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Notice
Use and Disclosure of Data

This proposal includes data that shall not be disclosed outside the Government and shall not be duplicated.  However, if a contract is awarded to this offeror as a result of-or in connection with the submission of these data, the Government shall have the right to duplicate, use or disclose the data to the extent provided in the resulting contract.  This restriction does not limit the Government’s right to use information contained in these data if they are obtained from another source without restriction.  The data subject to this restriction are contained in Sheets- 4, 5, 6, 8, 9, 10, 11, 12, 13,and14.




ABSTRACT

NASA and the USAF are currently using expendable and partly reusable rocket launch vehicles to place satellites or other material into orbit.  The costs per pound to orbit using this launch technology limits the type and quantity of satellites and materials launched to orbit.    An alternate and inexpensive method using current technology is proposed to use a large bore gun for launching rocket boosted payloads that is trainable in azimuth and elevation for launch assist for placing small (20 to 500 kg) payloads into various low earth orbits to meet the stated needs of NASA for a reduction in cost to place materials into orbit and the need of the military to rapidly replace satellites or place satellites into new orbits to support the current military battle doctrine.

This will require the following:
· Conduct initial investigations and review of previous programs and published papers on the subject.
· Form teaming arrangements with the appropriate Government laboratories.
· Determine operational requirements
· Conduct concept design 
· Conduct detail design 
· Fabricate and build a subscale prototype system for performance evaluation.
· Conduct full operational evaluation of the system with appropriate payloads.

This proposal and its supporting attachments describe the technical basis and the benefits for the technology proposed here.  The proposal is to apply large bore gun technology as an initial launch assist for multistage small rockets for placing payloads into low earth orbit.  This technology will be directly scaleable in performance for use as a launch assist facility for low cost vehicles intended to place small satellites, bulk consumables, assembly parts and equipment, repair parts or other hardware into low earth orbit.  

Additionally, this technology supports global delivery of munitions to targets anywhere on earth’s surface. 

Based upon prior work, it is anticipated that a significant reduction in cost per pound to orbit will be achieved and speed of response to launch requests will be significantly improved

.  The attachments provide an understanding of the prior work in this field, including the investigators, prior launcher designs, vehicle design and supporting analyses.  

It is the intent of this program to produce a working prototype fixed azimuth gun launcher building on past work to demonstrate concept feasibility and to act as a test bed for further design investigations in support of a full scale launch system

This proposal builds upon prior successful work in several programs that were terminated due to non-technical reasons.  The programs are described in the supporting attachments.
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Part 2  Proposal Summary

The purpose of this document is to propose a proven and significantly less expensive method compared to current technology for placing small (20 to 500 kg) payloads into low earth orbit, conduct the concept design, detail design and build a subscale prototype system for performance evaluation.

The proposal and attachments describe the requirements for and the historical and technical basis for the gun launch system, and the benefits from applying large bore gun launch technology.  This technology will be directly scaleable in size for use as a launch assist facility for mass produced vehicles intended to place small satellites, bulk consumables, assembly and repair parts, or other hardware into low earth orbit.  A number of appendices and attachments are attached to provide an understanding of the prior work in this field, including the investigators, prior launcher designs, and vehicle designs and supporting analyses.  

It is the intent of this program to design, produce and test a working test bed prototype gun launcher. 

Part 3.  Identification and Significance of the Proposal

Gun launch of vehicles has been successfully demonstrated in the High Altitude Research Project (HARP discussed in Appendix A), the Iraqi Supergun 350 MM prototype (discussed in Appendix D), the German V3 Supergun (discussed in Appendix F and the Super High Altitude Research Project (SHARP discussed in Appendix D).  Comprehensive feasibility studies have been accomplished via the paper “The Feasibility of Launching Small Satellites with a Light Gas Gun” (as discussed in Attachment E)

If a multistage rocket is launched from a gun launcher, the velocity at first stage burnout is increased by more than the initial gun-launch velocity boost   This is because the gravity losses to the launch vehicle are lower as the gun launcher provides part of the climb out of the gravity well and gets the launch vehicle above the thickest part of the atmosphere so that the vehicle can postpone some of its vertical impulse to when the gravitational attraction is less.  Additionally the vehicle is more efficient due to optimized rocket nozzle design for operation above the atmosphere, and the first stage rocket can carry more fuel, deliver thrust over a longer period of time, and deliver more delta-V, because it doesn't have to generate positive vertical acceleration during the first part of the launch.  The vehicle is simplified as the first and second stages of the launch vehicle do not require steering mechanisms or guidance hardware as the initial vehicle trajectory is established by the launcher and the vehicle is spin stabilized by pop-out fins.  The significance of the proposed system is that the per pound cost to orbit for water, fuel, food, repair parts, and selected hardware and assembly parts will drop by a factor of 5 to10.  

An example operational installation with 60 inch bore and an operating pressure of 4,000 PSI will apply an acceleration of 1,130G to a 10,000-pound launch vehicle.  Operating pressures above 5,000 PSI are readily achievable.  If the mass fraction of the 10,000-pound vehicle is .90, then the payload to orbit would be 1,000 pounds.  Given that the launcher could be operated 200 times a year, then the total payload to orbit would be 200,000 pounds per year per launcher.  Assuming that several hundred scaled up GLO-1B (Appendix A) concept type vehicles are produced per year at a cost of $500,000 per vehicle due to the benefits of mass production and the cost of launcher operation is $100,000 per launch, the cost of payload per pound to orbit will be $600 and the cost of the launcher may amortize in less than five years.  Thus the cost to orbit of 200,000 pounds via 200 launches per year will be $120 million at a cost of $600 per pound vs. the cost of a Delta IV Heavy launch cost of $2,900 per pound which will cost $580 million for 200,000 pounds to low earth orbit for a savings with gun launch of $460 million.
Analysis by NASA Langley Vehicle Analysis Branch and other organizations consistently shows that ground based launch assist reduces cost to orbit in that it allows more payload to orbit for given vehicles or less expensive vehicles for the same payload by removing part of the gravity component that the launch vehicle has to overcome and providing part of the escape velocity required.  

The system is a very large caliber travelling charge gun of a significant length composed of a linear assembly of mass produced modular cylinders.  The assembly can be installed in either a vertical or angled launch configuration to form a barrel length as long as required.  The system is scaleable, simple, inexpensive and very powerful.  The vehicle is carried within the launcher barrel in a form fitting sabot which incorporates the drive piston and which isolates the vehicle from launch gas temperature, supports the vehicle against the applied acceleration loads and protects the vehicle from against launcher wall contact.  Different sabot types and launch pressures will allow launching a range of launch vehicles from the same launch installation.

The design of the system assures a relatively constant launch pressure over the length of the launch, so that the muzzle exit speed of the launcher is determined by the length of the gun assembly and can exceed 3,000 feet per second muzzle velocity

This system meets the NASA requirements of “Faster, Better and Cheaper” for low weight payloads to orbit and facilitates not only maintenance of the ISS and its crew, but supports numerous space exploration initiatives as well assembly on-orbit of hardware delivered by the gun launcher.

Additionally, the system supports rapid delivery of satellites or constellations of satellites and other payloads to low earth orbit or to earth based targets to meet National Security needs as described in Appendix G.

Part 4   History of Gun Launch

There have been many gun-launch concepts brought forward over essentially the last century.  Unfortunately, almost all utilized the classic gun configuration wherein the propulsive power was provided by a solid propellant grain at the breech end, which produced extremely high pressures within the bore and extremely high initial accelerations.  This required very heavy and expensive gun barrels to compensate for the high initial pressure within the barrel.  

The best example of the classic gun launch is the HARP program in the 60s (Appendix A).  This was Dr. Gerald Bull’s Super Gun program which was well on its way to gun launch to orbit when Viet Nam related political difficulties between the program sponsors, Canada and the US, caused the program to be shut down.  One of the difficulties of this technical approach is that the grain typically would be fully combusted within the initial few milliseconds with the launch pressure falling off as the vehicle traversed the bore of the gun and the swept volume behind the launch vehicle rapidly expanded.  This required functionally limited the end speed of the launch vehicle as the pressure fall-off limits the effective length of the gun

Dr Bull’s Iraqi Supercannon program in the late 80’s was a scale-up of this technology (Appendix D).  It was anticipated that the propellant grain would range up to 10 tons in weight.  The gun under development by his program was anticipated to be able to place payloads directly into orbit without the requirement for integral launch vehicle booster stages.  This program was ended by the First Gulf War. 

An earlier design was the German V3 Super Gun installation (Appendix F) during WWII at Mimoyecques, France intended for attacking London.  This gun incorporated sequential ignition, which was demonstrated in the US in 1885 by Lyman and Haskell.  The concepts were to accelerate a fairly conventional projectile by detonations of solid charges behind the vehicle in multiple chambers that were spaced along the barrel to maintain launch pressure and a somewhat constant acceleration of the launch vehicle over the length of the barrel which was made quite long to achieve high muzzle velocities.

A different recent design is Dr Hunter’s Oberth gun which utilizes sequential injection of hot hydrogen gas rather than combustion gas.  This was used as a technical basis for an extensive study “The Feasibility of Launching Small Satellites with a Light Gas Gun” (Appendix E) accomplished using DARPA funding.  This technology is interesting, but in the opinion of the Principal investigator, overly sophisticated and very expensive compared to the technology presented here which will approach the performance of the Oberth gun at a greatly reduced cost to build, install and operate.

Part 5   System and Technical Objectives

The concept presented in this paper utilizes a cost-driven-design moderate launch pressure gun which incorporates a travelling charge to maintain launch pressure.  The benefit of the travelling charge concept presented by this proposal is that the propellant is divided into a number of charges which are attached to the base of the projectile and which are sequentially ignited to maintain a relatively constant launch pressure over the length of the barrel.  This provides a significant increase in muzzle velocity as the typical solid propellant charge is fully consumed (full burn) within 70 percent of the length of the typical short barreled artillery piece and would be totally inadequate for a truly long barreled gun.  By adding sufficient number of charges, relatively constant launch pressure can be maintained over the length of kilometer length guns with the muzzle velocity directly proportional to gun length.  Thus there is not a grain size requirement to limit launcher length and launch vehicle end speed build during the launch stroke.  The launch vehicle end speed can be varied as a function of weight of propellant burned per unit of time and launcher length.  Additionally, by proper sizing of the propellant charges, initial high breech pressure (60,000 PSI+) is not required.  Also, internal ballistics is simplified in that the highest pressure point in the barrel is always just behind the projectile being launched which eliminates the speed of sound within the barrel as a limiting factor for muzzle end speed

The barrel segments may be made from commercially available high pressure pipe as shown in the attachments and a hydroformed-in-place bore liner of corrosion and temperature resistant material such as 800 series Inconel may be added to protect the bore from high temperature erosion, thus greatly extending the life of the launcher..


The technical objective for this proposal is to design, construct, test and demonstrate a prototype launcher using the concepts presented herein within the funding line available.  This will allow the demonstration of a new application of current technology that offers flexibility in launching a wide range of vehicles from the same launch engine, reliability, significant cost reduction to orbit, immense launch power, simplicity, redundancy, reserve power capacity and the ability to increase launcher length and capability by adding identical modules, thereby significantly increasing final muzzle exit speed.  As the launch cylinder modules will be designed with considerable flexibility in mounting, the launch cylinders will be useable without modification for vertical, angled or horizontal launch.

The concept presented in this paper utilizes a cost-driven-design moderate launch pressure gun which incorporates a travelling charge to maintain launch pressure.  The design is explained herein.

The technology for the launch engine is in current use and is not considered developmental.  Design of the launch modules will be governed by the ASME Code For Pressure Vessels and uses current steel fabrication techniques.  The primary technical questions relating to the launch engine are launch pressure variations, travelling charge ignition (which may be by pressure sensing igniters that are primed by the initial pressure and fire upon pressure drop) and launch vehicle vibratory modes within the barrel which should be controllable with piston-cylinder clearance and proper sabot design incorporating elastomeric guide pads between the vehicle and the launcher barrel as used in the Trident submarine launched missile.

Questions relative to the thermal effect of the lower atmosphere on the launch vehicle and loss of velocity due to drag naturally arise.  It is anticipated that this will be dealt with by use of ablative materials on the nose cone, with use of an Aerospike/Aerodisk as used on the Trident ballistic missiles, or use of a forward facing needle jet of water to develop a separated flow volume around the projectile..

Stallard Associates                                                                                                  Unsolicited Proposal SA-1              
                                    Combustion Gas Cannon for Earth to Orbit Vehicles


Stallard Associates Proprietary Information              4                             
Drag reduction effect have been studied of an Aerodisc on large angle blunt cones flying at hypersonic Mach numbers. Measurements in a hypersonic shock tunnel at a freestream Mach number of 5.75 indicate more than 50% reduction in the drag coefficient for a 120° apex angle blunt cone with a forward facing aerospike having a flat faced aerodisc at moderate angles of attack.
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Part 6 Work Plan

The work plan is to define, design, procure and assemble sufficient prototype hardware to demonstrate the technology within the budget negotiated.
      4.1 Task Descriptions
	4.1.1   Determine performance goals for prototype hardware and conduct existing technology review.
	4.1.2   Complete conceptual design of components including projectiles.
	4.1.3   Conduct risk mitigation review and incorporate findings into design
	4.1.4  Work with USAF, Army Research Lab (ARDEC, Picatinny, NJ and Navy Research Lab (Indian Head, MD) among others to develop launch engine and travelling charge design.
	4.1.5   Produce detail design drawings sufficient to manufacture hardware, projectiles and propellant charges
	4.1.6   Initiate procurement/manufacture of components
	4.1.7   Site selection and preparation of site including thrust foundation 
	4.1.8   Prototype hardware assembly
	4.1.9   Groom and demonstrate prototype hardware using instrumented dead load test projectiles
	4.2.0   Take data during testing and analyze data to determine compliance of actual with predicted
                       performance.
	4.2.1   Produce interim and final reports in accord with contract requirements,



4.2 Technical Approach

            4.2.1, Work with local steel fabricators and vendors. to produce the various components making up the gun launcher.  One possible fabricator is Craft Machine Works in Hampton, Va.
            4.2.2. Negotiate with NASA Wallops Island or some other location for a test site.  Prepare site, assemble and groom the prototype launcher and conduct a series of performance evaluation tests of a near-vertical configuration of the prototype launcher using instrumented dead loads.  
            4.2.3. Produce Phase 1 final report.
	
     4.3 Meeting the Technical Objectives

            4.3.1 The technical objectives will be defined as successful conduct of concept design, risk mitigation review, detail design and fabrication and operation of the prototype system as evidenced by meeting prototype hardware launch performance goals.  An association will be sought with Old Dominion University for design and analysis.

     4.4 Task Labor Categories and Schedules 

            4.4.1    The primary direct labor charges for Phase I will be by the Principal Investigator.  All other
                        charges will be material and/or design/engineering contract charges.  This is to maximize 
                        funding for hardware and minimize personnel costs.

Part 7.  Related Research/ Research and Development

This proposal is related, in general principle, to technology development that has been accomplished by the Principal Investigator subsequent to an initial proposal in 2000 for incorporation of a variant of Naval steam catapult technology into the NASA Bantam Launcher Program.  This was assigned a $5 Million funding line by NASA under the Bantam program.  However the Bantam program was terminated by NASA before the funding was available.

An additional technical basis for the proposal is a prior combustion gas based catapult development program initiated by the Principal Investigator that the Navy funded to provide an alternative catapult to the current steam catapult technology.  This technology used the current Naval catapult launch engine with a breech assembly of combustors for generation of combustion gas to replace the current steam supply.  The Principal Investigator developed and patented the technology for this alternate Naval catapult technology program using tetraethylammonium nitrate and hydroxylammonium nitrate fuel and oxidizer and the current naval catapult launch engine.  

Working with Thiokol-Elkton, the Principal Investigator built and demonstrated to NAVAIR working combustors using the above fuel and oxidizer.  The program, which competed with the aircraft carrier electromagnetic catapult, was initially funded for $35 million by NAVAIR, but was shut down when it was determined that the aircraft carrier builder and system integrator who employed the Principal Investigator could not also be a technology competitor.

Subsequently, the Principal Investigator has worked independently to develop simple, inexpensive and powerful launch engine technologies using different launch engines and differently located and functionally different combustors.  One of these technologies comprises the gun launcher proposed via this Unsolicited Proposal

 Part 8   Key Personnel and Bibliography of Directly Related Work

The Principal Investigator, Clinton Stallard, BS 1973, is a Senior Program Engineer retired from Northrop Grumman Newport News.  His work experience there encompasses 25 years of research, invention, shipbuilding and repair and nuclear equipment engineering.
.

-Mr. Stallard was the inventor and patent holder for an alternative aircraft carrier catapult technology, patent #6,007,022.  This technology was funded for development by Naval Air Command System for future aircraft carriers.  Initial design work was completed and combustor hardware was fabricated and successfully tested.
-Mr. Stallard was initiator and program lead for ground based launch assist for the NASA Bantam program.
-Mr. Stallard has been program lead or program engineer for a number of programs that involved large complex structures, complex machinery, polymer chemistry, spent nuclear fuel handling, ship propulsion plant layout and large machined weldments
-Mr. Stallard spent a number of years as CEO of a Class A General Contracting Company and has the background and experience to head a large construction and fabrication effort.
-Mr. Stallard holds 10 patents ranging from combustion gas-based catapults, submarine design and corrosion control to storage and handling of spent nuclear fuel.

This is to certify that Mr. Stallard will spend 100 % of his time on this project as the Principal Investigator

Part 9   Relationship with Future R/R&D	

Phase I will consist primarily of design and manufacture of hardware and site installation and operation of a prototype gun based launch assist system for accomplishment of a proof of concept demonstration.  

Phase II covers incorporation of lessons learned, detail design, construction and demonstration of a larger scale ground based gun launch assist system.  This phase also integrates the launch engine and the selection of an appropriate launch vehicle similar to the GLO-1B (appendix A).  The end product of the two phases will be a full scale ground based launch assist facility capable of launching a range of vehicles.  It is anticipated that there will be ongoing research in design, materials and launch vehicle interface to further extend the applicability of the system to future NASA vehicles.

Part 10    Costs
Salaries, Wages and Fringe Benefits for each participant
1.  The only anticipated salary will be that of the Principal Investigator who will be acting as both technical lead and general contractor.  This will be $65,000 per year unburdened.

Equipment.   This will primarily be hardware.  This will consist of propellant grains, launch engine, mountings and foundations.  The cost break-down is estimated as follows:

20 Ft Launch Tubes (each) @ $23,254
· Tube 30”ID, made from 1” thick plate 8’ X 20’@ 40.84 LB/SQFT = 6534 lb @ $0.85 LB = $5,554.
· Roll and weld 1” thick  plate into 30” ID tube $1,500 
· Module couplers, machining and welding, $8,000
· Mounting and suspension, $8,200

Thrust foundation and suspension tower    $58,000
· Control computer and sensors   $8,500

Total for 5 launch tubes and thrust foundation with suspension tower   $182,770

Propellant grains     $15,000 each

Expendable materials and supplies  $900
Services.  
· Internet Service/bandwidth charges for project home page.  $1,800
· Domestic and foreign travel Total $3,792
· 6 trips to Wallops Island 3 days each at $350 = $2,100
· 4 trips to NASA HQ 2 days each at $423 = $1,692
· No charge for meetings at NASA Langley
· Automatic data Processing expenses.  This will be for FEA review of designs and is expected to be $8,000
· Publication or page charges  Not Applicable
· Consultants
· Mechanical Design $10,000, Old Dominion University, UVA or Hampton University
· Ballistics.  $5,000
· Fluid Systems $5,000
· Control Systems $5,000
· Subcontracts with budget breakdowns.  The only subcontracts will be for equipment enumerated under the 20’ module cost break-outs.
· Other miscellaneous identifiable direct costs.  Miscellaneous instrumentation, tools and site preparation, $35,000   
· Indirect costs.  There will be no indirect costs as this program will be the sole activity of Stallard associates
Total Costs for the first year		$260,534
Total Costs for the first year excluding hardware    $77,764
Hardware procurement and installation can take place over any given contract period of time as a function of funding.  Additional costing information will be developed for a 12” prototype gun.

Part 11    Company Information and Facilities

The company is a sole proprietorship located in Hampton, VA that acts primarily as a research and development firm and which will act as the primary contractor and selectively let contracts as required for the required fabrication and assembly work to accomplish the task.  It is anticipated that additional personnel will be contracted and consultants retained as required to accomplish Phase II.  The working relationship with NASA Langley developed in the Bantam program will be extended to leverage the assets of NASA.




Part 12    Subcontracts and Consultants

It is anticipated that the primary subcontractor will be a custom steel fabrication/machine vendor such as Craft Machine Works.  The Principal Investigator has a high degree of confidence in the Craft Machine Works  capability based both upon performance on past contracts and that their facilities for fabrication and machining of  very large and very complex welded and machined assemblies, as represented by the large drydock hammerhead cranes that the company designed, fabricated and delivered to Norfolk Naval Shipyard.

Due to the local presence of NASA, the USAF, the US Army and Northrop Grumman Newport News, there are a number of contract engineering companies available to accomplish analysis of the designs created.  In addition, the Principal Investigator intends to work with the appropriate Government labs to accomplish design review and analysis.

Part 13   Potential Applications

	13.1   Potential NASA Applications
Vertical and angled launch capability and the ability to vary launch force by varying launch pressure allows adaptation of the launcher technology to smaller NASA vehicles.  This will allow NASA to compete for future launch service markets due to the reduced cost of payload per pound to orbit. 

Extremely high accelerations can be achieved, allowing a significant payload or cost benefit to unmanned launch vehicles carrying acceleration insensitive materials suck as water or fuel to orbit.  The launcher installation cost can be amortized over a large number of launches due to its reusability and flexibility.  

Suggested programs are being presented for low earth orbital refueling of Lunar or Mars mission vehicles which are launched with only sufficient thrust to reach low earth orbit.  The additional mass of the fuel not carried to orbit by the mission vehicle is replaced by increased payload which greatly increases total mass delivered to the mission objective.  The fuel is then transferred from an orbital filling station to the mission vehicle into tanks that were launched empty.  This program provides a significantly lower cost for moving fuel from earth’s surface to the orbital filling station.

Various orbits can be achieved by mounting the assembly on a rotating base with a tower which allows truss/cable suspension of the launch assembly for elevation.  This allows full 360 degree azimuth change which overcomes the problem of a fixed installation only being able to service one orbital inclination.  The concept base is not part of this proposal but is rather straight forward.  Alternately, the gun launch assembly can be mounted on a converted super-tanker or a purpose built ship which allows equatorial launch and a wide selection of orbital inclinations.

13.2   Potential NASA Commercial Applications

Due to the flexibility of the launcher system, it has beneficial application for the private orbital launch vehicle market now being developed.  All of the benefits to NASA vehicles stated above will accrue to private ground launched vehicles.  Ground based launch assist offers a reduction in cost to orbit that will support the nascent private space industry such as SpaceX’s Falcon.  Additionally, high velocity, high mass impact studies and target launch can be supported by the launcher.

One application would be launch of vehicles into the stratosphere 10 km to 50 km altitude above the Earth’s surface to disperse aerosolized sulphates or other particulates and increase the Earth’s albedo as proposed by Dr. Paul J. Crutzen to offset rising temperatures due to global warming.  This would allow fine tuning of the particulate concentration and the lower launch cost would make the concept financially feasible.  Launch to well above these altitudes was demonstrated by the 1960s HARP program which launched vehicles to an altitude of 180 km 

An alternate application would be a downsized installation composed of a set of cylinder modules that would be truck carried and field assembled using the trucks as a launch foundation.  The payload would either be ballistically delivered or it may deploy a drogue and final parachute based upon GPS data programmed into the delivery vehicle to assure delivery of the payload to the intended target.

13.3 Potential Non-NASA Military Applications

This technology supports the Military Operationally Responsive Spacelift Program and Tactical Satellite Program in that it provides very rapid response launch of vehicles in the Tactical Satellite program reference weight range of 1,000 lb (454 kg) at a highly competitive cost per launch.  As an example, a gun launcher with a 45” diameter barrel and a working pressure of 5,000 PSI provides an acceleration of 7,952 G to a 1,000 lb vehicle.  (Larger diameters allow much larger payloads).  This would allow rapid sequential launch of a constellation of satellites in any specified orbital inclination to allow continuous monitoring of any site on earth.  

In addition, the same gun launcher would be capable of placing rocket boosted munitions on any site on earth either designated by the above satellite constellation or other data.  This provides deep-strike capabilities to engage high-value surface targets rapidly after the commencement of hostilities anywhere in the battlespace and provides a force application system similar to one based in space with a rapid response capability globally from CONUS.  This supports eight of the Aerospace Power Functions listed in the document AFDD 1 (Appendix F); Counterspace, Counterland, Strategic Attack, Counter-information, Spacelift, Intelligence, Surveillance, and Reconnaissance.

Part 14   Similar Proposals and Awards

The Principal Investigator has proposed no similar gun launch technology.  

A steam-based derivative of Naval catapult technology was proposed to NASA for the Bantam Program. The NASA Langley Vehicle Analysis Branch awarded a small concept development contract to the Principal Architect in 2000 for integration of combustion based derivatives of Naval steam catapult technology.

The Principal Investigator submitted a 2005 X6.03 SBIR proposal to NASA for a Combustion Gas Catapult which was commented upon favorably by the reviewers but not funded.

Part 15   Program Description

This program will consist of several Phases which will include requirements definition, concept design, risk analysis, detail design, acquisition of hardware, and construction of a prototype gun launch system, assembly at a launch site, and demonstration launches of instrumented dead weights and possibly vehicles to be defined by the customer.  These phases will consist of multiple steps as defined below.  Working arrangements with the appropriate government labs will be established and they will be made part of the team to accomplish the following phases:

 The first step of Phase I is to define the weight range of the vehicle to be launched, the end speed of the launcher and the required acceleration capability of the gun launch system.
 The second step is to define the configuration of the interface between the launch vehicle and the launch assist system.  Specifically, what will be the configuration of the vehicle sabot. 
 The third step is to create the concept design for the gun launch system.  This will include the launch tube module configuration and working pressure.  This will be based upon information determined in the first step.  This will include the number of and size of travelling propellant units required.  This will be determined by the total mass flow required to maintain launch pressure behind the vehicle/sabot assembly throughout the launch stroke.
 The fourth step is to create a concept design for the mounting and supporting structure for the launch engine.  The structure must meet the following requirements:
 Mount and support the launch engine and allow elevation changes of the launch engine.
 Maintain the launch engine in alignment prior to and during launch.
 Withstand full launch loads at the base of the launch engine without deflecting.  
 Allow 1800 change in azimuth to allow orbits to cover any point on earth.

The second phase of the program will consist of three steps.  

The first step will be to develop a detail design of the catapult launch assist installation and component parts.  This will include:
 The mounting and supporting structure for the launch system which includes:
 The launch engine
 The breech assembly
 The travelling charge design
 The vehicle interface sabot
 The launch engine carriage and recoil mitigating mechanism
 The azimuth control system (not used for prototype system)
 The elevation control system (not used for prototype system)

The second step will consist of site selection, which may be NASA Wallops Island or another appropriate site and site preparation and launch engine foundation construction.

The third step will consist of procurement of hardware and services to construct the prototype launch  system.  

The fourth step will consist of construction and grooming of the launch system and installation at a designated test site.

A series of performance tests of the launch system will be accomplished which will include the launch of dead-weights that simulate the vehicle to be launched.  The purpose of the tests will be to demonstrate the reliability and capability of the launch assist system to generate the required launch energy over the length of the launcher stroke and to accelerate the launch vehicle to the required end speed repeatably.

Conclusions

Review of the attachments clearly shows that previous efforts failed due to political events of their time, although their programs were technically successful up to the time of program termination.  It appears that several of the programs would have been successful in placing payloads into orbit.  

This proposal specifically speaks to:
· the NASA goals of “Faster, Better and Cheaper” for low mass payloads to orbit and facilitates not only maintenance of the ISS and its crew, but supports numerous space exploration initiatives as well assembly on-orbit of hardware delivered by the gun launcher.
· The National Security need to maintain satellite capability to support the warfighter and reconstitute that capability rapidly if it is compromised by any means as outlined in Appendix G,  Operationally Responsive Spacelift

It is important that this promising technology be investigated and funded to support future efforts by our space program as it offers a significant national benefit both in reduction in the cost of materials to orbit to support the National Space Program and maintenance of military capability for management of the battlespace.
































[image: mart3gun]Attachment A    HARP (High Altitude Research Program) Program History    
(Thanks to Richard K. Graf)
Artillery dominated military ballistics from the earliest use of gunpowder in guns and rockets. It was natural that Jules Verne could only realistically consider a cannon for a moon launch in his prescient 1865 novel, From the Earth to the Moon. Until the first V-2 test flights, it was guns that set the altitude and speed records for artificial objects - notably the Paris Gun of World War I. Even after the rocket established its primacy as a method of accessing space, Gerald Bull of the Canadian Armament and Research Development Establishment began a life-long struggle to use guns for cheap access to space. 
In the 1950's Bull pioneered the use of gun-fired models as an economical approach to study supersonic aerodynamics. The model was fitted with a wooden shell, or sabot, that matched the diameter of the gun barrel. After leaving the barrel the sabot would fall away and the model would continue, with high-speed cameras recording its behavior in flight. 
By 1961 Bull had expanded his concept and obtained a $10 million joint contract from the US and Canadian Defense Departments for a High Altitude Research Program (HARP). This was to prove the feasibility of using large guns for launch of scientific and military payloads on sub-orbital and orbital trajectories. 
For long range shots a range was established at Barbados, where the payloads could be sent eastward over the Atlantic. A surplus 125 tonne US Navy 16 inch gun was used as the launcher. The standard 20 m barrel was extended to 36 m, and converted to a smooth-bore. In 1962 - 1967 Bull launched over 200 atmospheric probes to altitudes of up to 180 km.  The launch vehicles were designated as Martlets and increased in size and complexity as the series was developed from Martlet 1 to Martlet 4.  The next follow-on vehicle was the GLO 1B which was in component testing when the program lost its funding.
[image: ]
GLO-1B  4 Stage Solid Fuel Rocket Launch Vehicle
When compared to the early Martlet 4 designs the GLO-1B was a considerably more sophisticated vehicle with many of the shortcomings of it's predecessor having been addressed. Not long after the original HARP project ended the major assets of the project were acquired by the projects management, Dr. Gerald Bull in particular. The HARP Program became the Space Research Corporation (SRC) with the intention of resurrecting the HARP orbital program. Over the years a much improved and considerably more sophisticated Martlet 4 was developed and given the name of GLO-1B. 
In general the GLO-1B was similar in appearance to the Martlet 4 although there were several modifications to the original design intended to improve the vehicle's performance. The major differences were that the overall length of the vehicle was shortened and the launch mass was reduced. The satellite payload mass was similar to the Martlet 4 with an initial minimum 50 pound satellite. Improvements in the gun-launch velocity alone (such as lengthening the gun from 120 feet to 240') could have been increased the payload mass to nearly 100 pounds The rocket motor cases were to be made from aluminum rather then Fiberglas to simplify manufacturing. 
The first stage of the GLO-1B was shortened from 156 inches to 92 inches . The fuel weight was reduced to 1100 pounds and the overall weight to 1308 pounds . The GLO-1B used the same basic six flip-out fin design of the Martlet 4. The general design of the rocket motors changed little. The most notable exception was a modification to the rocket nozzle assembly. The rocket motors of the Martlet 4 used a very conventional design with the rocket nozzle extending out of the base of the motor. With the GLO-1B the base of the rocket nozzle assembly was flush with the bottom of the rocket motor case and the throat of the nozzle projected into the motor and was surrounded by the rocket fuel. This helped reduce the overall length of the motor, and greatly reduced the complexity of the inter-stage adapters, as the motors could literally be stacked one on top of the other. 
The second stage of the GLO-1B was reduced from 52 inches to 51 inches . This motor used an internally positioned rocket nozzle similar to the first stage and retained a similar propulsion profile to the Martlet 4B stage. 
The third stage of the GLO-1B was shortened from 48 inches to 18 inches with a fuel weight 140 pounds and an overall weight of 165 pounds . The third stage's rocket motor case was spherical with an internal rocket nozzle that protruding only slightly from the case. There was also a liquid propellant motor considered for this stage, similar to the Martlet 4 third stage, which would have provided higher performance and allowed a heavier satellite to be flown. 
The orbital insertion motor was considered the fourth stage and was incorporated into the satellite payload in the same manner as the Martlet 4. 
One of the most notable differences between the Martlet 4 and the GLO-1B was the elimination of the Attitude Control Module between the second and third stages. A dedicated Attitude Control Module was eliminated by modifying the flight profile of the GLO-1B vehicle. The Martlet 4 vehicle used the Attitude Control Module to insure the pitch and yaw of the vehicle was within set parameters prior to the ignition of the second and third stages. With the GLO-1B this was simplified by modifying the mission sequence which made it necessary to provide attitude control for the third stage only. 
The first stage of the GLO-1B was unguided and, in the same manner as the Martlet 4, relied on both spin stabilization and the fixed geometry of the barrel to insure a predictable flight path prior to first stage ignition. The Martlet 4 flight profile specified a delay between the first stage burnout and second stage ignition during which the Attitude Control Module was activated to insure the vehicles orientation was correct prior to the second stage burn. The GLO-1B eliminated this delay and the need to re-orient the vehicle by igniting the second stage immediately after first stage burn out and separation, which allowed the second stage to share the first stage's orientation. 
A simplified attitude control system was incorporated into the satellite payload and was used to correct the vehicle's attitude prior to the third stage burn only. As part of the satellite payload it could also be used to orient the satellite vehicle for the orbital insertion burn to insure that a precise orbit was achieved. Once in a final orbit the attitude control system could be used to reorient the satellite for functions such as antenna or sensor pointing. 
Along with the GLO-1B launch vehicle an initial satellite vehicle was designed which would fit into the vehicle's 40 inch long ogive nose cone. The initial satellite's payload was little more then a transmission repeater, which was similar to many amateur satellites in orbit today and would have demonstrated that the launch system worked as planned. The basic sub-systems of the satellite would have been a beacon transmitter, a command receiver, a command logic module, an attitude control module and an active repeater/transponder. 
The satellite body had an overall length of 24 inches. The primary payload section of the satellite was a decagon 14.5 inches across and 9 inches high. The base of the main section had an integrated 12 inches diameter high gain dish antenna and the exterior was covered in solar cells to provide electrical power. The upper section of the satellite was an octagon 8 inches across and 15 inches long. The first 3 inches of this section was the primary battery compartment which provided power when the satellite was in the Earth's shadow. The remaining 12 inches of this section was the satellite insert motor. The exterior of this section was also covered in solar cells. 
Although limited in capacity this initial satellite would have provided a useful function while demonstrating the capability of the GLO-1B to orbit satellites. As with the Martlet 4 it was recognized that improvements to the initial gun-launch velocity and the use of a liquid propellant third stage would have nearly doubled the mass of the satellite 
During the era when HARP, and later the Space Research Corporation, were developing the Martlet 4, and later the GLO-1B, there was still a prevalent attitude in the space launch industry that satellites and launchers should be ever bigger. New smaller capacity launchers, such the GLO-1B, met with little interest. By the late 1980's and the early 1990's it was realized that the costs of huge satellites was becoming unmanageable and policies such as NASA's Smaller, Faster, Better began to gain acceptance. Today attitudes have changed substantially and satellites in the range of 50-200 pounds are once again considered useful tools. 
A published report in 1972 indicated that the launch costs for a GLO-1B would be in the range about $88,000 per flight. In year 2000 dollars this was about $360,000 a flight. With a minimal payload of 50 pounds the launch costs of a GLO-1B would be about $7200 per pound which was within the pricing range of many current launchers. Modest improvements to the gun-launcher, such as lengthening the barrel, could have increased the mass of the GLO-1B's satellite to about 100 pounds . When considering a satellite mass of 100 pounds the proportional launch costs come down to about $3600 per pound which was substantially less then current launchers. Previously mentioned improvements in the vehicle design, particularly the use of liquid propellant second and third stages for the GLO-1B, could have increased the satellite mass even further to some 200 pounds Due to the small size and simplicity of the liquid rocket motors for the Martlet 4/GLO-1B it was considered that there would be little, if any, increase in vehicle costs for the liquid rocket stages. The use of liquid rocket stages in the GLO-1B could reduce launch costs even further to the range of about $1800 per pound. Even though these figures were rudimentary and extrapolated from relatively old information they do show the tremendous low cost potential of gun-launched satellite systems. 
The ability of the HARP orbital program to launch low cost satellites was well known and was usually the sole attribute discussed when gun-launched satellites were compared to conventional satellite launchers. The real potential of gun-launched satellites was not only their ability to provide low cost launches, but also in their ability to launch a vast numbers of satellites a year. Even though the individual HARP satellites had a modest mass, the system's ability to launch 200 or more satellites a year certainly made up for the smaller payload. 
As an example, a 200-pound payload launched 200 times a year results in a total launch mass of 40,000 pounds or 20 tons per year. This was the equivalent of more then four Ariane 4 launches, nearly ten Delta 2 launches or one launch of Russia's heavy lift Proton rockets. When additional capacity was required, one or more additional guns could be economically installed at any appropriate site around the world. A single 16 inch HARP gun-launcher would be capable of supplying nearly all of the bulk consumables (fuels, water, breathing gasses) needed by the International Space Station each year. 
Perhaps one of the most attractive uses of the high launch volume of a gun-launched system would be the ability to assemble a satellite platform in orbit by docking several gun-launched satellites together. In this manner a satellite platform of any size could be constructed and if a particular module fails, or a system upgrade was required, a replacement module could be quickly launched. A platform of this type could be operational for many decades as failed systems could be replaced, thrusters could be refueled and the platform could be expanded on orbit to fulfill new requirements. 
The 16 inch gun system was considered by HARP to be the smallest attractive bore size for a satellite launcher and plans for larger bore launchers, with larger satellite payloads, were under consideration. Larger gun systems could have launched satellites with masses from 500 kg to 1000 kg while still maintaining the low launch costs and high volumes of the 16 inch gun system. 
CONCLUSION 
Even though the HARP orbital programs never actually culminated in the successful launch of a gun-launched satellite, they successfully demonstrated the potential of gun-launchable satellite systems. Had the development of the Martlet 4 or the GLO-1B gun-launched satellite system proceeded as expected it was quite likely that today the skies would be littered with satellites and that at least a few of the grand dreams of the space colonization from the 1970's may have come true.
by Richard K Graf 
Manufacturer: Bull. LEO Payload: 23 kg (50 lb). to: 425 km Orbit. at: 13.00 degrees. Liftoff Thrust: 32.000 kN (7,193 lbf). Total Mass: 900 kg (1,980 lb). Core Diameter: 0.42 m (1.37 ft). Total Length: 5.10 m (16.70 ft)
	
	
	


Addendum
Bull's group devised a fin-stabilized projectile named Martlet for cannon launch. As the Martlet had a much smaller diameter than the cannon bore, it was fired using a snug-fitting "sabot", or shoe, that was discarded after the Martlet left the muzzle. 
About 200 Martlet 2s were launched with the 406 millimeter guns, with most of the launches from the island of Barbados in the Carribbean but a few from Yuma Proving Ground in Arizona. The Martlet 2s carried various payloads, including chemical releases and ruggedized instruments. They were fired to altitudes of up to 180 kilometers. 
Smaller projectiles were launched from 127 millimeter and 178 millimeter (5 and 7 inch) guns to altitudes of about 75 kilometers from Yuma and the US National Aeronautics & Space Administration's (NASA's) launch facility at Wallops Island, Virginia. A total of about 570 ballistic projectiles were launched in the course of HARP. 
While HARP blasted projectiles into space, the McGill group was driving the development of cannon-launched rockets to put payloads into orbit. Their Martlet 3 design was a discarding-sabot solid-propellant rocket with a diameter of 190 millimeters (7.5 inches), and was to be launched from a 406 millimeter gun. 
The Martlet 3 was to lead to the Martlet 4, which was to be a multistage cannon-launched rocket with a launch mass of 1.2 tons and a payload capacity of 90 kilograms to low Earth orbit (LEO); it would be given a muzzle velocity of 5,400 KPH. The McGill group also considered a three-stage rocket design that could put 295 kilograms into a 185 kilometer orbit using all solid fuel, or 590 kilograms into a 1,100 kilometer orbit using all liquid fuel. This vehicle would be launched from a 813 millimeter (32 inch) gun. 
Development of these cannon-launched projectiles proceeded to the point where subsystems were test-launched, demonstrating survival under accelerations of up to 10,000 gees. Subsystems included solid-rocket motors, an IR horizon sensor, a spin-rate sensor, Sun sensors, NiCad batteries, a solenoid-operated cold gas thruster, and various support electronics modules. 






































Attachment B   Gun Launch for Orbital Vehicles
Bruce Dunn

In the 1960s, project HARP (High Altitude Research Project), was run out of McGill University in Montreal. The principal engineering direction was from the Canadian ballistics expert Dr. G. Bull, and funding was from the U.S. Army. Project HARP involved the use of large guns to fire instrumented ballistic projectiles and rockets to high altitudes. The HARP program was terminated in approximately the mid 1960s before the group's ultimate goal of launching an orbital vehicle was achieved. This message gives some otherwise hard to get information about project HARP from two older papers in the Canadian Aeronautics and Space Journal. Material in quotation marks is from the cited papers. 
Paper 1: Bull, G.V. (1964) Development of Gun Launched Vertical Probes for Upper Atmosphere Studies. Canadian Aeronautics and Space Journal 10:236-247. This paper was written to accompany a speech made by Bull in Toronto in May 1964. In the Introduction to the paper, Bull writes: 
"During the past several years, both theoretical and experimental investigations have been undertaken to determine the applicability of guns to scientific studies of the ionosphere. Such possibilities have intrigued ordnance workers for many years, but involve a complex mixing of advanced gunnery techniques, scientific experiment considerations and economics....In late 1961, with material support from the US Army, McGill University undertook the development of a 16 inch gun system. In early 1962 this program came under full support of the US Army through the Army Research Office and the Ballistic Research Laboratories" In a section on sub-caliber ballistic projectiles, Bull says: 
"For example, in the case of a 16 inch naval gun which normally fires shells in the 3,000 lb. class at velocities of 2,800 fps, velocities as high as 6,000 fps can be obtained with shot weights of the order of 400 lbs., the sub-caliber vehicle in this case having a ballistic coefficient considerably higher than the normal shell. By re-design of the gun (i.e. extending the chamber and barrel) to optimize at this lighter shot weight, velocities approaching 7,000 fps are possible." 
A series of sub-caliber "Martlet 2" vehicles were built, which were sub-caliber and rode the barrel in a fall-away sabot. Canted fins on the projectile maintained aerodynamic stability, and spun the projectile up so that it was stable once leaving the atmosphere. These were fired at elevations of from 60 to 90 degrees from a 16 inch naval gun (on loan from the U.S.) which was located in Barbados. The gun was bored out to 16.5 inches and made into a smooth-bore cannon. Altitudes of approximately 500,000 to 600,000 feet (100 miles, 160 km) were projected for this arrangement, and early trial reported in the reference cited went as high as 112 km. Martlet vehicles carried instruments made from discrete solid-state electronics - they were potted in a mix of epoxy and sand (!) and the designers did not seem to have any real trouble getting the electronic to survive the launch acceleration which peaked at approximately 20,000 g. Martlet vehicles also routinely carried a liquid mixture of trimethyl-aluminum and triethyl-aluminum to be released at high altitudes for ionosphere studies. Another option was to carry sodium-thermite mixes which when ignited would release sodium vapor. If projectiles of a similar weight were fired for range rather than height then ranges of up to 150 to 200 miles were calculated, depending on the ballistic coefficient. Shots from the gun were routine and relatively inexpensive. Bull states: 
"Normally, loading of the gun can be accomplished in under one half hour, allowing a firing rate of one an hour....Standard service propellant available as surplus (WM/.245) has been used, and the gun geometry has not been modified. Firing programs are planned for the summer and fall of this year [1964] when the gun barrel will be extended and lighter sabots used with propellant designed to match the light projectiles, which should extend the Martlet 2A apogee to 200 km....The economics of the gun launched probe has been as predicted, with the Martlet 2A airframes loaded with TMA/TEA and a flare in the nose cone varying in price between $2500 and $3500, with gun launch costs (propellant and gun wear) included." 
After having discussed ballistic projectiles, Bull discusses gun-launched rockets: 
"Gun fired artillery rockets have been developed extensively since World War II and normally must withstand barrel acceleration loads of the order of 30,000 g along with the rotational loads superposed by shell spin. The performance of this type of rocket is only of marginal interest in the vertical probe application where non-spinning (from a stress viewpoint) vehicles are flown at acceleration levels of less than 10,000 g and relatively very large rocket motors are desired with high mass fractions....In May of 1963, work was started on what was designated as the Martlet 3A rocket assist vehicle as part of the HARP program. The objective of this activity was the development of a 16 inch gun launched probe which would carry some 40 lbs. of payload to altitudes in the 500 km range." 
The Martlet 3A and later 3B rocket vehicles were sub-caliber and used various solid propellants in various configurations. The main problem with gun launched rockets is supporting the solid propellant during the launch acceleration so that it does not collapse into the internal cavities molded into the propellant grain, and a lot of development work was performed to investigate the performance of various solid propellant grains. From their knowledge of the performance of the 16 inch gun system and general information about the specific impulse and mass fraction of solid fuel rockets, it was calculated that it would be fairly easy to put a payload into orbit using the HARP gun and a multistage solid fuel rocket. Orbital Launch Vehicle Characteristics from Figure 31 in the Bull paper: 

Total launch weight:     2000 lbs
Stage 1 weight:          1440 lbs
Stage 2 weight:           403 lbs
Stage 3 weight:           117 lbs
Payload:                   40 lbs

Muzzle velocity          4500 fps
Mass fraction             0.8
Specific impulse          300 sec (vacuum)

The first and second stages were to be fired at relatively low altitude, but clear of the atmosphere. The third stage was to circularize the orbit, and would be fired horizontally at orbital altitude. Such a vehicle was never built before the program was shut down, although motors of the first stage size were developed. The HARP group was also involved in exploring the possibilities of launching liquid fueled rockets from the gun. These could be thin-shelled as long as they had no gas spaces in them (you can accelerate a balloon full of water at any g force you like, as long is it is fully supported during the acceleration). 
Paper 2: Eyre, F.W. (1966) The Development of Large Bore Gun Launched Rockets. Canadian Aeronautics and Space Journal 12:143-149. 
"The concept of a rocket launched from a gun is not new. It will suffice to affirm in this paper that the gun launched artillery rocket was in full development during the Second World War and this investigation still continues. Like so much work in allied fields, a great deal of what has been done and is being done is classified and cannot here be repeated....The conventional solid propellant gun, firing meaningful projectiles, currently appears able to develop a maximum muzzle velocity of some 6000 to 9000 fps. Allowing an 80% recovery of muzzle kinetic energy as potential energy, this corresponds to a ceiling for sounding work of some 800,000 to 1,000,000 ft. (say 160 to 200 statute miles). Significant improvements beyond this level must come either from use of a different type of gun or from rocket boost during vehicle flight, which is here considered." 
"Figure 3 shows muzzle velocity vs. shot weight for the Barbados gun. [HARP]" 

"Assumed conditions:  Max. pressure 60000 psi
                      Fixed charge, 1000 lbs M8M propellant
                      Web size optimized."
[some approximate data points from Figure 3 graph, and from Figure 4 showing acceleration vs. shot weight] 
Shot weight  Muzzle velocity  Max. acceleration
 500  lbs      7700 fps       13,000 g
1000  lbs      6400 fps        9,000 g
1500  lbs      5700 fps        6,500 g
2000  lbs      5200 fps        5,000 g

Eyre then goes into a long technical discussion related to how to support propellants of various types in a solid fuel rocket during the gun acceleration. Perhaps the neatest concept is to simply fill all empty spaces in the rocket with a fluid which then can support the propellant grain hydrostatically during launch (sort of a rocket water-bed). The rocket is then accelerated using some form of pusher plate, which seals the liquid in. The plate drops away after launch, and the fluid is then vented or drained before ignition. With regard to practicality and performance, Eyre writes: 
"It has transpired in design studies that although structural problems do arise due to the acceleration loads, and additional problems are posed by the necessity to use a folding stabilizer assembly, mass fractions almost as high as conventional rockets can be achieved and the design problems are partially alleviated by an all supersonic flight regime.....Given this condition the advantage of the gun can be seen in that a typical vehicle of mass fraction 0.8 would have an apogee of 176 miles used conventionally, 257 miles at 1000 fps launch, 342 miles at 2000 fps, 435 miles at 3000 fps, 529 miles at 4000 fps and so on." 
Eyre then discusses the fabrication of a full-scale, full bore (16 inch) motor with a weight of 1450 lbs., designated the Martlet 4A and designed for the Barbados gun. At the time of writing of the paper, it does not appear as if this had yet been test launched - I do not know how far the program was carried before it was cancelled. 
"Current work is directed towards development and application of a thin plastic wear resistant coating [they were worried about excessive wear on the rocket casing], and launching of 16 inch motors to investigate scale factor effects. At the time of writing [1966] full bore Aerojet General Corp. grains are awaiting launch. ... At the present time a heavy test program is about to commence with many agencies participating and for the most part full scale hardware ready for launch." 
In summary, up until the time of writing of the later of the two quoted papers in the mid 1960s, HARP under Dr. Bull appeared to have been highly successful using a surplus 16 inch naval cannon in firing projectiles to high altitudes and in firing solid fueled rockets.. Bull has been called the most brilliant gun designer of this century. His comment on vehicle design for guns of different scales is interesting: 
"Obviously since launch weight (i.e. payload) is increasing roughly as the cube of the scale, while peak accelerations are decreasing linearly, the larger the gun the simpler the vehicle engineering problem." 


Attachment C  Martlet IV Orbital Vehicle
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	Martlet 4 - The original Martlet 4 design, with the sub-caliber first stage and ACM.
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Family: Gun-launched. Country: Canada. Status: Design 1966. 

The Martlet 4 was ultimate goal of the HARP program - a gun-launched orbital launch vehicle. Two versions were considered: a preliminary version with two solid propellant upper stages, and a later model with two liquid propellant upper stages. Payload of the liquid propellant version would have reached 90 kg. The initial version was in an advanced stage of suborbital flight test when the HARP program was cancelled in 1967. 
MARTLET 4 
The Martlet 4 was a full-bore, multi-stage, gun-launchable rocket. Although the Martlet 4 could have been used to launch heavy sub-orbital payloads, it was primarily designed as a satellite launcher. 
THE HARP ORBITAL PROGRAM 
The HARP orbital program was not part of the original HARP mandate of exploring the upper atmosphere. It was not until 1964, when agreements between the Canadian and the US governments permitted stable funding over the following three years, that HARP was able to seriously consider an orbital program. Even though the technical aspects of the Martlet 4 development progressed relatively smoothly, the HARP orbital program met with criticism from its inception, with much of it being unfounded, uninformed and undue. To defend itself the HARP staff applied considerable efforts to rebut these often insidious attacks, which came steadily over a period of years from certain quarters. This criticism, along with external political pressures and competing research programs, led to repeated funding delays during the development of the Martlet 4. Even the extraordinary technical efforts of the HARP staff could not overcome this external pressure. With these considerations in mind it was not surprising that HARP was not able to successfully gun-launch a satellite, although they were more then successful in proving the feasibility of a low-cost, gun-launched satellite system. 
During the last year of the HARP program, when it became clear that further funding was not forthcoming, and that the goals of the Martlet 4 program were not to be realized, full efforts were diverted to developing a Martlet 2G-2 orbital vehicle (GLO-1A). It was felt that if a satellite - any satellite, no matter now small - could be successfully gun-launched, that it then would be possible to encourage further funding, either public or private, which would permit the orbital goals of the HARP program to be realized. Unfortunately time and fate were against HARP and the project was closed down on June 30 1967, only a few months before an orbital 2G-2 could be flown. 
The Martlet 4 program began in the spring of 1965 with extensive parametric studies which showed that meaningful payloads could be launched into low Earth orbit from the 16 inch L86 HARP gun on the Barbados flight range using a full bore, 3 stage rocket vehicle. 
MARTLET 4 VEHICLE GENERAL DESCRIPTION 
The original Martlet 4 design parameters called for a vehicle with three solid rocket stages able to launch a payload between 25 and 50 pounds into low earth orbit from the 16 inch L86 gun on Barbados with an all up shot weight on the order of 2000 pounds 
The original Martlet 4 vehicle was only 29 feet long, which was quite small for a satellite launcher, and puts it in the size category of a typical sounding rocket. The many advantages of gun-launching allowed the Martlet 4 to be capable of orbiting a small satellite while retaining launch costs similar to that of a sounding rocket. 
The first stage of the Martlet 4 (Martlet 4A stage) was a solid rocket motor 156 inches long with a fuel weight of 1620 pounds and an all up weight 1960 pounds Attached to the base of the first stage were a set of 6 flip-out fins. These fins were folded flat and in-line with the vehicle's body while the vehicle was in the gun barrel. They popped out to a 45 degree angle at muzzle exit. The fins were chamfered to allow aerodynamic forces to create a vehicle spin rate of about 4.5 to 5.5 rotations per second, providing gyroscopic stability for the remainder of the flight. The fixed geometry of the gun barrel and the very stable and predictable flight path of all gun-launch vehicles eliminated the need for any guidance corrections prior to the Martlet 4's first stage rocket motor burn. 
A slightly modified version of the Martlet 4A stage was also intended for use as the Martlet 3D vehicle. The Martlet 4A stage holds the worlds record for the largest rocket motor launched from a gun. 
The second stage of the Martlet 4 (Martlet 4B stage) was a solid rocket motor 52 inches long with a fuel weight of 400 pounds and an all up weight of 500 pounds . The Martlet 4B stage design was little more then a shortened Martlet 4A stage that was optimized for its role. 
Between the second and third stages was the Attitude Control Module. After the first stage had burned out and separated from the rest of the vehicle, the Attitude Control Module was used reorient the vehicle to pre-programmed pitch and yaw angles relative to the horizon, prior to the ignition of the second and the third rocket stages. Immediately prior to second stage ignition the module was deactivated and the second stage thrust occurs without active guidance. After the second stage had burned out the empty stage was retained and the Attitude Control Module was reactivated so that the vehicle could be properly orientated for third stage thrust. Just prior to third stage ignition the second stage, with the Attitude Control Module attached, was released and the third stage thrust also occurred with out active guidance. 
The third stage of the Martlet 4 (Martlet 4C stage) was a solid rocket motor 48 inches long with a fuel weight of 160 pounds and an all up weight of 200 pounds . Early versions of Martlet 4C stage design called for a sub-caliber rocket motor some 12 inches in diameter but this concept was soon abandoned and all subsequent versions use a full-bore16 inches diameter motor 
The satellite insert motor was considered the fourth stage of the Martlet 4. This motor was fixed to the satellite payload and its nozzle pointed in the direction of travel during launch. As the vehicle was gyroscopically stabilized by the flip-out fins immediately after launch the satellite retained its relative orientation throughout the launch sequence and was pointing in the proper direction at the first apogee when the insert burn occurred. 
The nose cone was a simple straight cone and allowed payloads of up to 48 inches in length to be carried. 
	
	



MARTLET 4 MISSION PROFILE 
The Martlet 4 mission began with the preparation and pre-flight testing of the gun-launcher and the launch vehicle. The simplicity and the small size of this launch system greatly reduced the preparation time for the gun-launcher and the vehicle to only a few hours. This was particularly noteworthy when comparing the Martlet 4 to a conventional satellite launching rocket with a similar capacity which could require weeks or even months to prepare. The fast preparation time for a gun-launched orbital flight was one of the greatest advantages of a gun-launched satellite system and it would not have been uncommon for the HARP launch facility on Barbados to have been capable of launching four to six Martlet 4 vehicles per DAY when required. As well, due to the very high gun-launch velocities, Martlet 4's could have been launched in adverse weather conditions that would have prevented a rocket-based satellite launcher from flying. 
After the preparations were complete the Martlet 4 vehicle and the gun propellant were loaded into the gun-launcher and the gun was elevated to the launch angle. With the gun loaded and ready there was a short countdown to insure that all systems were still "go" and the down range danger zone was clear. The firing of the gun was a simple mater of sending an electrical signal to the gun-launcher at the appropriate moment to ignite the gun propellant. The actual gun-launch cycle took only a fraction of a second with the Martlet 4 leaving the launcher at about 1370m/s. Immediately upon leaving the gun-launcher the flip-out fins pop into position. Aerodynamic forces acting on the fins spun up the vehicle, providing gyroscopic stability throughout the remainder of the flight. 
After gun-launch the vehicle coasted upward and down range for 45 seconds prior to first stage ignition. This First Coast Phase allows the vehicle to rise to an altitude of 26.5 km were the air had thinned to a fraction of sea level pressure. The delay in the first stage ignition also allowed the flight controllers ample opportunity to determine if the vehicle was in stable flight and if all of the primary systems were operating properly prior to allowing first stage powered flight. During the First Coast Phase air drag and gravity will have reduced the vehicles velocity from 1370 m/s at launch to about 1072 m/s. 
First stage ignition occurs at T+45 seconds into the flight. The first stage burn would have taken about 20 seconds and increased the vehicle's velocity to 3520 m/s. At burnout the vehicle's altitude was 40 km. Immediately after first stage burnout the stage separated from the rest of the Martlet 4 and then re-entered the atmosphere and impacted in the ocean. 
No active guidance was used between the gun-launching and the first stage's powered flight. One of the prime technical advantages of a gun-launcher was that the fixed geometry of the gun barrel and very high launch velocities allow for highly accurate predictions of a gun-launched vehicle's flight path. The flight path of a gun-launched vehicle was so predictable, in fact, that there was no need for active guidance prior to the first stage burn of any gun-launched rocket. This held true for multi-stage vehicles such as a Martlet 4 and for single-stage rocket-assisted vehicles such as the Martlet 3D and 3E. 
The second stage ignition was delayed until T+65 seconds. During the 10 second delay between the first and second stage burns the Attitude Control Module was activated. Any corrections to the vehicles attitude, relative to Earth's horizon, were made. The Attitude Control Module was then deactivated just prior to second stage ignition. The second stage burn was to have taken about 20 seconds and increased the vehicle's velocity to 5790 m/s and its altitude to 78.4 km. Following second stage burnout the second stage was NOT separated but was retained until just prior to third stage ignition. 
The third stage ignition occurred at T+490 seconds into the flight. Between second stage burnout and third ignition was a Third Coast Phase of 395 seconds. During this coast phase the Attitude Control Module was activated periodically and allowed to reorient the vehicle to insure the proper alignment for the third stage burn. The Third Coast Phase also allowed time for the vehicle to gain significant altitude and to travel far down range on its sub-orbital trajectory. 
Immediately prior to third stage ignition the Attitude Control Module was deactivated and the burned-out second stage, with the Attitude Control Module attached, was jettisoned from the remainder of the vehicle. 
By T+509 seconds the third stage had burned out. By this time the vehicle's velocity was 7653 m/s and its altitude was 428 km. After the burnout the third stage was separated to re-enter and burn up in the atmosphere.  The intended final orbit was nearly circular with a perigee of about 425 km and an apogee of about 430 km. Before the satellite was able to settle into its final orbit a fourth and final rocket motor burn was required. The orbital insert motor was incorporated into the satellite and was not ejected after use. At third stage burnout the orbital insertion motor was orientated with its nozzle pointing in the direction of travel. As the gyroscopically stabilized satellite came around the Earth it was pointing in the appropriate direction for the orbital injection burn. The orbital injection burn occurred at the first apogee some 45 minutes after the vehicle was gun-launched. 
The accuracy of the final orbit was highly dependent on the timing of the orbital injection burn with greater accuracy being achieved by the command firing of the injection burn by ground controllers. 
ATTITUDE CONTROL MODULE 
The attitude control module for the Martlet 4 vehicle was a remarkable piece of engineering. Consider for a moment the state of the available technologies in 1965 when work on this critical component began. In 1965 solid state electronics was still an infant technology with few complicated integrated circuit chips available and no significant CPU's. The gyroscopes typically used for missile and rocket guidance control were not suitable for use in a gun-launched vehicle. The Martlet 4 project engineers were faced with the daunting task of developing an entirely new type of guidance system which would be suitable for this unique launch application. 
From the beginning of the HARP program their use of big guns to launch payloads into space attracted great interest from a wide variety of specialised industries. To solve the problem of the Martlet 4 guidance system the development program was expanded to include interested industrial contributors. The primary HARP development group (McGill University, the US Army's Ballistics Research Laboratory, and the Harry Diamond Laboratory) designated Aviation Electric Limited of Montreal, Canada, as the prime contractor to develop a gun-launchable guidance system suitable for the Martlet 4 mission profile. 
Almost from the onset of the program it was recognized that the delicate mechanical gyroscopes typically used for rocket guidance at the time were unsuitable for the high g-loads of gun-launching. The foremost goal of the Attitude Control Module research team was to create new methods of determining the pitch, yaw and roll rate of the vehicle. 
The final concept for the Martlet 4 Attitude Control System was simple yet effective. The Martlet 4's Attitude Control System was primarily an analogue unit that gathered information from several sensors, compared it to pre-set reference angles and then fired cold gas thrusters at the appropriate moment to correct the vehicles pitch and yaw angles for the next motor burn. During flight this module would be activated periodically to let the system correct the vehicle's attitude and then turned off to conserve propellant as the vehicle coasted to the next rocket motor ignition event. 
The first piece of necessary information acquired by the system was the exact spin rate of the vehicle. The spin rate sensor was a simple accelerometer developed by Aviation Electric Limited. As the vehicle rotated in flight the sensor determined the roll rate and provided a reference pulse for the other subsystems. 
The pitch angle of the vehicle was determined by two infrared sensors. Actually miniature infrared telescopes, the sensors looked out the side of the Attitude Control Module, one perpendicular to the vehicle's axis, and the other at an angle. On each rotation of the vehicle the "Earth Pulse Width Comparator" would analyze the signals from both sensors and a pitch angle relative to the local horizon was generated. 
The yaw angle of the vehicle was determined by sun sensors. The sun height sensor was mounted looking out and forward of the Attitude Control Module. On each rotation the "Sun Pulse Height Comparator" circuit read the information from the sun height sensors and determined the pitch angle of the vehicle relative to the sun. This comparator obviously required a pre-programmed sun angle relative to the time of day the vehicle was launched to serve as a reference for the proper yaw angles to be determined. 
These three pieces of information were fed in to the "Switching Logic and Nozzle Firing" circuit. The Switching Logic module compares the sensor information and determined if there was a misalignment in the vehicle's attitude. When a misalignment was identified, the system determined which thrusters to fire and the timing of the thruster pulse to correct the vehicle's attitude for the next rocket motor burn. 
Once the operating principles of the Attitude Control Module were established the development and flight testing of the system's components began. In 1965, when this critical component of the Martlet 4 was under development, the HARP project's engineers already had many years of experience in the design and development of gun safe electronics. Therefore the development of the guidance system's components proceeded relatively smoothly. The primary components of the Attitude Control Module were assembled and bench tested, and then they were flight-tested to insure that they could withstand the stresses of gun-launching. 
The flight testing of the components for the Attitude Control Module was carried out primarily from the HARP test range in Highwater, Quebec. To increase turn around time and reduce costs much of the flight testing was carried out using the small 155 mm (6.25 inch ) smooth bored guns. The components were packaged into full-bore slugs and fired either vertically, with recovery via parachute, or horizontally, with recovery using the over-the-ice technique. 
Components for the Attitude Control Module were gun-launch tested to proof loads of 10,000 g's which was about twice that experienced by the Martlet 4 during launch and provided a considerable safety factor. The launch forces experienced by the Martlet 4 were actually fairly soft for a gun-launch vehicle considering the some HARP vehicles regularly carried telemetry packages after launch loads in the range of 50,000 g's. 
To be considered qualified for this application components would be gun-launched, recovered and compared to the pre-launch calibrations to determine if any gun-launch acceleration-related changes had occurred. Typical components would be test launched several times before the design was considered flight qualified to insure a high degree of system reliability. Once the primary components of the Attitude Control Module were individually proven, entire ACM assemblies were packaged in a 6.25 inch airframe and flown to insure the assembly would function in flight as a complete unit. 
With the development of the Martlet 4 rocket stages incomplete it was not possible to test the Attitude Control Module under actual flight conditions. It was considered that the testing procedures for this assembly insured a high degree of confidence in the Attitude Control Modules reliability and no major concerns during actual flight conditions were anticipated. 
DEVELOPMENT OF THE MARTLET 4 PROPULSION STAGES 
The development of the Martlet 4 rocket stages was a unique endeavor in the history of rocketry and it was the first time that anyone had attempted to develop such a large multi-stage gun-launchable rocket vehicle. The Martlet 4's development began soon after the developmental flights of the Martlet 2A and 2B and closely followed the successes of the 7 inch full bore Martlet 3E development program. The development of the Martlet 4 rocket stages, and that of other Martlet 4 subsystems, ran in parallel to the development of the Attitude Control Module. 
The original design concept for the Martlet 4 first stage (Martlet 4A) consisted of welded steal, sheet metal, motor case with threaded end enclosures. The motor case was slightly sub caliber and used narrow brass bore riders at each end and a thin rolled metal external discarding solid sabot between the bore riders as a ware surface. The all up weight of the motor was 1160 pounds with a fuel weight of 1450 pounds. The solid rocket grain was 114 inches long with a 7-point star-shaped progressive burning core. The heavy motor case, necessary to handle the gun-launching loads, permitted a chamber pressure of about 1500 psi at motor burn out with a vacuum specific impulse in excess of 250 sec. 
The original motor design was successfully launched on several tests although the very tight machine tolerances needed for this type of construction proved to be quite impractical. Following the success of the Martlet 3E, the Martlet 4A motor case was redesigned to use a Fiberglas motor case with metallic end enclosures. 
The advantages of a Fiberglas over a steel motor case were many. Foremost was the weight savings and the associated improvement in the stage mass fraction. The Fiberglas motor case was simpler to manufacture as the end enclosures could be fixed directly to the motor grain and the Fiberglas wrapped in place, improving the overall structural integrity. The problem of motor case wear during launch was addressed by both designing the motor case with sufficient tolerances to permit the expected wear and to liberally coat the motor case and the gun bore with a silicon lubricant. 
Development trials for the Martlet 4A began in the fall of 1966 with tests proceeding into early 1967. The majority of the early work was conducted on the Highwater, Quebec test range where the structural integrity of the Martlet 4A motor during gun-launching was proven. Prior to the abrupt end of the HARP project in July 1967, soft recovery trials and flight testing had been planed for the winter of 1967/1968. After this the Martlet 4A stage would have been declared operational for use with the Martlet 4 and as the Martlet 3D vehicles. 

Final specifications of the original Martlet 4A stage called for a Fiberglas cased motor 156 inches long with 6 flip-out fins at the base for aerodynamic stability. The overall weight of the motor stage was 1960 pounds with a fuel weight of 1620 pounds yielding a mass fraction of 0.82. At nearly one ton the Martlet 4A holds the worlds record for being the largest rocket motor ever fired from a gun. 
The development of the Martlet 4 second (Martlet 4B) and third (Martlet 4C) rocket stages was to follow the development of the Martlet 4 first stage. The two upper stages of the Martlet 4 were designed to simply be shorter versions of the Martlet 4A first stage. The substantial difference between the upper stages of the Martlet 4 and its first stage were the thickness of the motor cases and the rocket nozzle design. The case walls of the Martlet 4 first stage had to be thick enough to not only support itself but to support the mass of the upper stages and the payload as well. The case wall of the second stage could be thinner as it only needed to support itself , the third stage and the payload. The third stage wall could be even thinner since it only had the satellite payload and itself to support. The progressive thinning of case walls of the upper stages reduced the inert mass of the rocket stages and improved the stage mass fractions. The changes to the rocket nozzles were minor and took into account the different thrust profiles of the motors and the altitudes at which they were used. 
MARTLET 4 GUN BALLISTICS 
Weighing in at over a ton the Martlet 4 vehicle was considerably heavier then any of the other 16 inch Martlet vehicles although it was in the same weight range as a standard 16 inch military shell. The very heavy shot weight of the Martlet 4 required that an entirely new propellant charge be developed specifically for the Martlet 4 and research was performed to develop a propellant charge that would provide the highest possible launch velocity from the 16 inch Barbados gun. 
Throughout the HARP project there was a continuous effort to develop improved propellant charges for all of the HARP guns in order to increase the launch velocities of the various Martlet vehicles. This work was covered in detail in the section on the HARP guns. Much of this work concentrated on the 16 inch gun and the Martlet 2 series and culminated in an a very special propellant charge. 
The Multi-Point Spaced Ignition Charge for the Martlet 2 vehicles solved many of the problems encountered earlier in the program with erratic burn rates and was the basis for the Martlet 4 propellant charge. The Multi-Point Spaced Ignition Charge for the Martlet 2 series consisted of about 900 pounds of M8M propellant divided into eight propellant bags. These bags were loaded into the gun in four sets of two bags with spacers to keep the bag pairs separated by about 18 inches . With a conventional charge the propellant was ignited at the breach end and the flame front progresses from one bag to the next. With the Multi-Point Spaced Ignition Charge each bag was ignited simultaneously which produced a very even ignition and helped to stabilize the pressure curve. 
The standard Martlet 2 charge was not suitable for the much heavier Martlet 4. The primary reason for this was that the propellant grain size and the burn rate of the propellant was matched by the lighter shot mass of the Martlet 2. The lighter Martlet 2 accelerated down the bore much quicker then the heavier Martlet 4. The high burn rate of the standard Martlet 2 propellant charge would have generated too much propellant gas too soon, resulting in an overpressure and the destruction of the gun. 
An ideal charge for the Martlet 4 would have to produce the same volume of propellant gas as the Martlet 2 charge but at a much slower rate to match the slower acceleration of the heavier Martlet 4. The solution was to increase the size of the individual propellant pieces while using a similar total charge weight. The standard 0.220 inch web propellant grains for the Martlet 2 application were replaced with a much larger 0.405 inch web grain. These much larger propellant grains reduced not only the number of individual propellant pieces in the charge but the initial surface area of the charge as well. The smaller total surface area of the propellant pieces reduced the rate at which propellant gas was generated and allowed the Martlet 4 vehicle to accelerate down the barrel without overpressurizing the gun. 
MARTLET 4 UPGRADES 
With a payload of only 50 pounds to LEO the original Martlet 4 had a less then stellar payload capacity and efforts were made to increase the payload flexibility of the Martlet 4 satellite launching vehicle. 
The most obvious and simplest upgrade to the Martlet 4 performance would have been to increase the initial gun-launch velocity of the Martlet 4 vehicle. As the gun-launcher was a ground-based propulsion system any increase in the initial gun-launch velocity would translate into an increase in the payload to orbit mass with out any changes to the Martlet 4 vehicle. 
The most obvious means of increasing the gun-launch velocity would have been to increase the gun-launcher's propellant charge. The propellant charge developed for the Martlet 4 vehicle was considered to be the maximum charge practical for the 16 inch HARP guns and it would not have been possible to safely increase the quantity of propellant without endangering the safety of the gun. With this in mind the next best way to increase the gun-launch velocity would be to lengthen the gun-launcher. A longer barrel extended the time the propellant gasses had to push on the vehicle which resulted in a faster vehicle velocity at muzzle exit. 
The original 16 inch naval gun installed on Barbados had already been extended from 61 feet to 120 feet (L45 to L86) in early 1965 by welding a second barrel onto the end of the first, doubling the length of the original gun. Plans existed to double the length of the three 16 inch HARP guns yet again to about 240 feet. To this end the 16 inch gun in Highwater, Quebec was lengthened from 120 feet to 172 feet (from L86 to L126) by adding a third barrel section to it. Plans for a fourth barrel section which would extend the gun to 240 feet (L150) were never realized. Studies were also conducted for extending the HARP 16 inch guns to up to 480 feet although this may not have been practical due to the necessary support structures needed to maintain an exact barrel alignment. Lengthening the Barbados gun from 120 feet to 240 feet could have increased the Martlet 4 payload mass by about 20% depending on the desired final orbit. Other studies to improve gun propulsion performance included replacing a standard charge with a travelling charge and a unique secondary charge concept. This consisted of two charges separated by a piston. The piston prevented the first charge from igniting the second one, which was accelerated down the barrel with the projectile. The second charge would only be ignited only after the bore pressure from the first charge had dropped to a safe level. 
Studies were also conducted on larger bore guns. From these studies preliminary designs for guns with 32 inch and 64 inch bores were considered as well as a concept to replace the 16 inch Barbados gun with a 24 inch barrel gun using the same mountings. These larger guns would have launched proportionately larger Martlet 4 type vehicles with considerable increases in payload capacities and masses. None of these concepts were ever realized. 
Another approach which HARP pursued to improve the performance of the Martlet 4 vehicle concentrated on improving the performance of the Martlet 4 propulsion stages. It was considered that the most practical means would be to replace the solid propellant rocket motors with liquid propellant rocket motors. 
Liquid propellant rocket motors were studied for the two upper stages of the Martlet 4. Based on existing 16 inch gun performance and maintaining a similar launch mass, liquid propellant upper stages could have theoretically increased the Martlet 4's mass to orbit to some 200 pounds It was considered that for all 16 inch Martlet 4 designs that the first stage would always remain a solid propellant rocket. 
There were many fuel combinations which could have been used in these liquid rocket motors. Due to the relatively small sizes of these motors it was possible to consider several very exotic propellant combinations, including using fluorine as an oxidizer, which could have provided incredibly high performances. This was balanced by the need for a motor that was both simple to manufacture and would operate reliably after gun-launching. For the initial upgrades at least, it was decided to use common fuel combinations 
The final two propellant combinations which were seriously considered for the initial vehicle upgrade were hydrazine as the fuel with either nitrogen tetroxide or liquid oxygen as the oxidizer. Hydrazine/ nitrogen tetroxide, a very common room temperature hypergolic propellant combination, would have specific impulse of some 320 seconds in vacuum in this application. The hydrazine and liquid oxygen combination would have a much higher specific impulse of about 370 seconds in vacuum. 
The hydrazine/liquid oxygen propellant's superior performance would, of course, be the preferred choice The primary concern was that the optimal stage design allowed only minimal tank insulation. This would have permitted only a 20 minute handling window between the oxidizer tank fill and launch. Beyond that point the cryogenic liquid oxygen would have warmed up to the point that venting and refilling of the tank would be required. Therefore any delays in launch operations would also require the difficult and time-consuming task of unloading the vehicle from the gun to vent and refill the oxidizer tanks. 
The Martlet 4's liquid propellant second stage was 73 inches long with 435 pounds of propellants and an all up-weight of 537 pounds.  The liquid propellant third stage for the Martlet 4 was only 27 inches long with 103 pounds of propellants and an all up weight of 128 pounds . 
The basic motor design for the second stage was quite simple. To simplify the engine design a regenerative cooling system was not used and instead the rocket motor was immersed in the Hydrazine fuel tank. The fuel tank surrounded the engine's combustion chamber and bell nozzle with the base of the fuel tank extending down to the base of the bell nozzle. The fuel and oxidizer tanks were separated by a flexible membrane. During the gun-launching this flexible membrane allowed the oxidizer to literally ride on top of the fuel without the two coming in contact with each other and eliminating the need for separate, heavy, rigid propellant tanks. 
The primary method of pressurizing the propellant tanks was to apply regulated helium gas from a sphere of high pressure helium which was mounted on top of the oxidizer tank. An alternative to this would have been to use a pyrotechnic pressurization system. The pyrotechnic pressurization system consisted of a simple Solid Propellant Gas Generator (SPGG) which was to be mounted inside the upper enclosure of the oxidizer tank. The SPGG cartridge generated pressurizing gas at a specific rate which would provide a fairly constant tank pressure and a consistent propellant feed rate. The SPGG would have provided a savings in weight and complexity although the pressuring gas it generated was very hot, which could have created secondary problems in some vehicle configurations. The pressurizing gas was applied to the propellant tanks immediately prior to the ignition of the motors. 
The third stage motor configuration was somewhat different then the second stage. At only 27 inches long the third stage's rocket motor dominated the design. As with the second stage, the third stage's fuel tank surrounded the combustion chamber and nozzle.  Unlike the second stage, the third stage's fuel tank did not extend past the top of the combustion chamber. The flexible membrane separating the propellants was attached to the top of the combustion chamber and extended to the edge of the upper enclosure. The oxidizer tank was roughly cone-shaped on the bottom with the hemispherical end enclosure at the top. The helium pressurizing tank was a toroidal, mounted inside the fuel tank, and surrounded the combustion chamber. 
The combined performance improvements noted above had the potential of increasing the payload of the Martlet 4 from an initial 50 pounds to some 200 pounds.  With a 200 pounds payload, even by today's standards, the Martlet 4 would have been capable of satisfying many orbital applications.
By Richard K Graf 

Specifications
LEO Payload: 23 kg. to: 425 km Orbit. at: 13.0 degrees. Liftoff Thrust: 4,830 kgf. Total Mass: 1,300 kg. Core Diameter: 0.4 m. Total Length: 8.5 m. 
· Stage Number: 0. 1 x HARP Gun Gross Mass: 450 kg. Empty Mass: 1 kg. Thrust (vac): 13,000,000 kgf. Isp: 365 sec. Burn time: 0 sec. Isp(sl): 43 sec. Diameter: 0.4 m. Span: 0.4 m. Length: 36.6 m. Propellants: Guncotton No Engines: 1. 16 in gun 
· Stage Number: 1. 1 x Martlet 4A Gross Mass: 890 kg. Empty Mass: 155 kg. Thrust (vac): 6,900 kgf. Isp: 300 sec. Burn time: 30 sec. Isp(sl): 210 sec. Diameter: 0.4 m. Span: 2.2 m. Length: 4.0 m. Propellants: Solid No Engines: 1. Martlet 4-1 
· Stage Number: 2. 1 x Martlet 4B Gross Mass: 230 kg. Empty Mass: 45 kg. Thrust (vac): 2,100 kgf. Isp: 300 sec. Burn time: 20 sec. Isp(sl): 210 sec. Diameter: 0.4 m. Span: 0.4 m. Length: 1.3 m. Propellants: Solid No Engines: 1. Martlet 4-2 
· Stage Number: 3. 1 x Martlet 4C Gross Mass: 90 kg. Empty Mass: 20 kg. Thrust (vac): 550 kgf. Isp: 300 sec. Burn time: 19 sec. Isp(sl): 210 sec. Diameter: 0.4 m. Span: 0.4 m. Length: 1.2 m. Propellants: Solid No Engines: 1. Martlet 4-3 

Martlet 4 Chronology

- 1965 March - 
· [bookmark: 24582]Martlet 4 orbital gun-launched rocket design. 
It was not until 1964, when agreements between the Canadian and the US governments permitted stable funding over the following three years, that HARP was able to seriously consider an orbital program. The Martlet 4 program began in the spring of 1965 with extensive parametric studies which showed that meaningful payloads could be launched into low Earth orbit from the 16 inch L86 HARP gun on the Barbados flight range using a full bore, 3 stage rocket vehicle. 

- 1966 September - 
· [bookmark: 24583]Martlet 4A orbital gun-launched rocket tests. 
Development trials for the Martlet 4A began in the fall of 1966 with tests proceeding into early 1967. The majority of the early work was conducted on the Highwater, Quebec test range where the structural integrity of the Martlet 4A motor during gun-launching was proven. Prior to the abrupt end of the HARP project in July 1967, soft recovery trials and flight testing had been planned for the winter of 1967/1968. At nearly one ton the Martlet 4A holds the world's record for being the largest rocket motor ever fired from a gun. 

Attachment D
	Project Babylon


Technical information
Official name: Babylon project
Caliber: 1000 mm (39,4 in).
Length: 175 m (574ft).
Range estimated: Unlimited due to ability to put the projectile into orbit
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The Iraqi Babylon project supercannon was never completed.  This gun, which was a follow-on to Project HARP, was the vehicle that Gerald Bull hoped to use to finally carry out the dream of his life which was to orbit a satellite using a gun. 
A prototype of 350 mm initially was used as a test bench. This prototype, called Babylon, was assembled at a military test center between Mossul and the Syrian border in the Sindjar mountains.  The prototype, had a length of more than 53 meters in five sections horizontally assembled on railroad cars so as to absorb the recoil of the weapon..
In March 1989, the first test of the 350 mm prototype was successfully conducted and Dr.Bull reported at the end of February 1990that the horizontal tests of the 350 mm gun were complete and were regarded as being finished 
The gun tubes were transported to an angled launch site located in the Jabal-Makhal Mountains in the center of Iraq with testing to start in March. . A 350 mm prototype called Baby-Babylon was actually assembled in a trench excavated on the side of a mountain. Beginning in March 1990, the Babylon project testing commenced with successful results and the project advanced rapidly.  
Dr Bull was reported to have initiated development of a 1000 MM gun which would transport 500 kg of high explosives at a distance of 700 km.  This was a gigantic gun of 1.000 mm caliber and about a 175 meters length.  It was planned to build two prototypes.  The first, a horizontal test bench was designed to make studies of internal ballistics, in order to determine the behavior of the projectile in the tube after the firing.  The second, which was to be an operational gun, would have been placed at 45 degrees in a trench on the side of a mountain.  It was planned to use a propelling load of 10 tons. 
This gun, could not change its firing angle and would have been difficult to move.  Therefore consideration was given to hide and protect the gun in a mountainside similar to the silos which shelter the intercontinental ballistic missiles.
This space launcher did not have the characteristics of a weapon according to Doctor Cowley. the former collaborator and friend of  Dr. Gerald Bull.: If a gun can put a satellite on orbit, it is obvious that it can launch projectiles at a very long distance in a military application.
Repeatedly over a period of  30 years, Dr. Bull prepared studies for the Pentagon for  an orbital bomb.  It appears that it would have been possible to place a bomb on orbit with the gun.  While the bomb would have been in a fixed orbit, by manipulating the re-entry trajectory, the orbiting bomb could have struck any target on Earth.  It appears that Dr. Bulls and the Iraqis worked on this question before the stop of the project.
The highly placed Iraqi defector, General Hussein Kamel, reported later that he worked on a supercannon launched space weapon to be built in northern Iraq. He declared that it was to be for long range attack and also to disable spy satellites.  He stated that the Iraqi scientists worked on a weapon which was to burst a shell in space which would have spread a sticky product on the target satellite so as to disable it.
Parallel to the development of the space gun, starting from autumn of 1989 Gerald Bull and his team of engineers drew two other giant guns.  It appears that these were designed as weapons capable of being effective at extreme long distance.  They were designed to be mounted on assemblages of railroad cars or giant tracked vehicles.
The smallest of these models, at 350 mm caliber and 30 meters length, would have resembled a conventional tracked self-propelled gun.  Dr. Bull thought that it would have a range of 900 km 
Dr. Bull created a design for a larger weapon.  He planned a mobile version of 600 mm caliber with a barrel length of 60 meters and a range of 1.500 km!  The engineering studies, in possession of the British, show Dr. Bull’s team planned to use a military railway network especially arranged to move the part, protected by embankments from air raids.  Dr Bull’s team studied the French use during the First World War Heavy artillery on Railway (A.L.V.F.).  The Iraq-Iran war presented much resemblance to the First World War: a static face and the weakness of Iranian aviation. Conditions were favorable for the use of guns on railway. 
However the attempts of Iraq to increase the range of its weapons worried the Western secret services and more particularly the Israeli Mossad, who saw Iraq as their sworn enemy. The situation became critical for Israel which let us recall it had not hesitated to bombard the Osirak nuclear power plant in order to stop the development of nuclear weapons by Iraq. On March 22, 1990 the Babylon project is decapitated by the assassination in Brussels of Doctor Gerald Bull.  It is generally assumed that this was done by the Mossad as they had warned him to stop his weapons development a number of times. 
With Dr. Bull dead, the project broke down completely.  The British, alerted by the British Intelligence Service (MI6), seized eight giant metal tubes weighing140 tons with a caliber of 1,000 MM in the North-East of London.  Other parts for the breech and recoil mechanism were confiscated in Italy and Switzerland.  These tubes were ready to load on board a cargo ship flying the Bahamian flag, whose destination was Iraq.  These tubes, put end to end, constituted a supercannon, and would have been the largest gun in history.  The design and dimensions of the tubes matched an imposing model, more than one meter in diameter which was presented by the Iraqis during the international exhibition for the Military Production in May 1989 in Baghdad.  Military attaches, specialists and delegations which visited this fair and inspected the gun models checked and confirmed that the confiscated tubes were exactly like the 1.000 mm supercannon which the Iraqis wanted to build.  
	When one asked him who could be at the origin of such a project, the editor of the directory Janes Armour and Artillery, Christopher Foss, answered: If it is a gun, there is only one person who could conceive it, it is Gerald Bull.



On January 17, 1991 the project is buried under the first bombs of the First Gulf War
	[image: SECTION DU TUBE BABYLON ET BABY-BABYLON]
	Tube sections confiscated by British Customs intended for the Iraqi Supercannon project.
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Prototype of the successful 350mm Baby-Babylon 
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Abstract. This paper summarizes a study conducted for the Defense Advanced Research Projects Agency of the technical and economic feasibility of using a light gas gun to launch small satellites. The launcher concept is based upon a distributed-injection gun, which, in principle, can produce high muzzle velocities at relatively low acceleration levels. To establish initial system requirements for the launcher and spacecraft, the deployment of a large constellation of telecommunications satellites is chosen as a reference mission. This choice reflects the dominance of telecommunications in current commercial LEO market projections, but the results obtained for this mission are later generalized to encompass other applications. The spacecraft mass budget is most affected by large mass fraction allocations for structure and power subsystems. High acceleration loads are responsible for the increase in structural mass, and the increase in battery mass is tied to volume limitations that restrict the battery technology that can be used. The results of the financial analysis suggest that achieving a competitive specific launch cost requires a launch rate beyond current market projections. But a low-volume launch business could provide an attractive total mission cost relative to current systems.


Introduction

While rockets will certainly be used for transporting astronauts and very large payloads into space for years to come, their complexity and high cost inhibit access to space for many other purposes.  The emerging requirement for maintaining large constellations of small satellites in low earth orbit (LEO) is just one of a number of reasons to consider cheaper launch methods. Several R&D programs are already underway to develop more economical rockets, but orders-of-magnitude reductions in cost ill be difficult to achieve.  

About a year ago, the Defense Advanced Research Projects Agency (DARPA) asked us to assess the economic and technical feasibility of launching payloads in the 10–1000 kilogram range using a gun. In principle, a gun is an attractive alternative to a rocket because it is simple, reusable, and can provide an order-of-magnitude increase in payload fraction. But its disadvantages are substantial, too. The launch vehicle must survive high g-loads, as well as the severe heating associated with transatmospheric flight at hypersonic speed. And if the gun is large, the orbits that can be reached may be limited to a single inclination. If these disadvantages can be mitigated, however, a gun launcher would be compatible with the “smaller/cheaper” trend in spacecraft design and would offer major improvements in operability.  

A number of types of launcher have been proposed for gun launch to space, but they can generally be grouped into two categories, compressed gas and electromagnetic. The first serious efforts in this area were made in the early 1960’s using conventional powder guns under the HARP project.1 Gilreath 12th AIAA/USU Conference on Small Satellites  2

The limitation on sound speed due to the high molecular weight of powder combustion products required launch vehicles incorporating multi-stage rockets, significantly restricting payload capacity. The project was terminated before payloads were successfully orbited, but this early work did demonstrate that payloads and rockets could survive the rigors of gun launch.

It was recognized early that launch velocity would have to be increased by a factor of three in order to build a system that was “more gun than rocket.” A variety of electromagnetic launchers have been considered to this end, but despite substantial investment, progress in the hypervelocity regime has been disappointing since the pioneering work of the late 1970’s.2 In particular, electromagnetic launchers are relatively complex, and the lifetime of materials and components has proven problematic. 

In contrast, light gas launchers have shown steady progress since they were first introduced shortly after the Second World War, and by the late 1960’s muzzle velocity had exceeded escape velocity.3 Like electromagnetic launchers, light gas launchers too suffer from barrel erosion and other problems, but do not become unattractive until much higher velocities are sought. Today, muzzle velocities in the 6-8 km s-1 range are routinely achieved in testing applications. 

In the early 90’s, the Strategic Defense Initiative Office (SDIO) considered a two-stage light  gas-gun launcher as a means for deploying the Brilliant Pebbles spacecraft. The requirement was to place up to four thousand 100 kg spacecraft into specified orbits at a rate of one launch every 30 minutes. Researchers at the Lawrence Livermore National Laboratory (LLNL) analyzed a three-tube, large-scale version of the SHARP light-gas-gun, which had been developed earlier by the last author (Hunter). They judged the system to be technically feasible.4

Using the experience gained in the SHARP project, one of the authors (Cartland) joined with Hunter in developing detailed conceptual designs for a proposed family of commercial gun launchers, known as the JVL (Jules Verne Launcher) series.  These designs are based upon the distributed injection launcher concept, and provide an important source of information for the present study.  

The distributed-injection concept is a variation on the light-gas-gun theme. The launch package is accelerated by injecting working fluid at multiple points along the launch tube rather than having it expand over the entire length from a high pressure reservoir located at the breech. The concept has been explored previously, both theoretically 5, 6 and experimentally7, although the experiments were conducted at a scale much smaller than we are considering here. In its application to space launch, the distributed-injection technique is used to reduce the stresses on the launch vehicle (by flattening the acceleration profile) and to facilitate momentum management, rather than to achieve previously unattainable muzzle velocities. In fact, reaching orbit requires a muzzle velocity in the range of 40%-50% of the theoretical maximum, which is in keeping with the documented performance of light-gas-guns.


Objectives and Approach
Affordability was the dominant factor in the study. We were asked to consider practical limitations on the size of the launcher, to define recurring and non-recurring costs and achievable launch rates, and to compare the economics of gun launch to that of existing launch systems. We were also asked to identify launch-survivable spacecraft in the 10–1000 kg range that might be the basis for a viable commercial application. The general purpose was to help the government make informed decisions about the development of an operational launch capability based on light-gas-gun technology. 

The approach we adopted is illustrated in Figure 1. The initial sizing of the system was based on preliminary construction cost estimates, rough estimates of potential market size, and judgments about technical risk. Because the relative ablation recession length increases rapidly as the size of the launch vehicle goes down, we decided that a system capable of launching spacecraft weighing only 10’s of kilograms was too risky. On the other hand, with construction costs estimated to be over $2B, a system capable of launching spacecraft in the 1000 kg category was considered too expensive. Hence, we focused the study on guns designed to launch spacecraft in the 100-kg range. We started with the JVL-200 (200-pound payload) launcher, which had been designed to limit peak launch loads to 2500 g’s.   Gilreath 12th AIAA/USU Conference on Small Satellites  3
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In view of the requirement to assess commercial viability, the definition of a “Reference Mission” was guided by market projections.8,9,10 At first we looked at a wide range of possible applications, but soon concentrated on three: 1) scientific research; 2) earth observation; and 3) telecommunications. These sectors appeared to have the highest potential for an active space market in the timeframe covered by the study; i.e., 2005-2030. The telecommunications sector, of course, is far and away the largest, accounting for more than 90% of the launches projected in the near-term and expected to grow into a one trillion-dollar annual business by 2001.8,11
We selected a telecommunications mission similar to the one pursued by “Big LEO” constellations, such as Iridium, which are aimed at providing real-time worldwide communications. Our purpose was not to propose an alternate system, but rather to use the choice to uncover the issues associated with launching a complex satellite with a gun. Our hope was that, once the effects of the launch environment on spacecraft subsystems were understood, the results could be generalized to other applications. As a starting point, we developed the crude set of system specifications shown in Table 1, which assumes that the mission can be carried out  with a constellation having the same total mass as the Iridium constellation.
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Recalling Figure 1, the general approach called for the system requirements, the launch system conceptual design, and the spacecraft system conceptual design to be established through iteration.  In practice, we had to be content with a single pass.  In the following two sections, we will describe the launcher and spacecraft systems and note the major technical risks associated with them. These descriptions will be followed by a discussion of the financial analysis results.

Launch System
Launcher
Simply stated, the requirement here is for a survivable launch of a 113 kg (250-lb) spacecraft to a 700 kilometer polar orbit. Vehicle design considerations, to be discussed below, and ballistic/orbital mechanics lead to a distributed injection system capable of launching a 682 kg (1500-lb) package at an initial elevation of 22 degrees with a muzzle velocity of 7 km s-1.  Somewhat arbitrarily, we limit maximum acceleration to 2500 g’s. This is a load that can easily
be sustained by modern electronics with little or no hardening, and is low enough to make survivable designs for more g-sensitive components plausible. For purely practical reasons, gas temperature is limited to 1500 K and peak pressure to 70 MPa (10 ksi), with a target average launch tube pressure of 35 MPa (5 ksi). With these restrictions, the launcher has a bore diameter of 63.5 cm (25 in) and a length of 1.52 km (5000 ft). Fabrication of the launch tube will require about 2.7 million kg of high-quality gun steel (e.g. A723) to provide a safety factor of 3 on yield at peak system pressure.

 Figure 2 shows an artist’s conception of the launcher.12





Figure 2. Distributed injection light gas launcher.
The distributed injection system consists of a base injector and 15 side injector pairs that are separated by 150 diameters to mitigate drag. Each injector comprises a high-pressure hydrogen reservoir, a heat exchanger, and a high-speed valve. A pumping system requires 1 hr to charge the high-pressure reservoirs to 70 MPa (10 ksi) with hydrogen from a 14 MPa (2 ksi) storage reservoir. The high-pressure hydrogen passes through a heat exchanger, reaching 1500 K, before entering the launch tube at an angle of 20 deg by way of a high-speed valve. Simulations show that performance begins to suffer if the working fluid is injected more than 10 diameters behind the projectile, and falls off rapidly after 50 diameters, requiring precision timing and valve opening times on the order of 1 ms near the muzzle,  

As described here, the launcher will operate with approximately 10 million SCF of hydrogen. The hydrogen working fluid could be sacrificed on every launch, but its cost (~ $80K) is a significant fraction of the total launch cost. Thus the hydrogen is captured with a series of baffles (a “silencer”) and fast shutters at the muzzle, and returned through a scrubber system to the low-pressure storage reservoir, for reuse. The pumping system is sized to complete hydrogen recovery in 2 hrs. Evacuation of the launch tube takes one hour and is essential since the otherwise enclosed air has a mass comparable to that of the launch package. 

Figures 3a and 3b show results from a scaled simulation of the distributed injection gas dynamics, using a base injector and two side injectors. The simulation is used to verify performance, and aids in sizing system components. Both the launch mass and tube length (i.e. energy or number of injectors) have been scaled by 3/16, thereby preserving the 7 km s-1 muzzle velocity. The code employed here, SIDEHEAT, includes a real gas equation of state, working fluid wall friction, and heat loss to the walls, and handles shocks with the Godonuv method. 13
Figure 3a shows details of the projectile base pressure, which are integrated in Figure 3b to give velocity. As an academic note, Fig. 3b illustrates the sequential effects on velocity of viscosity, chambrage, and distributed injection, assuming a fixed total reservoir volume and pressure. In the simplest case, inviscid flow and no chambrage, the code reproduces the well known analytic relation between the pressure and velocity
ratios. 5,6







Figure 3a. Simulation of launch package base pressure.
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Launch Vehicle
Figure 4 depicts the major components of the launch vehicle. The 113 kg (250-lb) spacecraft is contained in a 0.17 m3 (6 ft3) compartment aft. The low drag configuration aeroshell (length/diameter ~11) provides thermal protection and structural support, and is jettisoned after atmospheric egress. A single-stage solid rocket motor fires prior to apogee and injects the spacecraft into a circular orbit. An integral attitude control system orients the projectile after the aeroshell is discarded, corrects for thrust misalignment during motor firing, and may be used for orbital trim.   Gilreath 12th AIAA/USU Conference on Small Satellites 5 
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The launch vehicle can be described as an“inverse” re-entry vehicle, and employs similar methods for thermal protection. The aeroshell is primarily of carbon composite construction and weighs 223 kg (490 lb.). Analytic14 and Computational 15 analysis of ablation predicts approximately 7.6 cm (3 in) of nose cone recession, though incorporation of an aerospike might reduce both drag and deformation during atmospheric egress. The power law body (r=Ax0.65) with 7.5 deg base flare ensures both low drag (Cd = 0.016) and passive stability, although the margin of stability was estimated to be very small.16
As currently envisioned the solid rocket motor weighs 250 kg (550 pounds). It has a steel case (e.g. D6AC) and an NH4ClO4/Al propellant with mass fraction of 0.84. The geometry allows for an expansion ratio greater than 20, giving an Isp of at least 270 s. With a 6080 N thrust and a burn time of 91 s, the motor supplies the required v = 2.1 km s-1 to orbit the spacecraft.

About 14 kilograms are reserved for the hydrazine-fueled attitude control system. The system includes 6 thrusters (2 pitch and 4 yaw/roll) with Isp = 230 s. An additional 82 kg (180 pounds) is allocated for the carbon composite sabot (not shown) that supports and protects the launch vehicle while it is in-bore.

A typical mission for a 700-kilometer polar launch might unfold as follows. At t-1 hr the step-up pumps begin to charge the high-pressure reservoirs with hydrogen from the storage reservoir. As the countdown proceeds, the temperature is raised to operational level in the heat exchangers, and launch is initiated by switching the high-speed valve in the base injector. The position of the launch package is sensed in-bore, and the side injector pairs are sequentially triggered. At t+0.44 s, the launch vehicle exits the muzzle and sheds its sabot. The aeroshell is jettisoned at t+300 s, at which point the launch vehicle is at an altitude of well over 500 km, and the attitude control system orients the launch vehicle in preparation for a motor firing at t+545 s. After a 91 second burn, orbit is nominally achieved at t+636 s. Figure 5 is a simulation of the launch vehicle’s velocity profile during this mission.17
[image: ]
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Scaling and Performance Considerations
Many trade-offs can be made between launcher design, vehicle design, and the manner in which the mission is executed. Practical considerations and the current state of the requisite technologies can help to bound the design space. Given the unconventional nature of the gun launch concept, prudence suggests a conservative approach. Consider, as one example, the launch tube. Our conventional solution is steel construction, even though the melting point of steel limits the working fluid temperature to less than 1700 K. The 1500 K working temperature assumed here further limits sound speed, and hence muzzle velocity, shifting more of the velocity burden to the injection motor. However, in spite of a conservative selection of material and operating margin, the overall system
performance remains impressive.  

Examination of launch vehicle scaling reveals an important point, and serves to illustrate some of these trade-offs. Take as fixed a number of parameters such as muzzle velocity, orbital altitude, drag coefficient, and average base pressure. Under these conditions, the in-bore stresses are invariant as the system is scaled photographically, so structural mass fraction can remain constant. However, a higher launch mass means a higher ballistic coefficient and better penetration of the atmosphere. A shallower launch angle can then be tolerated, and is in fact necessary to reach a fixed apogee. The inherently higher angular momentum of the shallower trajectory reduces the v requirement for the injection motor. 

Of larger impact is the thermal protection scaling. Increasing the launch mass decreases the relative amount of surface area requiring protection, but the higher ballistic coefficient and more shallow launch angle yield a higher velocity and longer path length in the atmosphere. For the range of interest here, surface area effects dominate aerothermal considerations, and relatively less shielding is required at higher launch mass.18 

The net effect is that rocket motor and heat shield mass can be traded for spacecraft mass as the total launch mass
increases. Figure 6 illustrates this behavior.19

Note that the spacecraft mass fraction exceeds that of conventional launch vehicles by an order of magnitude or more. Note also that the slight improvement in launcher performance with size due to reduced drag and heat loss to the walls has been ignored.
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The launcher is optimized for the mission it is designed to perform. The question then arises as to how performance is affected by off optimum operation given that reorientation of a large launcher is difficult. Small inclination changes are accomplished with the rocket motor and, as is well known, impose a significant penalty on spacecraft mass. The same is not necessarily true for launch to different altitudes. As Figure 7 shows, altitudes below ballistic apogee can be reached with little change in the total required v by entering a Hohmann transfer ellipse. Spacecraft mass will likely still suffer to some extent to accommodate a more complex two-pulse motor. 
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Technical Risks
With respect to the launcher, a number of technologies require testing and integration. The critical technology is the injection process and the engineering of the injector. Valves with throats of tens of centimeter diameter must open within a few tens of bore diameters of the projectile’s passing in a carefully timed sequence. In short, the valves must open at “bullet” type velocities both precisely and repeatedly. Pre-accelerated valves for hydrogen capture, such as would be required at the muzzle, have been demonstrated 20 , but reliability, maintainability, and synchronization remain issues for all of the high speed valves. The principles of operation of the heat exchangers are understood, but further analysis and some experimentation is necessary to ensure proper throughput, function, and robustness. Finally, simulation of distributed injection launcher performance is a valuable design tool, but code predictions must be validated against actual performance data. All of the above could be adequately tested with a heavily exercised, scaled prototype.  Several launch vehicle issues bear further investigation. Thermal loads appear manageable using standard re-entry vehicle materials and techniques, although the aerothermal environment for egress is more severe. Of particular concern is hypersonic stability, especially with respect to how it is affected by ablation. Analysis, simulation, and experimentation are essential. Also, launch acceleration loads are two orders of magnitude higher than those encountered in conventional space launch. This is a large step for the space launch community, but the loads in question are survivable for many payload components using standard industry design practices.21 More g-sensitive components, such as large optics and deployable structures, need closer study.

Spacecraft System
Subsystem Analysis

Traditionally, a spacecraft is designed to meet fixed launch vehicle parameters; but in this study we had the luxury of optimizing the gun, launch vehicle, and spacecraft to support a specific mission, and exploring departures from that mission as a result of launcher constraints. This circumstance allowed an iterative loop to exist between the launcher and spacecraft design that normally is not there. 

The starting point was the set of system requirements associated with the reference mission, which was shown earlier. From this set we derived the subsystem requirements shown in 
Table 2.  We then considered various subsystem configurations and evaluated them against launch system constraints; e.g., volume, g-load level, etc. If a configuration failed to meet the mission requirements, or could not stay within the launch system constraints, we pursued other solutions at the system or subsystem level. If a solution still could not be found, changes in launch system requirements were considered.
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Table 3 shows the subsystem breakout in terms of mass, volume and associated mass fraction that was obtained after one iteration. Assuming that the power system is sized adequately, we note that there is almost no mass available for the RF payload, implying that the reference mission cannot be carried out with the initial gun design. Given the limitations of time and funding, we were not able to converge on a spacecraft design that satisfied the original mission requirements; but we obtained enough information during the analysis to uncover some of the major influences of high g-loads and packaging constraints on subsystem design. Gilreath 12th AIAA/USU Conference on Small Satellites  8
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As noted earlier, conceptual designs for each of the spacecraft subsystems were developed with a system level requirement to meet a peak load of 2,500g. No structural amplification or attenuation effects were considered. As expected, due their small mass and volume, electronic components were relatively insensitive to g-loads. The subsystems most affected by the high acceleration loads, and other launcher limitations, were the structural, power, and attitude determination and control (ADAC) subsystems.  To handle the higher-than-normal launch loads, we assumed the spacecraft’s primary support structure to be a simple ribbed cylinder. We examined four materials: titanium (Ti 6AL-4V), aluminum (AL 6061-T6 and AL 7075-T6) and a metal matrix composite (AL SiCp/6061-T6). Their characteristics are compared in Table 4.
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AL 7075 T6 was chosen as our primary structural material because of its relatively high strength, low cost and good thermal conductivity.  Even with the use of this alloy, the structural mass fraction for the primary structure turned out to be 39%. (The total mass comprised 35.8 kg of primary structure and an estimated 8.5 kg of secondary structure.) This mass fraction is considerably higher than the 8% - 15% fraction that is typical of spacecraft designed for conventional launchers.  

Designing a power subsystem to meet both the demands of a communications payload and the launcher constraints was a challenge. Since the communications payload was poorly defined, we decided to look at the power subsystem parametrically to see how much power would be available from various solar array and battery configurations. Both Si and GaAs solar arrays were assessed in two body-fixed and two deployed configurations. The arrays were not designed to articulate, although in an operational system that would probably be a requirement. The most powerful configuration was a GaAs array having a length about equal to that of the launch vehicle and a lateral dimension defined by its inner circumference, which could be stowed internally during transatmospheric flight. Such an array would be capable of producing slightly more than 250 Watts.  

We studied four types of batteries: NiH2, Li-Ion, NaS and NiCd. We rejected NaS batteries because of their experimental nature and thermal requirements. Li-Ion technology, while promising, was also rejected because of the battery’s inability to meet the high number of discharge cycles associated with the orbit. We would have preferred NiH2 batteries, given their strong space legacy and high power density (approximately 1.6 x NiCd), but they require about twice the packaging volume of NiCd batteries. The volume constraint makes them incompatible with the initial vehicle design. We also believe they would be sensitive to high acceleration loads. In contrast, NiCd batteries have good acceleration immunity. If we choose NiCd batteries, the total power subsystem, including the solar array and associated electronics, has a mass of approximately 30 kg, or about 26% of the total spacecraft mass. 

Items such as star cameras, reaction wheels and spinning earth horizon sensors were shown to have sensitivities to high acceleration loads, so some technology investments would be necessary to develop a survivable ADAC subsystem. We do not believe the design problems to be insurmountable, however.
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Generalized Results
The small mass fraction available for the RF payload does not imply that a complex telecommunications satellite cannot be launched with a gun, but rather that the initial sizing of the gun was too restrictive for the chosen reference mission. An RF payload places high demands on power and volume. In this section, we use the results of the subsystem analysis to generalize the results to other possible payloads. The basic question is: what payload power-mass combinations are compatible with a 113 kg spacecraft launched at 2500 g’s? In addressing this question, we also take into account the effects of a changed mission by allowing for higher power density batteries and more advanced structural materials.

Figure 8 shows a series of curves that are broken into three sets. The first set is associated with a structural mass fraction of 39%. The second set assumes a composite structure with a mass fraction of 20%. The bottom curve shows a “realistic” design, where the packaging density is limited to 450 kg/m3 and (because of their volume efficiency and their legacy of high acceleration applications) NiCd batteries are used. The curves in each set correspond to different battery technologies: NiCd, NiH2 and “advanced technology,” by which we mean either Li- Ion or NaS batteries. 

Any point in the area underneath any of these seven lines is a possible design point within the class of spacecraft addressed in this study. For example, if one had a 100 Watt payload that required20 kg, a 39% mass fraction would be allowable, but an advanced technology battery would be required.  If 40 kg of payload mass were required then structural mass fraction would have to drop. 

Figure 9 shows the same set of curves for a spacecraft that does not require a propulsion system, but still must meet the other subsystem requirements, such as navigation and pointing. As one can see, when the propulsion system (18.3 kg) is removed from the spacecraft a different set of curves are generated. Points on these curves indicate accessible payloads, as long as the mission does not require propulsion. Clearly in this case there is more power and mass available to the payload without employing advanced technologies.
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Major Technical Risks
The major technical risks appear at both the system and subsystem levels and are associated with both high acceleration loads and the small packaging volume. Conventional packaging densities, coupled with the increased mass devoted to support structure, reduce the payload mass substantially.  High acceleration loads affect all subsystems, but components such as the large optics in a star camera, reaction wheels, or spinning earth horizon sensors will need special attention. Issues associated with packaging and deploying solar arrays and antennas
are of paramount importance. Gun-launched spacecraft will require high packaging densities, but with the
industry looking towards micro- and nano-spacecraft, high density designs may be possible in the future.

Financial Analysis
Assumptions & Methodology Overview
The major premise shaping the financial analysis was that the gun launch system would be a commercial entity, operating as a business that offers competitive returns to investors. While the current analysis does not fully address all of the issues inherent in the term “business operation,” it provides significant insight and a solid foundation for future study.

To accomplish the assessment, we used a financial tradeoff analysis. Just as the launcher system can be described by a “physical operating parameter space” of interrelated parameters and characteristics, such as maximum pressure, barrel length, and payload, it can also be described by a “financial operating parameter space” of interrelated  parameters, such as construction cost, operating cost, rate of return, and cost of launch vehicle. The physical characteristics of the launcher system link the two parameter spaces together, so that tradeoffs in one area lead to changes in the parameters of the other. For example, if the payload mass increases then either the internal rate of return increases or the cost per kg decreases. In the following sections, we describe the parametric analysis we conducted to explore the feasible “financial operating region” for the launch system, and then compare the results to conventional systems.
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Affordability Metrics and Concepts
We used several standard financial metrics a source FOM (figure of merit) for affordability. This section provides a quick review of those measures and concepts discussed in this paper. A more complete review of Internal Rate of Return and Net Present Value can be found in Blanchard22. Stewart23 contains an excellent discussion of learning curves.  The Net Present Value (NPV) is a metric that quantifies the value of an income stream (which can contain either positive or negative cash flows in each period) over a period of time, taking the interest rate into account. In mathematical terms:

        N                t
PVF t1 i 
      t 0

where
NPV = Net Present Value
t = time period in years
n = number of years
Ft = net cash flow in year t
The Internal Rate of Return (IRR) is a measure of profitability. It is the interest rate that, when applied to a stream of cash flows causes the NPV to be zero. It is analogous to the return on a mutual fund or certificate of deposit. Mathematically, IRR is defined as the interest rate i* such that:

        n               t       
0 Ft (1 i *)
 t 0


All other terms are as defined previously for NPV.  NPV and IRR were both used as parameters and as FOM’s in the analysis.  The Learning Curve, or progress function, is a means of quantifying how familiarity and experience with the completion of a product lead to greater efficiency and cost reduction in production. Learning curves are  frequently expressed as percentages. An 85% learning curve implies that a cost reduction of 15% occurs when the number of articles is doubled.  The fourth unit produced would cost 85% of the cost of the second unit, the eighth unit would cost 85% of the fourth unit, and so forth. Mathematically, the learning curve relationship is defined by the following equation:
               b
Y t  tY1,

where
t = unit number
Yt = cost of unit number t

The exponent b is defined by

b ln(m)/ ln(2)

where m is the learning curve rate expressed as a decimal. The learning curve rate and initial unit cost of the launch vehicle were used as parameters in the analysis.

Financial Model
The financial model provided a year by year representation of cash inflows and outflows for the launch complex  based on selected physical and financial parameters. Several key assumptions were built into the model, and not subject to variation during the course of the analysis. In general, these assumptions were determined by the ground rules of considering the launcher as a commercial system that had to recoup its operating and construction costs. The
model has a fifteen-year planning horizon, with a time resolution of one year. We assumed that the first three years were devoted to the construction of the system. The maximum launch rate during the fourth year was either 50 per year or the prevailing yearly launch rate, whichever was less. This assumption allowed for possible construction delays and a “shakedown” period for launcher system operation. There was no allowance for “down time” for major maintenance or refurbishment. We assumed that any major maintenance could be completed without affecting the yearly launch rate.

Construction costs were fully amortized by the end of the fifteenth year. We assumed that a quantity of funds was borrowed at the start of the program. The funds not utilized for construction in a year were invested at the prevailing interest rate. All funds borrowed for construction were expended by the end of the third year. Using an initial sensitivity analysis on the fund expenditure profile (the percentage of total construction funds expended each year of the construction period) we determined that the impact of varying the profile within reason- able limits was marginal. The analysis was performed with a profile that assumed 50% expended in the first year, 25% in the second, and 25% in the third. The model automatically calculated the required funds based on the construction costs, the expenditure profile, and the interest rate. This calculation established the yearly construction loan payment. Eight percent was used as  cost figures were derived from estimates based on a mix of Cost Estimating Relationships (CER’s) and analogous component estimates that were prepared for the construction of the JVL-200 launcher in Adak, Alaska.

Due to the inherent uncertainty in cost estimates based on such a preliminary design, our sensitivity analysis (discussed later) was designed to ensure we were able to bound the construction costs. The construction costs were broken down to a Level II Work Breakdown Structure (WBS). Some selected components included the launch tube, injectors, hydrogen storage, hydrogen heaters, valves, handling equipment and site work. Operating costs were divided into fixed and variable costs. Fixed costs represented “housekeeping” costs that were independent of the number of launches per year. The fixed costs (payroll, supplies and site maintenance) were taken to be $4,000,000 per year, based on the JVL-200 launch cost estimates. Variable launch costs represented a “per launch” cost including labor, hydrogen, etc., but did not include the cost of the launch vehicle. These variable launch costs were also based on the JVL-200 launch costs. 

The data provided variable costs for 75, 150, 300 and 600 launches per year. Variable costs were approximately $5,200 per launch at a launch rate of 300 per year. We performed a log transformation on the data and then based the costs on a linear regression model of the transformed data. This regression was used to estimate the “per launch” costs in the model for the varying launch rates under analysis.
Three cost elements were tied to the launch vehicle: 1) the initial vehicle R&D costs; 2) the cost of the first vehicle (Y1); and 3) the learning curve rate for launch vehicle production. The inclusion of these elements reflected the assumption that the business entity operating the launch complex would be responsible for developing and building the launch vehicle. The model also provided the option to use a fixed cost per vehicle, reflecting the possibility that the vehicles would be purchased from some other commercial source instead of being developed internally. These two approaches yielded slightly different results, due to the effects of the discount rate.   We considered several methods for estimating the cost of the first launch vehicle. One method made use of the NASA Advanced Mission Cost Model24, which provided a ROM (rough order of magnitude) cost estimate for a missile having characteristics similar to the launch vehicle. More detailed estimates were based on subsystem-level pricing of the conceptual vehicle shown in Figure 4, and on inflation-adjusted cost breakdowns for the Brilliant Pebbles4 and HARP1 vehicles. The latter estimating methods produced similar vehicle costs, ranging between $280,000 and $320,000 per vehicle. Costs associated with the launch vehicle assumed great importance in certain launch parameter scenarios, and so we chose to use the higher fidelity approach in our work. Several cost elements were not modeled due to the large amount of time that would have been required t                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  to analyze them. These elements included taxes, insurance, depreciation, range clearance costs, and the cost of a major refurbishment of the launch complex. There were no land acquisition costs allocated. We assumed that any environmental impact approvals were obtained with reasonable processing costs that were included in the construction costs. We further assumed hat there were no additional costs or delays to the project due to litigation, strikes, or other causes.  Representative values for several key financial parameters are contained in Table 5..
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Analysis Methodology
In our parametric analysis, the launch system was characterized by the following parameters: gross income per launch (either $/kg to orbit or $/launch), spacecraft weight, launch rate, fixed launch costs, variable launch costs, initial launch vehicle cost, launch vehicle learning curve rate, IRR, construction cost and interest rate. Interest rate remained fixed throughout the period. Construction cost and payload weight were determined by the launcher variant under evaluation.  Fixed and variable launch costs were based on the JVL data as discussed previously.   In order to ensure that we captured the true range of launch costs, we conducted excursions with increases of 50% in variable launch costs and fixed launch costs. We also performed excursions with a 50% decrease in these values. We carried out a similar analysis on the construction costs: a 50% increase, a 50% and a 100% decrease. The cost decreases have also served to provide data points to include the effect of construction cost subsidies.  

Cost Analysis
We will illustrate the results with a few of the graphs and tables we developed in the course of the analysis. All the graphs presented in this section will be for the values indicated in the Table 5 unless otherwise indicated.
The income stream graph shown in Figure 10 corresponds to an IRR of 20%. The first year that the operation turns a yearly profit is in year 5. However, cumulative cash flow is not positive until year 9. Analyses of this type provided time data for income flows, allowing us to predict when yearly revenue would recover cost, and when the net cumulative cash flow became positive.

Figure 10: Income Stream Graphs
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We used IRR as a figure of merit as well as a parameter. We gained useful information by holding all parameters  constant except for the cost of the first launch vehicle and the learning curve rate for the production of launch vehicles. Analyses of this kind allowed us to determine the range of launch vehicle parameters that would allow rates of return comparable with other competing projects of similar payoff and risk under specified market assumptions (launch price and launch rate). This information was then used to help explore a financially feasible region for launch vehicle parameters.   We also examined the effect of varying the launch rate. Our original concept was that the launcher would probably be most cost effective in a “mass market,” with a launch rate in the vicinity of 300 launches per year. When we varied the launch rate and looked at the required revenue stream expressed in terms of dollars per launch rather than dollars per kg, we found possible alternate operating points, as shown by Figure 11. 
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The lower trace on this graph shows those combinations of total mission cost and launch rate which result in a breakeven situation (NPV = 0). The upper trace shows those combinations that resulted in an IRR of 30%. (This value was chosen as representative of the minimum IRR needed to make the launch system as attractive as alternate technology investments.) Analysis of graphs such as these led us to consider launch rates on the order of one launch per week. Although the cost per kg in this regime is much higher, the cost of approximately $2.5M per launch is within the typical budget of small satellite researchers. The study also allowed us to determine the major cost drivers for the operation of the launch system. We had reasonable estimates of most of the costs involved in calculating the Total Ownership Cost (TOC), with the exception of major maintenance and disposal costs. We found that variations of 50% increases or decreases in construction or operating costs had little effect on the overall cost element distribution. Table 6 illustrates two typical potential operating points, and highlights a key result: reductions in launch vehicle cost offer the greatest opportunity for driving the launch costs down further.  
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Comparison with Other Systems
We will conclude the financial discussion with a brief comparison of the gun launch system to current launch  systems. All cost data for competitive systems is taken from Isakowitz25. A selected portion of this data is contained in Table 7. 
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We should be careful to point out that these comparisons are crude and indirect. They do not account for differences in launch vehicle scale, orbital parameters, or economic factors. 

As we noted above, the estimated mission cost for the gun launch system would be approximately $2.5M to place a 113 kg satellite into LEO at a launch rate of about one per week. This cost compares favorably to that of the nearest current system (Pegasus), even allowing for multiple satellites to be carried on Pegasus. The most recent estimate puts the Pegasus launch cost at $16M to place 250 kg into a 600 km sun-synchronous orbit26. To achieve a favorable specific cost ($ per kg),the launch rate must be near the limitations of the launch system, which is 300 launches per year. This launch rate is probably sustainable from a mechanical point of view, but we are unable to justify such launch rates based on even the most optimistic market projections and assumptions about market share. While it is certainly possible that the existence of the capability to perform nearly daily launches of small satellites might be the enabling technology for a new era of the exploitation of near earth space we cannot quantify such a belief. There are also issues regarding the limitations inherent in the fixed inclination of the launching system that have not been addressed in this analysis.

Conclusions and Observations

We conclude that placing small satellites into orbit using a distributed-injection light gas gun is technically feasible, provided that certain critical developments are made. For the launcher, the key components are fast acting, high flow rate valves and an endurable high-temperature, high-pressure hydrogen heater. Thermal protection, aerodynamic stability, and packaging efficiency represent significant problems for the vehicle. Because of the large power levels required for high-throughput global telecommunications, our initial design iteration indicated that spacecraft in the 100-kg class cannot meet the requirements of the reference mission, given the limits on payload mass and volume.  In broadening the mission set, however, we found that a large range of useful, less power-intensive payloads and missions were possible. The actual range of possible payload weight and power are dependent on the level o f technology incorporated in the spacecraft structure and batteries, as well as the level of the requirement for on-orbit propulsion.

Our economic analysis showed that a payload to-orbit cost of approximately $5500 per kg would be required to yield an internal rate of return (IRR) of 30%, if the launch rate could be pushed to 300 per year. At the same specific launch cost, the operation would break-even with 150 launches per year. While this cost is comparable to present rates, the cost of conventional launches is likely to come down in the future as new and upgraded launch vehicles enter the competition. As a result, we have some concern about the market attractiveness of the light-gas gun launcher for applications in which specific launch cost is important.  Complexities are likely to arise when designing a system for a gun environment, and even 150 launches per year goes beyond current projections for small satellites. On the other hand, when approached from the perspective of total mission cost, the gun launch system looks very interesting. With a launch rate as low as one per week, a total mission cost of approximately $2.5M would yield an internal rate of return of 30% and a total mission cost as low as $1.5M would permit
break-even operation. These mission costs are considerably less than current systems and provide for some interesting possibilities for small satellite operations. The fundamental question relates to market elasticity. If a launch system were available that provided such a low cost per mission, would we see a dramatic increase in the demand for launches? (If we build it, will they come?) It appears to us that further analysis of the viability of a light gas gun for affordable access to space is warranted. Our future work is likely to focus on total system optimization based on overall cost and utility, and on the evaluation of more advanced missions enabled by affordable on-demand access to space; e.g.; on-orbit satellite refurbishment or upgrade.  Developing a higher fidelity design of the launch vehicle to better uncover potential challenges, and increasing the fidelity of the system level cost estimates are also part of our plans.
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Attachment F

The German V3 Super Gun (The London Gun)

The V-3 was a super gun designed by Saar Roechling during World War II. The 140 m long cannon with a  bore of 150mm was capable of delivering a 140 kg shell over a 165 km range with an 85 km altitude suborbital trajectory.  The gun had a muzzle velocity of 1500m/s and was designed to be capable of shooting 60 shells every hour.
The V-3 cannon prototype was tested at Misdroy on Wollin Island (now Miedzyzdroje, Poland). The gun was a 20 mm bore, 60 m long constant-pressure cannon developed by Coenders of the Roechling firm in Saarbrucken. The constant pressure was developed by charges installed along the length of the barrel which were sequentially ignited as the warhead passed them.  

The gun was laid at a 45 degree angle in the dunes. Aiming was accomplished by arranging wood blocks under the concrete sections. The gun demonstrated a 15 km range with a sabot-launched, arrow-shaped warhead 

Construction began of a bunker for five of the cannons in September 1943 at Mimoyecques, France. The site was damaged by Allied bombing before it could be put into operation and was finally occupied by the British at the end of August 1944. 

The destruction of the Mimoyecques complex was not the end of the V-3 program, as two (45 m long) V-3's were built at Lampaden in Germany. From December 30, 1944 to February 22, 1945, the two guns fired some 183 shells at Luxembourg (range 43 km) killing 10 civilians and wounding 35.
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MISSION NEED STATEMENT
FOR Operationally Responsive Spacelift
AFSPC 001-01
1. Defense Planning Guidance Element.
1.1. Defense Planning Guidance. This Mission Need Statement (MNS) supports the FY 2003-2007
Defense Planning Guidance (DPG), August 2001, Part II, Strategy Guidance. “The President has directed DoD
to achieve progress in transforming the U.S. defense posture to meet the security challenges of the 21st century.
The aims of transformation are to maintain a substantial margin of advantage over potential adversaries in key
functional areas of military competition (e.g., information warfare, power projection, space, and intelligence)
and mitigate the effects of surprise.”
1.2. National Guidance. The 14 Sep 96 National Space Policy states, “DoD shall maintain the capability
to execute the mission areas of space support, force enhancement, space control, and force application”; and
“Consistent with treaty obligations, the U.S. will develop, operate and maintain space control capabilities to
ensure freedom of action in space and, if directed, deny such freedom of action to adversaries.” US National
Security Strategy (NSS) and National Military Strategy (NMS), as well as the current National and DoD space
policies, identify uninhibited access to, and use of, space as critical strategic enablers of US military power.
1.3. USSPACE/Joint Guidance. Assured Access [to Space], as described in the 1998 Long Range Plan
(LRP) “is the “on-demand use” of space lines of communication to enable unimpeded operations in and through
space. It’s essential to the conduct of space missions.” ORS supports both the LRP concepts for Assured Access
and the Joint Vision 2020 operational concepts of Dominant Maneuver, Precision Engagement, Focused
Logistics, Information Superiority, and Full-Dimension Protection.
1.4. Air Force Guidance. The Air Force’s The Aerospace Force: Defending America in the 21st Century
states, “The country’s growing investment in, and reliance on, space-based capabilities that support the national
information and commercial infrastructure are creating an economic and military center of gravity--a
vulnerability that, if exploited, could adversely affect the nation.” ORS provides the ability to enhance and
reconstitute our current and future space-based capabilities, such as: intelligence, surveillance, and
reconnaissance (ISR); navigation and timing; communications; weather data; future Force Application and
Space Control missions that are critical to joint operations.
2. Mission and Threat Analysis.
2.1. Mission Need.
2.1.1. Mission Description. ORS ensures the Air Force has the capability to rapidly put
payloads into orbit and maneuver spacecraft to any point in earth-centered space, and to logistically support
them on orbit or return them to earth. Once this capability is part of its space force mix, the Air Force will be
postured to conduct the full spectrum of military activities required to ensure U.S. freedom of action, or defeat
an enemy, in space. The conduct of these activities will be required for the United States to prevail in the
increasingly operational medium of space. ORS supports eight of the Aerospace Power Functions listed in
AFDD 1; Counterspace, Counterland, Strategic Attack, Counter-information, Spacelift, Intelligence,
Surveillance, and Reconnaissance. As operational requirements, cost-effectiveness, and technology allow,
migrating military operations to space implements the vision of the USSPACECOM Long Range Plan;
dominating the space medium through “Control of Space” and “Global Engagement” and integrating space
forces into warfighting capabilities through “Full Force Integration” and “Global Partnerships.”
2
2.1.2. Mission Objectives. ORS is the key enabler for conducting the full spectrum of military
operations in space and for achieving space superiority. ORS involves two sub-tasks. (1) Transporting Mission
Assets to, through, and from space. This task encompasses the spacelift missions of delivering payloads to, or
from, mission orbit and changing the orbit of existing systems to better satisfy new mission requirements. It
also supports emerging missions like space control, missile defense, and force application. ORS must be
available on demand, flexible, and cost effective. The second sub-task, (2) Spacecraft Servicing, encompasses
traditional satellite operations activities, but it could also include resupply, repair, replacement, and upgrade of
space assets while in orbit. Mission priority, cost trades, and technological advances will dictate the method for
accomplishing these objectives.
2.1.3. National Military Objectives. The Air Force supports national military objectives
through a planning structure built on six Core Competencies. ORS is directly related to five of these Core
Competencies; Aerospace Superiority, Precision Engagement, Rapid Global Mobility, Information Superiority,
and Global Attack.
2.1.4. Required Capabilities. ORS requires four key capabilities: (1) On-demand satellite
deployment to augment and quickly replenish constellations to support crises and combat operations; (2) Launch
to sustain required constellations for peacetime operations; (3) Recoverable, rapid-response transport to,
through, and from space; and (4) Integrated space operations mission planning to provide near real-time
automated planning to enable on-demand execution of space operations. Space systems providing ORS must
possess the following characteristics:
2.1.4.1. Responsive. ORS systems must be ready to launch within hours of call-up,
and to conduct military operations within hours of reaching orbit. Spacelift, and the supported space assets,
must be able to quickly respond to a dynamic threat environment, changing mission requirements, and increased
operational tempos and utilization rates. It is recognized that responsive payloads must be developed
concurrently with ORS to provide maximum benefit to the warfighter.
2.1.4.2. Maneuverable. Once on orbit, ORS systems must have the maneuverability to
rapidly achieve any earth-centered orbit (usually with an orbital period of 24 hours or less) to deliver, operate,
recover, or service mission assets. In the far term, these spacecraft will require the ability to maneuver from one
orbit to any other orbit in less than 48 hours from call-up.
2.1.4.3 Operable. ORS systems must be available and dependable to support mission
needs. They must also be reliable, supportable, maintainable, and robust enough to generate required mission
rates. If reusable launch vehicles are used, they must be capable of meeting required turnaround-times.
Operational restrictions, due to weather, ranges, and the space environment, must be minimized.
2.1.4.4. Economical. ORS systems must provide a cost-effective means of executing
DoD missions.
2.1.4.5. Survivable. ORS systems must execute their mission in spite of threats posed
by adversaries (see para 2.2.). In some cases, they must also survive repeated and/or long-term exposure to the
space environment and descent through the atmosphere.
2.1.4.6. Interoperable. Components of ORS systems will, to the maximum extent
practical, be interoperable with joint and allied; operations concepts, command and control concepts, equipment,
and facilities. Interoperability with NASA and commercial space facilities and equipment should also be
maximized. At a minimum, these systems must meet Command, Control, Communications, Computers,
Intelligence, Surveillance, and Reconnaissance (C4ISR) Joint Technical Architecture (JTA) standards to allow
the total integration of all intelligence, deterrence, and warfighting capabilities available to the CINCs, National
Command Authority, and other users.
2.1.4.7. Flexible. ORS systems must possess the capability to orbit a variety of payloads
to support multiple theaters, with possibly conflicting and simultaneous requirements.
2.2. Threat Environment. The primary threats to ORS are physical and information collection threats.
An overview of threats against this mission area can be found in; “National Intelligence Estimate 99-15, (U)
Threats to US Space Systems and Operations”, dated October 1999 (S//NF). DIA validated threat documents
include: “NAIC-1574-0210-00, (U) Automated Information Systems Threat Environment Description”, dated
September 2000 (S//NF//MR); and “NAIC-1574-0727-01, (U) Space Systems Threat Environment Description”,
dated January 2001 (S//NF//MR).”
2.2.1. Counterspace Forces: Physical threats to space systems and operations include directed
energy, kinetic energy, and nuclear weapons, jamming (EMI), and sabotage against ground stations.
2.2.2. Espionage: Information collection efforts will target national security assets and/or space
systems operations, technologies, manufacturing processes, and logistical networks.
2.2.3. Sabotage: Physical threats exist to space systems payloads, fuels, spacecraft production
facilities, transportation, ground operations, software, and command and control facilities. The threat of a
chemical, biological, radiological, or nuclear attack must be considered.
2.2.4. Information Warfare: The threat of Information Attack exists for military space systems
communications links and relays; including command and control networks, as well as worldwide
communication and tracking networks.
2.2.5. Nuclear Forces: A threat to space systems from nuclear forces exists. This includes
prompt effects from nuclear weapons detonated in orbit as well as an increase in background radiation in the
Van Allen belts as a result of such detonations.
2.3. Deficiencies and Shortfalls of Existing Capabilities. Today, space activities are constrained by a
lack of operational flexibility and responsiveness, high costs, and a limited on-orbit maneuver capability.
Current launch systems require months of preparation time. As a consequence, the DoD was unable to orbit any
new payloads in time to affect the outcome of Desert Storm. At about $10,000/lb to low-earth orbit, high launch
costs substantially limit the number of payloads we can afford to put into space. Current systems also lack
substantial maneuver capability, which limits our ability to conduct military operations in space. The 1999
AFSPC Mission Area Plan identified the following top needs, which relate directly to Operationally Responsive
Spacelift. In priority order, they are; On-demand Space Asset Launch and Initialization, Increase Launch
Throw-Weight, Rapid Transportation Through Space, Increase Launch Rate, Recover On-Orbit Space Assets,
Service On-Orbit Space Assets, and Rapid Space Asset Repositioning. USCINCSPACE identified the lack of
recoverable, rapid transport to, through, and from space as a critical capability needed by 2012.
2.4. Timing and Priority of Need. ORS is a high priority. The DoD’s ability to execute space missions,
as defined in National Space Policy, depends on the Air Force to promptly deliver mission assets to, through,
and from space. The immediacy of this need is highlighted by the growing threat to US space-based
capabilities, the increasing dependence on space capabilities for military operations, and the nation’s overall
growing reliance on services provided by the space infrastructure. A timeline for developing new military space
systems is described below.
2.4.1. The need exists today to assure prompt delivery of mission assets to, through, in, and
from space. A single satellite failure, natural or induced, may significantly degrade or entirely eliminate critical
force enhancement (e.g., warning, reconnaissance, communications, weather, navigation, and timing) to a wide
range of users. These users include warfighters, as they engage enemy forces, and the National Command
Authority as they contemplate alternative courses of action. The time required to replace these capabilities is
currently measured in months or years. ORS systems are essential for reducing the time required to augment or
reconstitute these vital space-based capabilities from months to days or, in a best case, hours.
2.4.2. In the near-term (2-9 years), demand for more timely and precise space force
enhancement (e.g., C4ISR) and the deployment of space control systems to space will lead to an increased
variety of mission profiles for space assets. Specifically, future missions will include a wide range of payload
functions, orbit types, times over target, mission duration, users, and self-protection capabilities. Operationally
Responsive Spacelift, particularly in terms of maneuverability and responsiveness, is required to meet these
emerging mission demands.
2.4.3. In the mid-term (10-15 years), protecting and sustaining space capabilities will be
instrumental in protecting national security and commercial interests. The success of U.S. military forces will
depend heavily on our ability to control space and to provide space-based capabilities for navigation,
intelligence, surveillance and reconnaissance (ISR), Meteorology and Oceanography (METOC) predictions that
support targeting and delivery of precision munitions, and Theater/National Missile Defense. As such, ORS will
be an essential element in satisfying critical and evolving military requirements for prompt operations to,
through, in, and from space. Current National Space Policy (14 Sep 96) states that space superiority must be
maintained through all levels of conflict. An ORS capability is also required to satisfy the space support needs
of; on-demand space asset launch and initialization, increased launch rate, on-orbit servicing, and rapid asset
repositioning.
3. Non-Materiel Alternatives. There are no changes to doctrine, organization, training, leadership, or personnel
that will fully meet the need.
4. Potential Materiel Alternatives. Materiel solutions that may satisfy the need for Operationally Responsive
Spacelift fall into three broad categories. These categories are; (1) a new system, specifically designed for ORS,
(2) evolution of current expendable launch systems into an ORS system, or (3) commercially provided launch
services.
4.1. A multi-purpose military space system, specifically designed for ORS, is one potential materiel
alternative. The key elements of this system are reusable components, launch-on-demand, and enhanced orbital
maneuverability to allow spacecraft to perform large changes in inclination and altitude. The Air Force, NASA,
and commercial companies are exploring various concepts and approaches. Air Force concepts include the
Space Operations Vehicle (SOV), the Space Maneuver Vehicle (SMV), and Orbit Transfer Vehicle (OTV).
NASA’s Space Launch Initiative may achieve substantial advances towards an ORS vehicle. Commercial
concepts include Single Stage and Two Stage to Orbit reusable launch systems and Air Launch concepts that use
large transport aircraft as a first stage.
4.2. A second materiel alternative is to evolve an ORS system from current and projected expendable
launch vehicles, including retired ICBMs. The Evolved Expendable Launch Vehicle (EELV) promises a
significant reduction in launch costs and preparation time. Other advances in expendable launch vehicle
technology may provide further reductions in launch cost and preparation time. These advances, combined with
responsive payloads, may provide a means of achieving a launch-on-demand capability. Alternatively, a portion
of this capability might be achieved through the application of those ICBM alert procedures that keep a booster
continuously ready to launch. A combination of expendable launchers, along with the SMV and OTV concepts,
may provide the necessary spacelift and on-orbit maneuver capability.
4.3. Another possibility is the use of commercially provided launch services. Under this concept, the
DoD would contract for the required launch services. The prime contractor would be responsible for acquiring
boosters and delivering payloads to orbit. The user would buy the launch upon checkout of the asset in its
operational orbit. Whereas this concept has been successfully used in the past for routine launch operations, its
limitations in responsiveness, security, and flexibility make it unsuitable for spacelift roles supporting inherently
military missions such as space control and force applications. However, commercial launch operations may be
a viable option for routine (i.e., scheduled) satellite launches where applicable security, cost, and timeliness
criteria are met.
5
5. Constraints.
5.1 Key Boundary Conditions.
5.1.1. National Policy. ORS must comply with US law, national and DoD space policy,
military doctrine, as well as applicable arms control agreements. For example, ORS must comply with the 1967
Outer Space Treaty, which prohibits placing nuclear weapons and other weapons of mass destruction in earth
orbit, installing them on celestial bodies, or otherwise stationing them in outer space.
5.1.2. Logistics Support. ORS must be completely supportable within DoD maintenance
principles and emphasize lean, responsive, and economical support systems. The systems must employ
appropriate logistics support and maintenance procedures to provide responsive mission integration,
preparations, and operations. Reliability, maintainability, supportability, and disposal considerations must be
emphasized to meet readiness and life cycle cost objectives.
5.1.3. Transportation. Transportation support processes and procedures must be considered
throughout. Provisions may be necessary for the unique requirements associated with the handling, control, and
security of the systems.
5.1.4. Manpower, Personnel, and Training. Military space systems may be operated by trained
contractor personnel, military personnel, or a military-contractor combination. The user will determine
operations, maintenance, logistics support manning, and critical mission tasks. ORS systems will utilize
automation, simulators, and robotics, as appropriate, to minimize manpower requirements. Training and training
systems, such as simulators, must be integrated with the ORS systems architecture.
5.1.5. Security. Program protection plans will be applied throughout the life cycle to maintain
technical superiority, system integrity, and availability. The system security must safeguard critical system
elements, technologies and information through employment of physical, communications, computer, personnel,
information and operations security measures and prevent inadvertent or malicious technology transfer to
unauthorized users.
5.1.6. Standardization and Interoperability. The system must have Command, Control,
Communications, Computers and Intelligence (C4I) capabilities which ensure, as a minimum, complete
integration with existing and programmed C4I systems. System design must support the interoperability goals
established in the C4I for The Warrior (C4IFTW) concept tenets. System managers must conform to governing
Interoperability and Standardization (I&S) directives. C4I supportability and sustainability must be maximized
in the design, operation, and modification of the system, throughout its life cycle.
5.2. Operational Environment. ORS operations must not be substantially degraded by environmental
conditions, either in space or in the Earth’s atmosphere. Some operations must continue despite adverse
environmental conditions such as radiation, solar flares, debris, atmospheric friction, rain, freezing precipitation,
or high winds. The systems must be able to operate successfully in the following hostile environments;
Information Warfare (IW), Command and Control Warfare (C2W), Electronic Warfare (EW), and GPS
jamming. Forward-deployed ground segments must be capable of operating in an environment contaminated by
chemical, and/or biological agents. Systems safety, ground safety and space safety programs are required and
will comply with the latest DoD policies.
6. Joint Potential Designator. ORS systems are Joint Interest programs with USSPACECOM as their ultimate
user. They support the following Joint Warfighting Capability Assessment (JWCA) categories; Dominant
Maneuver, Precision Engagement, Focused Logistics, Full Dimensional Protection, Information Superiority,
Intelligence, Surveillance & Reconnaissance (ISR), Communications/Computer Environment, and Strategic
Deterrence.
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