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 SECTION I.  EXECUTIVE SUMMARY

A.  Technology Overview - The Internal Combustion Catapult Aircraft Launcher (ICCAL) is a hybrid catapult launching system using part of the existing shipboard C13-2 steam catapult hardware with launch energy provided by a compact, combustion steam generating subsystem located at the aft end of the launch engine.  This system produces combustion gas and steam in combustor modules by burning aviation fuel and an oxidizer and injecting water into the combustion gas stream produced to control operating temperature of the equipment.  The ICCAL is designed to provide precise control of acceleration, tailored to the specific aircraft parameters for each launch.  It incorporates closed-loop control to ensure that the desired acceleration profile is accurately met and is a redundant design delivering 100 million ft-lbs of launch energy, with an additional 33% in reserve.  Its design is based upon the proven gas generation technologies of automotive and jet engine propulsion.  

B.  Benefits - The ICCAL system’s independence from the ship’s propulsion plant allows reductions in propulsion plant size.  It provides a substantial gain in launch weight  capability and retains a large portion of the current, and proven launch system which significantly reduces system development time and costs.  ICCAL’s closed-loop launch control system assures full control of launch forces, eliminating high peak to mean spikes to reduce airframe stresses and assures required launch end speeds.  Removal of the ship propulsion plant steam supply equipment to the catapults results in a 780,000 pound reduction in the ship’s upper-level weight and volume, reducing the overturning moment and increasing ship stability.  Removal of a substantial number of components reduces complexity and required manning levels.  Further, eliminating the launch steam supply reduces propulsion plant core burn rate. ICCAL’s modular design is adaptable and scalable for application to a variety of platforms, aircraft and other launch vehicles.  The ICCAL system can be readily backfit to existing aircraft carriers to upgrade launch capability. The additional launch energy can reduce or eliminate the requirement for wind over deck for launch

C.  Risk - Proven catapult hardware is utilized wherever possible to leverage the long history of catapult operation, installation, repair, overhaul and testing and to minimize developmental risk.  Minor risk is associated with the development of the gas generating and control systems since these are variants of existing applications.  Current experience with much more complicated systems than the ICCAL supports the technical viability of this system.

D.  Recommendations - This paper recommends the development of the ICCAL system for installation on the existing Nimitz Class carriers.  The proposed system should be funded for early demonstration of the critical technologies in a subscale installation, then back-fit to an existing catapult for full-scale testing and operation.  System design improvements are identified which should be investigated for additional weight reduction, system simplification, manpower reductions and capacity enhancements.

SECTION II.  DESCRIPTION OF TECHNOLOGY

The history of catapult development has been driven by the increasing weight of the aircraft to be launched and the associated increasing launch energy requirements.  The advent of the steam catapult began a reliance on the propulsion plant as a source of launch energy.   Attempts were made by NAVAIR to develop the C14 internal combustion catapult for the Enterprise carrier, which was independent of the ship’s propulsion system. Apparent developmental difficulties and ready availability of steam from shipboard nuclear plants made this approach unattractive at that time.  The following section presents an innovative combination of low-risk and/or proven technologies to satisfy this requirement.  Emphasis is given to describing the ICCALS combustion gas and steam generating system and the methods for assuring complete control and safe operation of this system.  All of the other launcher systems and subsystems discussed are based on and utilize the existing C13-2 catapult system and components.  As a note, nothing in the ICCALS system precludes any already planned upgrades to the C13-2 catapult system,

A.  Propellant Selection

In the ICCAL concept presented in this white paper, combustion of jet fuel and gaseous oxygen in modular combustors provides the high-pressure gas for catapult  operation.  Part of the thermal energy generated will be used to flash water into steam, reducing the operating temperature of the launch gas to an appropriate operating temperature range for the existing C13 catapult hardware. 

The C14 internal combustion catapult was built and tested.  It used compressed and JP5 jet fuel in place of JP5-Oxygen.  The C14 catapult was intended for the Enterprise CVN65.   However, in order to meet the enormous compressed air requirements of the JP5-air system which used up to 1.5 tons of 1,500 PSI air per launch, each launcher would require a large bank of heavy, high-pressure air compressors such as were placed aboard the carrier Enterprise and an air accumulator capable of delivering up to one ton of air at 1,500 psi per launch.  This resulted  in an increase in weight and ship internal volume in comparison to the ICCALS system and a significant increase in system cost. In addition, large, heavy, high-pressure air accumulators are potentially hazardous as diesel explosions in high pressure air piping are well known.  This was faced by the carrier Enterprise which initially was intended to use a JP5-air system. 

When considering the use of oxygen in place of air, the requirement of handling and compressing inert nitrogen, which composes 79% of the volume of atmospheric air is eliminated.   The ability of oxygen to support combustion is recognized as a potential hazard and it is recognized that proper design for control and safety will be required such as is done in commercial Oxygen plants and NASA launch facilities.  This willl be the design basis for the shipboard gaseous oxygen plant which will use Pressure Swing Absorption  technology and provide 95% purity oxygen to the catapult facility.



B. Gas Generation Requirements

The most efficient launch profile is one of constant or increasing acceleration, as this minimizes stresses on both the aircraft and crew.  For a gas-driven energy source, the requirement for constant or increasing acceleration compared to the steam driven catapult decreasing acceleration translates into the need for a progressively increasing gas flow during the stroke to maintain constant or increasing pressure on the face of the accelerating launch pistons.  Since the velocity of the shuttle piston at the end of its stroke is only about 300 ft/sec, much lower than the speed of sound in the ICCAL-produced gases, there will be no drop in pressure due to gas velocity within the launch cylinders.  Thus the demand for the progressive increase in gas flow during the launch cycle is driven primarily by the accelerating volume expansion as the shuttle piston gains velocity.  For a constant acceleration profile, the control function translates into a simple quadratic increase in gas flow rate with change of position of the shuttle piston

The control function for the highest velocity launch scenario requires a progressive increase in launch gas generation by a factor of about thirty.  The gas generator system has been sized so that this total variation can be achieved with six Gas Generator Modules (GGM).  Two additional GGMs in reserve are held in emergency ready condition to assure completion of launch to specification.  Each GGM would provide a total variation of steam output of approximately 5:1, and they are to be brought on-line in parallel or sequentially as required.  Output would be adjusted under closed-loop control to assure that the launch parameters required for the aircraft, its loaded weight,  and for the wind over the deck are met.  The design is based on a conservative 5:1 variation in propellant flow while maintaining high combustion efficiency. This is well within state-of-the-art (an example being the combustion system of the MK 48 Torpedo which has a flow variation of about 10:1).

Combustor chamber responses to changes in propellant flow are typically measured in milliseconds.  The pressure change at the base of the shuttle piston in response to a change in the rate of gas inflow is measured in tens of milliseconds.  Thus the major time lag in the control loop is the response of the mechanical components in the propellant feed system such as valves and regulators.  Components with operating times under 0.1 seconds are readily available, so the responsiveness of the gas generation system will permit effective close control of the launch process.

For the ICCAL, the launch cylinders are preheated (if required) by operating one combustor at a low level prior to launch which minimizes thermal losses to cold launch cylinders just as the C13-2 catapult launch cylinders are preheated to minimize steam losses to condensation.  This may not be necessary as the gas generation capacity more than exceeds potential propellant gas loss to condensation against the cylinder walls.






C.  Hardware Description

The Gas Generator Module – Using six of the eight GGM modules, generating a launch energy of 100,000,000 ft-lbs. (144 PSI acting against the face of the launch pistons) will require combustion of approximately 6 gallons of JP5.  Each of the six GGMs utilized has been sized to provide one-sixth of this energy.  The gas generator system includes the jet fuel, oxygen and steam feed-water supplies, the necessary controls and piping, the combustion chamber, and the interface with the launcher. The system is shown schematically in Fig.II.C.-1. 

  The JP5 jet fuel, oxygen and steam feed-water accumulators, pressurized with regulated high-pressure air, feed directly into separate injectors mounted on the combustion manifold.  The ratio of water flow to propellant flow will be approximately 2:1.  The three-way valves shown in the feed lines function as the main shut-off for both liquids and provide for an air purge of the piping and injectors. The air purge assures that the injectors are clear and cool and the manifold is clear of combustible materials after post launch shutdown and before pre-launch startup.

The steam feed-water injector, not being critical for good combustion efficiency, will be of fixed geometry. A feed-water injector manifold will be wrapped around part of the combustion chamber and feed a series of small holes which spray water into the combustion chamber toward the combustion chamber center line. Additional water spray jets will be aimed protect thermally sensitive areas of the manifold and launch tube inlet structure This assures that the water spray, with a flow rate more than twice that of the fuel and oxidizer, does not interfere with the combustion process and that the manifold interior and combustion chamber exit is well protected from the high temperatures of the combustion process. 


The ignition system is shown symbolically as a box attached to the combustion chamber. 
Its function is to achieve highly reliable, rapid, and smooth ignition upon command. Although shown as a single element, it will have redundant function features critical to overall system reliability. The ignition system will be electrically initiated with at least dual elements for redundancy.

The combustion chambers are sized to provide the correct geometry and volume for efficient combustion and mixing of the hot combustion products with the steam feed-water prior to its flow into the launch engine. The conservative design assures durability and reliability. The combustion chambers will have an internal diameter of approximately seven inches, and a length of twelve inches.  Each GGM will weigh about 200 lbs. and occupy a volume of approximately 2 ft3.
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FIGURE  II.C. - 1  ICCAL Launch Gas Generator System Layout
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D  GGM Assembly Description -  The GGM assembly will include eight identical GGM’s of which six are dedicated to launch while the remaining two GGMs are reserved for emergency power.  The GGMs are coupled to the existing launch engine through a manifold at the aft end, as illustrated in Figure II.C.-2.  The new manifold is located directly aft of and attached to the thrust exhaust unit, occupying the volume formerly used by the launch valves.  The GGM’s will be mounted to this manifold.  This provides an open architecture in a well-ventilated region and thus provides easy access for repair, maintenance, and replacement of equipment.  The low weight of the GGM’s simplifies handling by personnel.  The selection of GGM’s to be actuated, their relative timing for coming on line, and variations in their output will be commanded by a closed-loop control system to assure that the appropriate launch acceleration profile is met.

E  Propellant Storage And Handling System – 

JP5 storage and distribution - This ties into the current flight deck aircraft refueling system  to resupply JP5 fuel to the GGM’s of the ICCALS catapult.  This system consists of a JP5 storage day tank  and accumulator,  located in close proximity to each catapult.  It also includes all the valving, plumbing, pumps, and controls required to both operate and monitor this system.  The fuel supply system consists of a 60-gallon day tank, an accumulator booster pump, an air-charged, 8-gallon fuel accumulator and 30 gallon equivalent 1,500 psi  oxygen accumulator and supporting combustor feed tubing

Oxygen generation, storage and distribution  The oxygen generating plant is composed of a Pressure Swing Adsorption plant which works by adsorbing nitrogen from the air leaving 95% pure oxygen as a supply to the ICCALS installation.  The day tank and accumulator is similar to the JP5 storage and handling system and  consists of a 200 gallon day tank, an accumulator booster pump, and 30 gallon equivalent 1,500  psi  oxygen accumulator and supporting combustor feed tubing

The combustor steam feed-water supply system consists of supply piping, an accumulator booster pump, two air-charged, 15-gallon water accumulators and manifold feed tubing.  
.  

F  Effect on Existing Catapult Equipment -  One important benefit  of the ICCAL is that the hardware retained from the C13 catapult has already been proven over many years of service aboard aircraft carriers of the U S Navy.  This catapult uses as its baseline design the  C13 Mod 2 catapult which was installed on CVN 72 through CVN 77.

The C13-2 catapult requires changes to upgrade to an ICCAL system.  The most extensive changes required involve the steam portion of the launching engine system.  This includes removal of the steam supply system -- piping, valves, wet accumulator -- and the launch valves.  The removal of this hardware includes the removal of the associated control valves and air/hydraulic control system loops.

The launch valves are removed along with the launch valve control valve, the capacity selector valve (CSV) and associated hydraulic piping, valves and indicators as listed in appendix 1.  These components are replaced with the GGM manifold, GGM assemblies, flow control assemblies and associated propellant and water supply systems.

The exhaust valve and thrust exhaust unit will remain intact and will perform the same functions as previously required.  The pressure breaking orifice elbow may require modification of the orifice diameter.  This will be determined in the design phase when residual heat and other thermodynamic effects are determined for the operating catapult.

The ICCALS combustors may replace the existing use of ship's steam for the purpose of warming up the launching engine power cylinders to expand them to the level required for steam catapult aircraft launch operations.  An initial look indicates that with the ICCALS system, cylinder warming may not be required and planes can be launched with cold launch tubes as steam condensation within the tubes will not be an issue due to the ability to generate excess launch gas to replace any condensation losses . Steam is also currently used as a fire suppressant in case of trough fires.  Low level operation of a CGM mounted at the forward end of the launch cylinders will provide inert combustion gas (CO2 and steam) for trough fire suppression.

The hydraulic fluid supply system and retraction engine system of the ICCALS catapult, where retained, will be identical to those systems on the C13-2 catapult.  An improvement to this system utilizing the forward mounted CGM combustor will be proposed separately to NAVAIR to replace this complex system. 

The electrical control system components will require relatively minor changes.  The major differences will reflect the removal of the launch valve steam system monitoring and control functions and the removed items listed below.  These will be replaced with combustor, propellant and water control and monitoring.  The intent is to make the control sequence for operations appear to be the same as for the C13-2.  To the catapult operator, these changes will be nearly transparent.  The effect on existing hardware is that some panels will have minor changes in the sensor and indicator displays.  The Engineering Central Control Station Panel may be completely eliminated.  However, the Engineering Officer of the Watch will need to monitor oxygen and fresh water usage and storage in order to control oxygen generation and distillation plant outputs.

Topside, the changes will be completely invisible.  Nose Gear Launch equipment is unchanged and there is no impact on the aircraft hookup and launch procedures which are currently used.

Parts of the C13 catapult retained:
These are generally at the flight deck level.  These components include the following: 
A.   Trough covers and track assembly
B.  Thrust-exhaust unit with exhaust valve
C.   Power cylinders 
D.   E.   Sealing strip and spring 
F.   Launching   shuttle
G.   Launching   pistons 
H.   Water brakes (This will be replaced per a proposal to be submitted). 
I.   Shuttle/piston retraction (This will be replaced per a proposal to be submitted)
J.   Bridle tension system
K.  Cylinder lubricating system (updated)
L.  Current launch control panel as modified to support new requirements



Parts of the C13 catapult eliminated and removed:

A. Dry-steam receivers or wet-steam accumulator  
B.  Steam piping including crossconnects and steam riser piping/hangers from the propulsion plant
C.  Steam fill and distribution valves, including crossconnects
D.  Launching  valve  assemblies  including hydraulic  cylinder  assembly and operation  controls  assembly
E. Launching Launch valve hydraulic lock valve panel and hydraulic lock valve
F. Pressure-breaking orifice
G.  Steam  manifold 
H. Steam preheating system
I. Launch orifice elbow system.
J. Steam valve control valve 
K. Steam-operated pressure switch installation
L.  Velocity Indicator installation.
M. Capacity  selector  valve
N. Launching  valve-control  valve
O. Exhaust  valve  keeper  valve
P. Launch  complete  steam pressure  cutoff  switch  installation
Q. External steam  preheating  system
R.  Steam pressure cutoff switch
S.  External steam preheating system
T.  Steam blowdown valve






SECTION III.  APPLICATIONS USED OR IN DEVELOPMENT

Reaction Motors C14 Internal Combustion Catapult  - This project, built and successfully  tested at Lakehurst  NAWC in 1959 - 1960, was an attempt to develop an ICCAL system.  The launcher was compact and generated high launch energies, however, reliability of the system was not satisfactory, apparently due to operator induced failures.  The power and controllability capability of the C14 system exceeded the capability of the C13-2 steam catapults of today. During the above C14 testing, the USS Enterprise was under construction and sufficient steam was available from the propulsion plant to provide the required launch energy.  As a result of the above reliability questions and Adm. Rickover’s intercession, development of the C14 launcher was halted in 1961.  

Advances in propellants, management of the combustion process and computerized process control over the last 50 years have made the ICCALS evolutionary variant of the C14 launcher technology extremely powerful, reliable and controllable. 

SECTION IV.  HOW THE CONCEPT TECHNOLOGY  MEETS THE  LAUNCHER AND PLATFORM  PERFORMANCE AND ADAPTABILITY REQUIREMENTS

A.  Platform Independent Power Source 

The internal combustion catapult launch technology places no demands upon the propulsion plant for launch power.  Power to achieve launch is generated at the aft end of the existing launch engine by locally-produced combustion gas and steam.  The steam is generated by a group of standardized combustion gas generator (GGM) modules, with the number of modules varied as required by the application.  These modules use a JP5 jet fuel and oxygen as the source of launch energy by producing launch thrust combustion gas and steam.  Power for pumps, valves and the control system may be provided by platform generating assets or by a local generator that may be made part of the launcher hardware.

The ICCAL system makes no special demands on its host platform in terms of propulsion system type or energy available.  As such, the ICCAL system has potential for installation on a wide variety of platforms such as large deck helicopter carriers.  Additionally, a wide range of vehicles can be launched from the ICCALS system ranging from remotely piloted vehicles and Tomahawk cruise missiles to the heaviest fighter bombers.
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B.  Increased Maximum Launch Energy

The launcher design has the capability of increasing the ultimate launch energy level by addition of CGM’s to the launch engine as required.  For the ICCAL system, six GGM’s, each sized to produce 16.7 million foot-pounds of launch energy, would be utilized.  This will produce a total launch energy of 100 million foot-pounds of launch energy which is in excess of the 70 million foot-pounds required.  These power sources are compact and each installation will be provided with redundant capacity to provide emergency fall-back power, if needed.  The ICCAL system provides two emergency GGM’s with an additional 33 million foot-pounds of reserve power for a total launch energy available of 1,334,000 000 foot-pounds.  The CGM design can be upsized to provide more launch energy if required.

C.  Complete Launch Force Control

The ICCAL is operated in a closed-loop control system which results in a precisely controlled launch at all power levels.  This produces very accurate end speeds for each launch.  The closed-loop control of the launch is based on time and piston position in the launch cylinders.  Therefore, launch cylinder pressure is predicated upon the difference between actual piston position at a given time-step versus the reference position.

D.  Reduction in Weight and Volume 

As shown in table IV.B - 1, incorporation of ICCALS launch technology as a backfit  to the current C13-2 launching engine will result in a weight savings of at least 728,000 pounds high up in the carrier,  improving stability for existing aircraft carriers.  This includes a large reduction in system demand for volume high up in the ship,  This reduction is achieved by elimination of all of the components, hardware, foundations, foundation structural support, piping and control systems for those parts of the current launcher aft of the forward flange face of the launch valves.  The parts removed are large, heavy and are generally located high in the ship except for the steam distribution piping from the steam generator to the steam accumulator.  Addition of stowage for JP5 to supply the catapults may be added to the current JP5 storage tanks, but this should not be necessary as the ICCALS JP5  fuel usage should be inconsequential compared to that required for flight operations 






.



TABLE  IV.B. - 1  Weight Comparison
(Savings of 182,300 pounds per catapult) 


E.  Modular and Scalable Architecture

The ICCAL system is fully modular and scalable in launching engine length and available launch energy.  Modularity results from use of the current C13-2 launch cylinder sections which are manufactured in several lengths such that a desired length of power stroke can be assembled from the appropriate launch cylinder sections. 
 
Scalability results from the use of the combustion steam generator modules (CGM’s) mounted to the manifold and attached to the power cylinders at the aft end of the launching engine.  The CGM’s are compact, each producing continuously variable power up to its design maximum.  Therefore, the required launch power profile is achieved by providing the appropriate number of CGMs.  Redundancy and launch power safety factor or reserve power is provided by additional  CGM’s over the six intended for operations.

The modularity and scalability of the internal combustion catapult launcher architecture allows installation of this launcher technology on various platforms in size and power ratings appropriate to the aircraft  to be launched from that platform.  Power ratings equal to or better than 133,400,000 ft- pounds of thrust should be available to any installation.


SECTION V.  BENEFITS OF TECHNOLOGY

A.  Platform Benefits

In meeting the platform independence requirements, the ICCAL system provides the benefit of enabling the host platform to reduce the power generating capacity of its propulsion plant and the burn rate of its fuel as plant temperatures can be lowered.  This reduction of operating temperature for current plants and plant size for future ships will allow reductions in the cost, weight and volume of future aircraft carrier propulsion plants.  This will support future aircraft carrier design goals.

B.  Increased Launching Power Availability

The launcher design has the benefit of variable ultimate launch power capacity by addition of CGM’s to the launch engine as required.  This will greatly exceed the power required to allow launching of FA18 E/F aircraft weighing 100,000 pounds with an end speed of 170 kts. 

 To provide the added benefit of critical component redundancy and 33 percent reserve power capacity, two redundant CGM’s are added to each launcher.  This gives the proposed configuration of the ICCAL system a maximum launch energy capacity of 133 million foot-pounds compared to the current steam catapult capacity of 70 million foot-pounds.

C.  Retains Existing Technology

The use of a large proportion of proven, existing components and systems provides the benefit of reducing the cost, risk and time associated with the development and testing of the ICCAL system.  Efforts will be directed toward development of the CGMs and control systems such that they will simply replace the steam supply and launch valves.  The design will produce a launching engine which can be backfit to the C13-2 or any other steam catapult with minimal impact on the existing platform.  Also, the ICCAL system will allow use of current engineering data and existing design drawings for reducing the total effort required to develop and install the ICCALS system on alternate platforms such as baby carriers.



EVALUATION FACILITY REQUIREMENTS

The land-based C13-2 catapult at NAVAIR, PAX River or a mothballed carrier can be used as a test bed for the ICCAL system without requiring permanent modifications to the existing catapult.  The same modification benefit applies for backfit to all of the existing carrier fleet.  This provides a significant cost savings and risk avoidance for the ICCAL system development program.  This backfit is accomplished primarily by removing the aft trough covers, unbolting the launch valves, removing the steam piping back sufficiently to provide required space  and installing the ICCAL system manifolds with GGM’s to the existing thrust exhaust valves.  This installation will not require changes to the existing foundations or equipment and is completely reversible.  The fuel and oxidizer can be provided by highway transport container trailers  parked on the flight deck nearby to the catapult for minimal impact to the host ship

The ability to upgrade existing steam catapults with the ICCAL system, which cannot be done with EMALS enables the Navy to fully utilize existing assets such as the present Nimitz Class aircraft carriers when integrating new aircraft such as the FA 18 E/F and F35  into the fleet.  It is desirable to have a catapult system that is more powerful and has a wider range of delivered power along with more controllable launchers to aid in the launch of both lighter and heavier aircraft than can be currently serviced by the C13-2 catapult.  A more capable launcher which is cost-effective to backfit to the operational aircraft carriers will increase their operational flexibility and reduce wind over deck requirement for launch.  The ICCAL launcher is readily backfittable to the current operational carriers with capability, weight, volume and stability benefit to the platform and minimal installation costs.

D.  Aircraft and Launch System Benefits

A significant benefit of providing complete launch energy control during the launching of aircraft is the associated control of launch energy loading on the aircraft structures and components, including the crew.  The ICCAL system will launch aircraft in accordance with specified launch curves which will provide “softer” launch initiations and precisely controlled end speeds.

Another benefit is that the basic architecture of the control system prevents the occurrence of a high-energy, runaway launch.  Launch pressure is varied by the closed-loop control system based upon cylinder pressure and piston position relative to piston position on a reference curve that describes an ideal launch.  The net result is that the limits of the control curve limit the piston/shuttle end speed into the water brake to within the normal operating range of the catapult system.




E.  Savings in Weight and Volume

The ICCAL system is lighter and its support systems require less volume than the C13-2 support systems that it is intended to replace.  732,000 pounds of weight currently located over 50 ft above the waterline is removed from the ship.  Overturning moments in the ship are therefore reduced significantly and the stability criticality status of the Nimitz Class carriers  is improved.

A substantial amount of ship volume under the flight deck is made available for other uses.  The four wet steam accumulator spaces and steam supply piping spaces including the crossconnect piping and valves among others are large under deck volumes that can be reutilized.

F.  Scalability and Modularity

The ICCAL system meets the scalability and modularity requirements for the new launcher system.  A benefit of this system is its applicability to a wide variety of host platforms and launch vehicles.  The length of the power stroke can be greatly shortened or lengthened, as needed, to accommodate the needs of the launching platform or the launched vehicle.  This is done by removing or adding existing design power cylinders to achieve the launching power stroke required.

The applied launch energy can be decreased or increased, as needed, to provide the launch end speeds required for a large variety of launch vehicles, whether manned aircraft, UAVs or UCAVs,  or other vehicles as required.  This is achieved by only bringing on line the number of GGM’s required to accomplish the launch.


SECTION VI.  AREAS OF TECHNICAL RISK

A.  Propellant Delivery Rates

Approximately 25 gallons total of oxygen/JP5 will be available to generate 100 million ft-lbs of launch energy which will exceed the current maximum energy requirements of  the FA18 E/F launch of requirement of 70,000 pounds at 170 kts.  Launches requiring less launch energy will require less oxygen/JP5 metered to the CGMs.  This quantity of oxygen/JP5 will be metered equally to 6 CGMs with a flow-rate of 2.5 gallons or less per CGM for each launch event.  This flow rate is at the lower end of fuel flows typically seen with this type of combustor and is easily achieved by the propellant injectors with multiple injections intended for this application  to customize the delivered power to the vehicle being launched.




B.  Combustor Design

The combustors discussed in this document are smaller than those that NASA typically uses for liquid fuel propelled rockets.  The smaller size is considered an advantage since the flame front has less distance to travel within the combustor to initiate and support combustion.  Smaller liquid injectors can be used and heat transfer issues can be handled more effectively.  As always, it will be necessary to put the new design through a comprehensive test and evaluation process to assure that all performance parameters and reliability goals have been met.

The combustion gas generator system is to be developed as an assembly of discrete combustor modules.  This approach has significant advantages, not only in development of the modules, but also in production and logistics support. The modules will be clustered to form the complete launcher power source. Each gas generator module’s output can be varied, as can the number of modules in operation, resulting in an extremely wide envelope of performance capability and launch power reliably generated.

C  Thermal Shock - This issue is peculiar to the ICCAL application.  Most propulsion systems have long operating times with relatively few start-up/shut-down cycles.  The ICCAL is the opposite.  Its operating time is only a few seconds, but it may be subjected to thousands of cycles.  Any time a mechanical structure is heated or cooled, it undergoes differential expansion or contraction which may result in local stresses.  This issue and thermal management will require careful attention throughout the design and development process.  Fortunately most of the system has proven to be reliable under thermal stress as part of the C13-2 catapult system.  Due to the extremely short duration of thermal exposure to the catapult components and the large thermal mass of the catapult launch engine, it is anticipated that thermal shock will not be a design/operational issue.

D  Igniter Design - The design of the igniter is perceived as a technical risk due to the unique aspects of the CGM design and the critical role which the igniter plays in the reliability of the system.  For the ICCAL, a hot wire electrical ignition system appears to be the most attractive.  NASA has developed a reliable electrical ignition system for a JP5-oxygen launch engines.  This ignition scheme will be adapted, for the ICCAL system.   Alternatively, the University of Texas at Austin has done good work in the field of electrical ignition of fuel and oxygen in  combustors.  By using multiple CGMs, ignition risk is minimized as only one of six CGMs needs to ignite to ignite the rest of the CGMs

D.  Control System 
The purpose of the control system is to modulate the propellant flow to the CGM’s to maintain shuttle position in close correspondence with a programmed launch curve.  Figure VI.D. - 1 shows a block diagram of the control system application.  The system interface, located on the central charging panel and catapult officer’s console, contains the displays and keyboard for manual input of data or instructions.  The I/O signal interface board matches the analog and digital input/output signals for the sensors and actuators to the control computer.

The computer for the control system concept will be microcontroller-based and will control processor executive programs, I/O to terminals, disk drive and printer access.  It will handle file access operations, read and write instructions to disk memory and downloads from disk memory to RAM (Random Access Memory).

A mathematical model of the catapult launcher process will be developed.  Analysis of the model will be accomplished using computer programs such as the SIMULINK program from The Math Works for simulating dynamic systems or ACSL.  The results of these simulations will determine the control mode parameters to be specified prior to operation of the system.  The control mode parameters include the proportional gain, integral gain, differential gain, controller sampling interval, dead-band, and hysteresis compensation constant.  The initial controller output and the minimum and maximum output limits will also be specified.  Tuning of the control system will be accomplished by adjustment of loop gains during initial startup.  Adjustment of loop gains is done to achieve a stable system that meets the launcher performance objectives.  While PID type control is shown for the control system concept, this does not preclude the use of alternative or additional control methods.  Adaptive control and fuzzy logic will be investigated to determine the validity of their use in the control system.

The internal combustion catapult launcher control system is shown in Figure VI.D. – 2 below.  To fire the catapult the operator selects the type of aircraft to be launched as a manual input on the front panel.  Then the launch weight for the specific aircraft to be launched is selected.  The launch curve for the aircraft selected and its fuel and weapons load is then entered from a look-up table stored on disk or in flash memory.  The launch curve provides a reference shuttle position as a function of time after initiation of the launch sequence.  This position information is the position reference variable input to the error detector of the position controller.  Accumulator pressures are compared to a set-point to verify that propellant and water pressures in the accumulators are greater than the anticipated combustor pressure.  The CGM is then energized using closed loop variable control to control the CGM combustion gas output during the launch event as a function of time and shuttle position.  

Shuttle positioning is accomplished using closed-loop control.  The position sensor measures shuttle position and the measured value of the shuttle position is input to the error detector where it is compared to the position reference variable to generate an error signal.  This output positions the servo valve to vary the propellant flow rate, and consequently CGM launch gas production, to maintain the desired shuttle position as indicated by the position reference variable. 

A pressure and or photonic sensor is used to determine the development of combustion within each CGM.  If appropriate combustion gas pressure is sensed for the shuttle position as a function of the loaded launch curve,  the control system allows steam feed-water to be sprayed into the combustion gases and flashed to steam.  If an appropriate CGM pressure is not detected, propellant flow to that combustor is terminated and the appropriate reserve CGM is brought immediately on-line.



FIGURE  VI.D. - 1   Control System Block Diagram.  
The fuel section is duplicated for oxygen and for JP5


Throughout the launch sequence, catapult cylinder pressure is monitored by the catapult cylinder pressure sensors.  If cylinder pressure is in the normal operating band, no corrective action is taken.  When cylinder pressure reaches the high-pressure warning level, the position error signal in the closed-loop PID controller is reduced to throttle the propellant flow rate and reduce cylinder pressure.  If cylinder pressure reaches the high-pressure emergency setpoint, the propellant emergency shutdown valve is modulated by closed-loop control.  When cylinder pressure reaches the low-pressure warning level, the position error signal in the closed loop PID controller is increased to increase the propellant flow rate and cylinder pressure.  If cylinder pressure reaches the low-pressure emergency set-point, the emergency ignition/restart procedure will be initiated which will include all standby CGM’s.




TABLE  VI.D. - 2   ICCAL Control System

E.  Failsafe Operation

The ICCAL system, prior to each launch, will have sufficient propellant, oxidizer and water in isolated, pressurized accumulators to accomplish the most energy-demanding launch and will be designed to fail to a completed launch that meets all normal launch parameters.  In case of loss of ship’s power, multiple redundant power supplies will provide the launch control system with continuous power to ensure normal completion of launch.  If a CGM malfunctions, one or both of the back-up CGMs will be brought on line immediately to complete the launch within the required parameters.



SECTION VII.    MATURITY OF TECHNOLOGY

The ICCAL concept described in this white paper is based on the well-established and proven gas generation technologies of rocket motors and automobile engines supported by the aircraft carrier catapult launch experience of NAWC and HII (NNS).  Nevertheless, as with the application of known technologies to a different area, several issues need to be addressed in a timely manner to ensure that the concept presented here is fully responsive to all the requirements for launching aircraft from catapults.

A.  Propellant

The propellant will be jet fuel (kerosene) and oxygen and will duplicate as far as possible, the combustors for liquid fuel designed and utilized by NASA for their rockets.

Properly handled in accordance with NASA protocols, commercial oxygen plant protocols and safety directives, the introduction of an additional pressurized gaseous oxygen system aboard ship should not pose a safety issue compared to other activities aboard such as loading and storage of explosives in the form of rockets of various types and bombs.

It is recognized that oxygen  is a potential hazard and it is intended to overdesign the system in favor of safety.

B.  Ignition
 
For the ICCAL, an electrical ignition system appears to be the most attractive in terms of logistics, reliability and operational flexibility.  There are a number of technologies including hot wire which will work well, especially if multiple igniters are used, particularly one for each CGM for a total of eight for each catapult.

C.  Combustion

Oxygen and kerosene (JP5) propellants have been in use safely and reliably by NASA for launch energy for many years  The techniques for reliable, and efficient combustion of these materials were developed during those early years and are equally valid with today’s materials.  Combustion technology has advanced tremendously and there are off the shelf injector technologies which are highly efficient and directly applicable to this use.
.

D.  CGM Assembly

The CGM assembly is to be developed in accordance with extremely conservative and well-known design criteria.  This is necessary to assure a high degree of reliability and high life cycle durability.  Since very conservative design requirements will be specified, components that are proven, rugged and long-life will be utilized and redundant designs incorporated.

E.  Controls

The control system is comprised of off-the-shelf items that are either currently in use in industry or aerospace.  The only control component which requires further development is the ignition system based upon that used by NASA for liquid fueled JP5/oxygen rocket engines.  This technology will be extensively tested in this application during Phase 2 of the development program..

The control sensor system consists of various sensors and components, including actuators, and computer hardware and software that measure and report launch piston position, launch cylinder pressure, combustion chamber pressure, propellant flow, water flow and steam temperature.  All of the sensors are commercial off-the-shelf items used in intended/similar applications with no unusual configurations or engineering required.
Valves, pumps, accumulators and associated hardware are off-the-shelf items that are currently in use in industry.  No developmental items or hardware should be required to accomplish the design of the control systems.











SECTION VIII.  MATURITY OF TECHNOLOGY FOR PRODUCTION

For consideration of technological maturity, the Internal Combustion Catapult launcher is considered in two groups of components: existing hardware and new hardware.

A.  Existing Catapult Launch Equipment

The first group consists of those items that are current technology and are part of the present C13-2 Catapult Launcher.  This includes the slotted cylinder assemblies, the trough covers,  the piston/shuttle, the water brake, the cable retraction system, associated distilling plant capacity, cylinder lubrication system and associated control systems, foundations and hardware.  This group of components is tested, approved and is currently in use by the U.S. Navy.  The components are technically mature, in production and pose no developmental or production risk in this application. 

B.  New Equipment

The components which make up the CGM’s use current, existing technology in their manufacture and are items used in various configurations in industry, defense and aerospace.  The GGM is a hybrid design that integrates features from an aerospace liquid fuel combustor and a flash boiler.  The ignition system is developmental, however a successful system currently exists which was developed for this type of application and supported by research at the University of Texas at Austin.  NASA Marshall Space Flight Center has applicable designs available also.

The control sensor system consists of various sensors that measure and report launch piston position, launch cylinder pressure, combustion chamber pressure, propellant flow, water flow and steam temperature.  All of the sensors are commercial off-the-shelf items.  This technology continues to evolve rapidly.  

Valves, pumps, accumulators and associated actuators and hardware are off-the-shelf items that are either currently in use in industry or aerospace.  Currently, valves with a cycle time of 0.1 seconds are commercially available.  No developmental items or hardware will be required to accomplish the design of the propellant, oxidizer and water storage, distribution and injection systems.




C.  Recommendations

Development of the ICCAL system will be relatively straightforward and low-risk.  It is the recommendation of this paper that a task effort be funded to:

(A) Create a concept design that identifies the specific components that will be required and anticipated performance of the system.  
(B) Upon approval of the concept design for the CGM and the associated control system construct and demonstrate a prototype combustion steam generator module that is capable of generating 16.7 million foot pounds of launch energy by combustion gasses acting against a pair of 21" diameter pistons operating through a power stroke of 304 feet.

Following successful testing of the prototype CGM, it is recommended that the program be extended to include full-scale, advanced development of a C13-2 based ICCAL backfit launcher for the test catapult at NAWC Lakehurst,  Pax River or a mothballed carrier catapult.

IX.    The recommended program 
will consist of four phases.    The tasks to be accomplished in each phase are described below:

Phase I  -  Investigation and Concept Design			                            

· Design and construct prototype GGM. 
· Investigate and determine optimum propellant and water combination and ratio.
· Scale up prototype design for to full size CGM. ready to install
· Develop improved ignition system.
· Create concept design for control system.

Phase II  -  Detail Design, Construction and Testing		                            

1. Design and construct prototype propellant distribution and control assembly.
2. Design and construct flow bench for testing CGM assembly
3. Conduct combustion steam generator, propellant and control system testing.
4. Optimize component designs


Phase III  -  Full-Scale Advanced Development Testing			            

5. Construct and install full set of CGMs into full scale C13-2 catapult package.
6. Construct full-scale combustion control system.
7. Install full-scale launcher package on C13-2 land-based test facility at NAWC Lakehurst, Pax River or designated carrier
8. Conduct full-scale operational evaluation of ICCAL system
9. Test to design limits and verify performance of system.
10. Incorporate lessons learned into design.

Phase IV  -  Operational Evaluation				

11. Reversibly modify one Naval-provided operational carrier catapult                               launch engine to incorporate the ICCAL system.  This can be on a mothballed carrier or the land based catapult at Pax River Naval Air Station or NAWC Lakehurst
12. Conduct full-scale operational evaluation of ICCAL system.   Conduct qualifying program Including qualifying launches.
13. Evaluate future enhancements to ICCAL system including water brake and retraction engine.

The technology development proposed development schedule should be concluded in 2013  if started in 2012.  This will allow a low impact installation of this system during Selected Restricted Availabilities of the designated carrier.  It is anticipated that two 120 day SRAs will suffice to do a full installation of this catapult upgrade.

X.    Follow-On Catapult Technology Improvements facilitated by the ICCALS Technology


As a follow-on effort, it is recommended that additional design improvements of this launch technology be investigated for cost and weight reduction, system simplification and capacity enhancement.  A number of candidate opportunities are discussed below:

Replace Retraction Engine -  A prime candidate for cost, weight and space savings is the current shuttle retraction engine.  The entire system can be eliminated and the need met by the ICCAL technology.  Installation of a plenum around the forward end of the launch cylinders with a discharge valve closure will allow the option of utilizing combustion gas pressure from an auxiliary forward mounted CGM to power the retraction of the piston/shuttle assembly.  A pressure of approximately 20 psi introduced into the launch cylinders forward of the launch pistons will be sufficient to initiate movement of the pistons aft and move the piston/shuttle assembly aft to the battery position.  

Following completion of a launch, the exhaust valve would be opened, the plenum valve at the forward end of the catapult cylinders would be closed and the retraction CGM would be actuated.  This generates the positive pressure at the forward end of the pistons to move the pistons aft to battery position.  The control system, utilizing piston position closed-loop control, varies cylinder shuttle retraction pressure.  This ensures complete shuttle retraction speed control in accordance with requirements.

Utilization of locally-generated steam via a combustion steam generator at the front of the launch cylinders to  drive the shuttle assembly and launch pistons aft to battery and ready to launch position eliminates the retraction engine, grab and cables.  The retraction engine machinery is large, heavy, complex and labor and maintenance intensive.



Water Brake Replacement  - Pneumatic dashpot technology is rapidly evolving in the commercial world for pneumatic cylinders.  This technology allows elimination of the water brake and a gentler deceleration of the piston/shuttle assembly.  This would utilize the forward mounted CGM to provide sufficient deceleration gas to decelerate the piston/shuttle in the shortest practical distance and least stress to ship structure along with eliminating the high maintenance water brake system.  This is the same CGM that drives the replacement of the current retraction engine and supplies the gas for the trough fire suppression.  This allows elimination of the spears on the front of the launch pistons and a substantial weight reduction of the shuttle-piston assembly and simplifies the task of decelerating the shuttle-piston assembly.


Launch Engine Redesign - Another area to be investigated is reduction in the weight of the launch cylinder assemblies and trough structure by reducing the diameter of the launch cylinders.  This size reduction will allow a reduction in the weight of the launch cylinders, the catapult trough and trough covers.  Higher cylinder pressures will be needed to provide the launch energy required when utilizing reduced-diameter launch cylinders.  CGM mass flow rates for generation of the required launch energy will not change.  Therefore, for a given mass flow rate, the launch pressure created will rise as the launch cylinder displacement is reduced. For a 3G acceleration of 72,300lbs, 216,900 lbs of launch force is required.  An eighteen inch diameter launch cylinder piston will require cylinder pressures of 313 PSI.   A twelve-inch-diameter launch cylinders piston will require cylinder pressures of 902 PSI launch force to produce 70 million ft-lbs of launch energy.  This is well within the operating range of the proposed CGM design.    A benefit of reducing launch cylinder diameter is a significant reduction in weight and volume of the launch engine components and structure.  No change to the proposed launch control system is required to accomplish this.

Alternate Materials -  Additional weight savings are available for the ICCAL system through the use of engineered materials for selected components.  In an application of alternate materials, the launch cylinders and piston assemblies could be manufactured from materials which would eliminate the need for lube oil as it currently exists.  One possible benefit of such a system would be the opportunity to condense launch cooling steam to reclaim the water for reuse as feed-water.  This could reduce distilling capacity requirements for the host platform.



XI.  POINTS OF CONTACT

	Name				Position								Phone

Stallard Launch Systems               Program Management    (757) 325-8298

Stallard Launch Systems     Program Technical (757) 846-4814

NavAir PMA 251Lakehurst NWC   C13-2 Catapult Integration/Engineering/Test

HII	(NNS)			  Catapult Shipboard integration/Ship Installation

NASA Marshall    	Combustor design and LOX handling and storage

Old Dominion University  Design Consulting/engineering
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