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The Space Systems Research Center at the United States Air Force Academy is building a cadre of rocket space professionals “one cadet at a time.”  Its motto and aim is for cadets to “Learn Space by Doing Space.”  Approximately one half of the cadets majoring in astronautical engineering perform a one year long capstone program of the design, fabrication, test and launch of a sounding rocket (the FalconLAUNCH program).  This year’s rocket, FalconLAUNCH-3, launched in April, 2005.  This was the preliminary test of the rocket design for FalconLAUNCH-4, scheduled for a 2006 launch from San Nicolas Island, California, carrying a 5-kg payload to 100,000 meters.  This program is modeled like any Air Force program, with the cadets acting as the contractor, and the faculty and Air Force funding agencies acting as the Air Force Manager.  The program has approximately 20 students with five or six faculty mentors.  The program is multi-disciplinary, requiring cadets to use skills learned in physics, electrical engineering, computer science, and management.  All of the normal milestones, reviews, presentations, and reports required in an Air Force Program are required of the cadets in the FalconLAUNCH program.   The overarching goal is to provide realistic system development and systems engineering experience to future Air Force leaders.  While the overall design evolves each year, each class culminates their undergraduate engineering experience with the launch of their rocket.  This paper details the development, challenges, and advantages of conducting an undergraduate sounding rocket program and details the design, construction, testing and the April 2005 launch of FalconLAUNCH-3.

I. Introduction

T

HE Space Systems Research Center (SSRC) program at the United States Air Force Academy (USAFA) is building a cadre of space professionals “one cadet at a time.”  The program gives cadets the opportunity to “Learn Space by Doing Space” through a capstone course in the Astronautics Department.  This program allows cadets to gain real-world experience with rocket system design, assembly, integration, test, and launch within the  context of a two-semester engineering course.  It provides a practical platform for Air Force and Department of Defense (DoD) space experiments.  Since the Department of Astronautics was established in 1965, cadets have been  making and launching rockets.  It started with small rockets, but the program became more serious with the launching of the cryogenic hybrid rocket, CHIRON in 1994 that went to 7,000 meters.  Other hybrid systems were tested before the present program of using solid rocket fuels was initiated.  Through FalconLAUNCH participation, cadets are given a hands-on opportunity to apply the tools developed in the classroom to a real program, ideally preparing them for the situations they may encounter as officers and engineers after graduation.  The end scientific goal of the FalconLAUNCH program is to launch small scientific payloads to study upper levels of the atmosphere exceeding 100,000 meters.  This program uses an evolutionary design approach in which cadets employ or refine cutting-edge technologies and procedures developed by their predecessors.  Lessons learned are recorded to help USAFA build a catalog of technical procedures for future missions.    Because there is almost a 100% cadet turnover every year, documentation is crucial to the success of the program.  This program must be reproducible such that undergraduate students can launch a new rocket every year.1 Figure 1 illustrates the size of a typical FalconLAUNCH class.  The recent and future milestones of the rocket program are summarized in Table 1.  Figure 2 shows the FalconLAUNCH-3 launch.  
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II. The Standardized FalconLAUNCH Program2,3 
With this real-world focus, real-world funding and real-world visibility, it has become increasingly important to run the program using real-world tools.  Chief among these are rigorous systems engineering processes including technical reviews.  The DoD mandates a tailored acquisition sequence for all its programs that closely follows the IEEE Standard for Application and Management of the Systems Engineering Process.2  With almost 100% cadet turnover every year, a standardized program is essential for FalconLAUNCH program success.  This infrastructure includes a standardized systems engineering process that is flexible enough to adapt to specific program goals and constraints each year.   Each class begins with an analysis of the provided mission requirements and proceeds to map these requirements to specific system and subsystem requirements.  The program then proceeds to the iterative design process highlighted by the Preliminary and Critical Design Reviews.  Subsystem-level testing is done to validate performance prior to system integration.  The academic year concludes with the system-level test:  the launch of the cadet sounding rocket.

Each year begins with a set of mission requirements defined by the faculty.  These requirements are always consistent with the long-term performance and payload goals, but also focus the program design efforts on specific problems.  Some subsystem design features may be retained from previous years due to their demonstrated success.  In such instances, these are treated as a design constraint for the new class.  An example of this is the carbon-fiber composite case for the rocket motor.  The cadets worked closely in 2003 to design the case with ATK, a leading rocket motor case manufacturer in Brigham City, Utah.  The resulting design was manufactured by ATK and successfully ground-tested and flown in 2004.  The case design is provided to subsequent classes as a design constraint, allowing them to focus on the motor grain, nozzle, fins, avionics, recovery system, nosecone and many other design challenges.   The cadets conduct a thorough requirements analysis, producing many derived requirements for each subsystem which are reviewed by faculty and documented.
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With requirements in hand, the cadet team proceeds in an iterative fashion through the design process in increasingly greater detail.  This systems engineering process uses a variety of realistic program management tools including detailed Gantt charts with milestones.  Actively managing resources, costs, schedule and system performance is essential to the realistic learning experience as well as overall program success.  Along the way, major milestones in the form of formal technical reviews are conducted.  As seen in Fig. 3, in addition to multiple status reviews, these milestones include:  Preliminary Design Review (PDR), Critical Design Review (CDR), and Final Readiness Review (FRR).    

It should be emphasized that the cadets do all the briefing, including the many informal and semi-formal status reviews conducted throughout the program.  The Preliminary Design Review (PDR) is a formal briefing with the objective of gaining approval to proceed with the fabrication and test of subsystems.  This review is conducted for the overall system and each subsystem to evaluate the progress, technical adequacy, and risk assessment (on a technical, cost, and schedule basis) of the proposed design approach and manufacturing methods.  The cadets are not allowed to acquire materials or begin construction until all action items are closed from the PDR.  This review forces the cadets to have a detailed and well thought out design before committing funds and effort to fabrication and testing of subsystems.  Balancing the importance of cost, schedule, and performance is a new experience to students accustomed to producing textbook solutions.  This practicality begins a maturing process for many young engineers and introduces them to the complexities and importance of program management.  

The Critical Design Review (CDR) is a formal, multi-day briefing to experts from outside of the Air Force Academy, including Air Force Research Laboratory.  The objective of the CDR is to gain approval to proceed with the manufacturing, testing and integration of all subsystems.  The review examines the detailed designs and supporting analyses of each subsystem.   Formal products due at this time include the system-level specifications, detailed drawing package, any necessary interface control documents, and test plans.  As with PDR, the cadets are the briefers—the CDR is essentially an oral examination of their project.  Just as teachers really learn a subject when required to teach it, the cadets learn from being subjected to questions by outside experts.  

Subsystem tests are accomplished to verify performance and validate manufacturing methods.  The propulsion subsystem test is a full-scale ground firing of a fully instrumented rocket motor.  Avionics and recovery subsystems are flight tested with a smaller rocket motor designed to keep the altitude under 1,000 meters.  This stubby rocket is launched at the United States Air Force Academy field training area.  Data from these tests are used to refine designs and plan for any necessary retest prior to system integration.  Many integration issues are found and solved as part of the subsystem-level testing, but invariably there are additional unforeseen issues that arise when the entire system is manufactured and integrated.  Some level of acceptance testing of flight hardware is done, particularly with avionics.

Each major subsystem-level test is preceded by a Test Readiness Review (TRR) which reviews the procedures, risk management, manufacturing and analysis supporting the test.  The briefing is presented to a senior Air Force Officer, usually the Department Head.  Finally, prior to the final launch a Flight Readiness Review (FRR) is briefed to the Department Head.  The FRR is a formal review ensuring that all the requirements of the program have been fulfilled.  It includes a review of the design, all subsystem testing, and any changes made due to the test results.  Also presented are the operational risk management (ORM) processes used to identify, assess, and manage the risks inherent to firing a large rocket.  The cadets present the operational procedures for transporting, firing, and recovering the rocket and highlight how ORM-identified risks are managed.  Satisfactory completion of this review means the rocket is ready to be launched.3 
By its nature, any design class is open ended and difficult to program lesson-by-lesson compared to a traditional lecture-based course.  However, by requiring students to follow prescribed, industry-standard systems-engineering processes, some formal structure can be imposed on the semester and the design reviews serve as major deliverables for grading purposes.

III. The FalconLAUNCH-3 Program 

The goal of the FalconLAUNCH-3 program was to verify the design and hardware to be used in FalconLAUNCH-4 (the goal for FalconLAUNCH-4 is to launch a 5 kg payload to an altitude of 100,000 m in April of 2006).   The FL-3 goals included the demonstration of all components needed for stable, successful, supersonic flight.  FalconLAUNCH-2 became unstable while passing through Mach 1 on its April 2004 launch.  FalconLAUNCH-3 was a 15 cm diameter, 3.23 m long rocket.  The rocket motor had 11,000 N of thrust.  The mass of the entire rocket was 72.7 kg.   The original intent was to design the rocket for an altitude of 20,000 m, but upon analysis it was discovered that if the recovery chute did not deploy the rocket could land outside of the test range.  The final design was for an altitude of 10,000 m.  Due to the necessity to launch in a one hour weather window or risk not being able to launch that semester, the altitude attained during the April, 2005 launch was only 4,000 m.  A combination of winds, angle of launch, and in-flight torque due to a launch lug remaining on the rocket during flight diminished the flight altitude.  The rocket attained a velocity of Mach 1.4 and remained supersonic for over 5 seconds.  The stable, supersonic flight was an important milestone for the program.  All of the components that were being tested for operation on FalconLAUNCH-4 performed satisfactorily, allowing for the next team to move on to the final design, fabrication, test and launch of FalconLAUNCH-4 to 100,000 m from St. Nicholas Island in 2006.
  The FalconLAUNCH-3 class was divided into four teams; (1) systems and mechanics, (2) propulsion, (3) avionics, and (4) operations.
A. The Systems and Mechanics Team

A accomplishment of the Systems and Mechanics (S&M) Team was the investigation into the FalconLAUNCH II flight instability.  A rigorous 6-degree-of-freedom simulation analysis compared the recorded flight data with possible simulated errors.  Ultimately, two possible problems were uncovered—a degradation in the nozzle material which led to thrust misalignment, and fin flutter.  While the propulsion team redesigned the nozzle, the S&M team led the effort to design new, more rigid fins that can  survive the transonic region without fin flutter.  The S&M Team was also responsible for all of the structure of the rocket (nosecone, etc.), the parachute recovery system, the integration of all of the components, and the mass budget for the completed rocket.  
B. The Propulsion Team

The major accomplishment of the Propulsion Team was the design of a new carbon phenolic nozzle that can support 14,000 N of thrust for a Hydroxy-terminated Polybutadiene (HTPB) and ammonium perchlorate engine with a burn time of 13 seconds.  Static fire testing, as shown in Fig. 4, verified the new material’s ability to tolerate the extreme temperatures without significant throat erosion.  A flight-version of the motor and nozzle were manufactured and successfully flown on FalconLAUNCH III.  
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C. The Avionics Team

The Avionics Team was the first FalconLAUNCH team to receive and record rocket velocity, altitude, attitude,  rocket engine pressure, and GPS data throughout the entire flight.  Their design also demonstrated a functional range of over 15 miles in testing and laid the foundation for a 100km version of the avionics system. 
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D. The Operations Team

The Operations Team demonstrated rapid response to space by deploying the entire FalconLAUNCH team and rocket a distance of 300 miles and launching FalconLAUNCH-3 in the same day (see Figures 1, 6, 7, 8, and 9).   
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E. Cadet Lessons Learned

The most valuable learning exercises of the course were the preparation of a two hour final briefing, the writing of the 77 page final report, and the detailed documentation of their work during the course.  Each team averaged two pages of lessons learned and one page of recommendations for the next class. 

The Cadet Program Manager had the following quote on lessons learned about management techniques: 

“The most common repressive management strategy is doing nothing.  Now, sometimes, doing nothing is a smart thing to do, if the decision to do nothing is well thought out and based on an analysis of the situation.  With a small team like FalconLAUNCH, not identifying the issue and acting to fix it has prevented full participation by all team members and ultimately detrimental to the entire team.  Most of the time, people ‘do nothing’ about conflict situations for other reasons, such as fear of bringing conflict into view, or discomfort with anger.  Unfortunately, doing nothing generally results in conflict escalating, and sets a tone for the organization...’we don't have conflict here’.  Everyone knows you have conflict, and if you seem oblivious, you also seem dense and out of touch.”4
The Systems and Mechanics Team had the following comments:

“While designing a rocket may seem somewhat trivial it is not.  There is not enough to be said about this because every single little detail must be looked at in order to make sure that the rocket actually comes together and all of the pieces fit together.  The need for holding people accountable.  Overall the biggest lessons that can be learned from this design project come from the process of designing, building and launching the rocket.  The biggest of these lessons learned throughout this year in completing this project was the effectiveness of communication…There were instances where accountability for various components of the rocket were not handed out with the right communication so some things slipped through cracks until the last minute.  Designing a rocket in the last minute is not the intention of this class.”4 
The Propulsion Team comments included:

“It is important to ensure that all designs match the existing drawing data, even if the parts on hand at the moment do not match up with the drawing.  Without this continuity, tests must be modified or possibly scrubbed when the necessary parts do not integrate.  Specifically, ensure that the igniter design matches with the drawing of the propellant grain, as well as with the igniter drawing itself.  Do a parts inventory early in the semester and periodically throughout the year to ensure that all necessary hardware is either on order or already in the Lab.  Never assume that someone else has a needed part.”4 
The Avionics Team comments included:

“Understanding of the system is critical before taking any action with electrical components.  Understanding how each component works will help on placement of the components within the system.  R-DAS is a robust system.  However, it must be handled with care just like any other electrical device.  It is important to follow ESD safe procedures when dealing with electrical components as to not damage them or hinder their performance.  Components should be handled while the user is grounded and should only be placed on ESD mats and in electrostatic bags.  Our team saw a decay in performance in the transmitter by not following ESD safe procedures…When placing components on the plate, it is important to use all the same screw type and screw size.  This will prevent loss of time finding which size wrench and screw driver is required to fix each component.  All redundant safety features should be used.  The breakwire feature was not used on the first Stubby launch and as a result the launch was a failure.”4  

The Operations Team lesson learned comments included:
“The need to assign an equipment manager to ensure the accountability of all items…The need for enhance communication capabilities between the test pad and other setup areas through more walkie-talkies…Double check that all equipment is packed and ready to go the night prior to tests/launches…Bring more than one shovel…Assign one person to understand ALL of what is going on with Stubby to ease integration and keep track of what is going on…Paint launch lugs/fins a bright color to ease finding…It is important to get an early start on procedure coordination in order to ensure all the required signatures are acquired on the copy that will be used for the actual test.  The table-top run-through is most effective when everyone has procedures to reference to and a point is made to clearly identify each person’s responsibility.  The run-through can be limited to those personnel who are directly involved in launch preparation…Dry runs are very important, you learn a lot of what can go wrong.”4
Although many of these lessons are commonplace to experienced space professionals, many of them are only really learned by making mistakes during hand-on experience working on real programs.  The FalconLAUNCH program provides that experience.  
IV. Conclusions

Of course, all programs are judged on their results.  The real product FalconLAUNCH program is professional Air Force officers who have had the “Learning Space by Doing Space” experience while at the Air Force Academy.  The exposure to solving ill-defined problems in the FalconLAUNCH program prepares cadets for the challenges of a professional military career.  The space aspect of the program prepares them to join the cadre of space professionals.

Acknowledgments
The authors would like to acknowledge the contributions to the success of this program by all of the cadets and mentors who have been involved in the program.  In particular, the dedicated hard work of Mr. Jim White, Mr. John Clark, Mr. Scott Dixon, Master Sergeant Phil Maes, Staff Sergeant Benjamin Hazen and Staff Sergeant Michael Wickersheim is greatly appreciated.  If you enjoyed reading this paper, credit our editors, Major David French and Captain Michael Sobers. 

References

1Sellers, Jerry J. and Timothy J. Lawrence, “Building a Cadre of Space Professionals:  Hands-on Space Experience at the USAF Academy,” 1st Responsive Space Conference, Redondo Beach, CA, 1-3 April 2003.

2IEEE Std 1220-1998, Standard for Application and Management of the Systems Engineering Process, 22 January 1999, the Institute of Electrical and Electronic Engineers, Inc. New York, NY.

3Siegenthaler, K. E., J. J. Sellers, D. A. Miller, T. J. Lawrence, D. J. Richie, and D. J. Barnhart “The Undergraduate Satellite and Rocket Design, Fabrication and Launch Program at the US Air Force Academy” presented at the 2004 International Symposium IGIP / IEEE / ASEE, Fribourg, Switzerland September 27-30, 2004.

4“FalconLAUNCH III:  Pinon Launch After Action Report,” Final Program Report by FalconLAUNCH-3 Cadet Class, United States Air Force Academy, CO, 13 May, 2005.






























�





Figure 9.	FalconLAUNCH-3 Recovery Team.





�





Figure 8.	FalconLAUNCH-3 Ready for April 2005 Launch. 
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Figure 7.	FalconLAUNCH-3 Assembly on the Launch Rail.
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Figure 6.	Nosecone Assembly at the Launch Site.
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Figure 5.	Avionics Team Assembling Telemetry Instrumentation.
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Figure 4.	Static Firing Test of Rocket Motor.
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Figure 3.	The FalconLAUNCH Systems Engineering Process.
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Figure 2.	FalconLAUNCH-3 April 2005 Launch.
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Figure1.	Typical FalconLAUNCH class size.





Table 1.	Summary of FalconLAUNCH Program Milestones.





Date�
ROCKET�
TYPE�
PEAK THRUST / ALTITUDE�
�
1965-1994�
Numerous Small Rockets�
�
�
�
Apr 1994�
CHIRON�
Hybrid�
4,000 N / 7,000 m�
�
Apr 1998�
DOMINATOR�
Hybrid�
1,800 N / Launch Problems�
�
Apr 2003�
FalconLAUNCH-1�
Solid�
3,500 N / 10,000 m�
�
Apr 2004�
FalconLAUNCH-2�
Solid �
5,000 N / 5,000 m Flight Stability Issue�
�
Apr 2005�
FalconLAUNCH-3�
Solid�
11,000 N / 4,000 m Weather and Launch Lug�
�
Proj Apr 2006�
FalconLAUNCH-4�
Solid�
Projected 14,000 N / 100,000 m�
�
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