 172 66.2 

155.4 159.71 163.8 110.45 172.2 65.26 

155.6 158.33 164 109.68 172.4 63.81 

155.8 158.16 164.2 108.14 172.6 62.19 

156 156.7 164.4 107.54 172.8 61.51 

156.2 156.18 164.6 106.69 173 60.15 

156.4 154.12 164.8 104.63 173.2 58.7 

156.6 152.74 165 103.95 173.4 57.85 

156.8 151.2 165.2 103.01 173.6 56.83 

157 150.59 165.4 101.64 173.8 54.95 

157.2 149.05 165.6 99.41 174 54.87 

157.4 147.76 165.8 99.16 174.2 52.48 

157.6 147.07 166 97.45 174.4 51.46 

157.8 145.61 166.2 95.74 174.6 50.27 

158 143.64 166.4 95.82 174.8 48.74 

158.2 142.52 166.6 94.71 175 47.8 

158.4 142.61 166.8 93.69 175.2 46.7 

158.6 140.46 167 92.06 175.4 45.51 

158.8 139.43 167.2 93 175.6 44.74 

159 138.4 167.4 91.72 175.8 44.06 

159.2 137.11 167.6 90.61 176 42.78 

159.4 136.25 167.8 89.93 176.2 41 
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Mission Time 

[s] 

Altitude 

[m] 

176.4 39.81 

176.6 39.13 

176.8 37.34 

177 36.49 

177.2 35.3 

177.4 34.37 

177.6 33.6 

177.8 32.58 

178 31.56 

178.2 29.69 

178.4 28.42 

178.6 26.97 

178.8 25.96 

179 24.68 

179.2 23.92 

179.4 22.9 

179.6 21.71 

179.8 21.2 

180 21.2 

180.2 19.25 

180.4 17.47 

180.6 17.47 

180.8 16.02 

181 14.41 

181.2 13.56 

181.4 12.21 

181.6 11.11 

181.8 9.92 

182 9.32 

182.2 6.19 

182.4 4.83 

182.6 4.07 

182.8 2.37 

183 0.43 
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Appendix F:  I-540 Rocket Motor Specifications 
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Appendix G: Wireless Ignition System Test Video 
 

https://www.youtube.com/watch?v=rqARMY7kSC8&feature=youtu.be 

 

https://www.youtube.com/watch?v=rqARMY7kSC8&feature=youtu.be

