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Points To Consider in favor of catapults on alternate platforms such as LHAs

· The navy would like 15 carriers, but can only afford 12.  
· The purpose of a carrier is to project power via attack aircraft.
· Any platform that can carry attack aircraft supports the Navy mission
· Current attack aircraft (F18) require a catapult to launch them.
· Currently only aircraft carriers can support a steam catapult via extra capacity of the nuclear propulsion plant.
· Other large deck platforms ( LHA and LHD) cannot support steam catapults as the steam capacity of the propulsion plant is insufficient to support both propulsion and a catapult.
· A catapult that is independent of the propulsion plant would allow installation of a catapult on other large deck platforms.
· An Internal Combustion Catapult Aircraft Launch System (ICCALS) would be independent of any host platform propulsion system.  
· Installation of the ICCALS aboard an LHA or LHD platform would allow launch of current attack aircraft and support the Navy mission along with greatly increasing the tactical value of the platform. 
· The ICCALS utilizes most of the present catapult machinery, particularly all of the components forward of the launch valve.
· The steam supply is replaced by a combustion gas generator which provides the launch energy.
· The combustion gas generator is based upon well understood and current jet engine and liquid propellant rocket technology
· Development risk is expected to be low to moderate for the combustion gas generators
· Due to the ability of the combustion gas generators to provide a wide range of time-pressure curves, it will be possible to launch a very wide range of vehicles, from UAVs to future aircraft heavier than the F18.
· The ability to tightly control the launch pressure will allow a very low peak to mean pressure which reduces stresses on the airframe of the aircraft being launched 
· .
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SECTION I.  EXECUTIVE SUMMARY

A.  Technology Description - The Internal Combustion Catapult Aircraft Launcher (ICCAL) is a hybrid catapult launching system using conventional steam catapult hardware forward of the launch valve with launch energy provided by a compact, combustion steam generating subsystem which is located at the aft end of the launch engine and replacing the launch valve.  This subsystem produces steam in combustor modules by burning a highly-energetic monopropellant or JP5 and O2 and injecting water into the combustion gas stream.  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 torpedo and jet engine propulsion.  This technology is further supported by the large investment that DoD has made in the development of Hydroxyl ammonium Nitrate (HAN) based monopropellants.

B.  Benefits - The ICCALS system’s independence from the ship’s propulsion plant removes demands of the system on the propulsion plant.  ICCALS provides a substantial gain in launch system 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 positive control of launch forces, reducing airframe stresses and assuring required launch end speeds.  Removal of the ship propulsion plant steam supply equipment to the launchers results in a significant reduction in the ship’s upper-level weight and volume, reducing the overturning moment and increasing ship stability.  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 backfitted to upgrade existing aircraft carrier launch capability or installed on other large deck platforms.

C.  Risk - Proven catapult hardware and Newport News Shipbuilding’s (NNS) long history of catapult construction, installation, repair, overhaul and testing minimizes developmental risk.  Minor risk is associated with the development of the gas generating and control systems since these are variants of existing applications.  DOD has developed this technology over many years in their work with new Army and Navy weapons systems.  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 use on Naval platforms, including new aircraft carrier concepts.  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 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 which was independent of the ship’s propulsion system. 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 gas/steam generating system and the methods for controlling it.  All of the other launcher systems and subsystems discussed are based on existing C13-2 catapult components.

A.  Propellant Selection

In the ICCAL concept presented in this white paper, an energetic monopropellent is the power source providing the hot, high-pressure gas for generation of the steam needed for launcher operation.  The class of monopropellants chosen for consideration is referred to as HAN-based.  These have been chosen because of the extensive development by DoD over the last two decades to fully qualify them for military applications.

The NNS/LMDS team did examine another candidate propellant system, JP-air, which uses JP5 jet fuel.  The JP-air system has benefits in the area of logistics support and fuel availability on the modern aircraft carrier.  However, in order to meet the enormous compressed air requirements of the JP-air system, each launcher would require a large bank of heavy, high-pressure air compressors and an air accumulator capable of delivering up to one ton of air at 1500 psi per launch.  This results in an increase in weight and volume in comparison to the C13-2 and a significant increase in system cost. In addition, large, heavy, high-pressure air accumulators are potentially hazardous.

The member of the HAN-based monopropellent family which is farthest along in the development process has been provisionally type-classified by the U.S. Army as XM46.  It has been chosen as the propellant for this application for the following reasons:

· Environmentally, exceptionally compatible
· Has good energy density
· Has low toxicity
· Is chemically compatible with a wide range of materials
· Is expected to pass all Insensitive Munitions (IM) requirements
· Has good long-term stability
· Has an existing manufacturing base.

When considering the use of any energetic material, one of the key considerations is its explosive safety.  XM46 has several characteristics which endow it with a high degree of explosive safety:

· It does not burn unless it is confined at a pressure of several hundred psi
· If a vigorous reaction is initiated, it can be immediately quenched by relieving the pressure.

XM46 currently carries a DOT hazard classification of 1.3 which is typical for monopropellants.  It is possible to separately store its two main ingredients, Hydroxyl ammonium nitrate (HAN) and Triethanolammonium nitrate (TEAN), thus removing it entirely from the monopropellent category.  TEAN is totally inert.  The HAN by itself carries a DOT classification of a strong oxidizer and its storage and handling characteristics are no different than for the propellant itself. The propellant actually used in the ICCAL system will contain more water than XM46.  Since energy density (which is controllable by water content) is not an issue, as much water will be added as possible without sacrificing propellant ignitability.  This will also have the significant benefit of reducing all propellant-associated hazards and improving storage and handling.

XM46 is the one new element that the ICCAL design introduces.  As a reference, a more detailed description of XM46 is provided in Appendix A.

A third option or JP5-O2 was investigated by the author in place of the JP5 - Air system.  In that O2 is only ~20% of the atmosphere, this reduces the volume of gas to be compressed by 80%.  The system adds an oxygen concentrating system known in the industry as Pressure Swing Absorption and a much smaller compressor  The PSA process systems are designed to be highly efficient to provide an economical supply option for the customer and present systems are able to generate up to 200 tons per day of oxygen with maximum purities of 95 per cent.  A quantity of up to 400 pounds of oxygen will be required per launch or 5 launches per ton of oxygen.
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B.  Gas Generation Requirements

The most efficient launch profile is one of constant acceleration, as this minimizes stresses on both the aircraft and crew.  For a gas-driven energy source, the requirement for constant acceleration translates into the need for a progressively increasing gas flow during the stroke to maintain constant pressure on the face of the accelerating piston.  For the ICCAL, the launch cylinders are preheated which minimizes thermal losses.  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, any drop in pressure due to gas velocity will be small.  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 (parabolic) increase in gas flow rate with position of the shuttle piston

The control function for the highest velocity launch scenario requires a progressive increase in steam generation by a factor of about thirty.  The gas generator system has been sized so that this total variation can be achieved with six Combustion Steam Generator Modules (CSGM), with two additional CSGM’s in reserve.  Each CSGM 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 and for the wind over the deck are met.
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.

C.  Hardware Description

Combustion Steam Generator Module  -  Generating a launch energy of 100,000,000 ft-lbs. will require combustion of approximately 15 gallons of propellant.  Each CSGM has been sized to provide one-sixth of this energy.  The steam generator system includes the liquid monopropellant 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.  Water spray is added to the propellant combustion products to produce the required steam and to ensure that the steam entering the power cylinders is not hotter than 600º F.

The monopropellant and steam feed-water accumulators, pressurized with regulated high-pressure air, feed directly into the mixture controller.  This design assumes a source of 3000 psi air.  The proportional controller has the internal appearance of a fixed displacement vane pump. The two rotor elements are fixed  to a common shaft, the ratio of displacements  uniquely determines the mixture ratios of the monopropellant and feed-water delivered to the combustion chamber.  The ratio of water flow to propellant flow will be approximately 2:1.  The three-way valves shown in both feed lines function as the main shut-off for both liquids and provide for an air purge of the servovalve and both injectors. The air purge assures that the injectors are clear and cool after shutdown and before startup.

A servomotor driving the variable area injector is the primary control for liquid monopropellant flow.  Steam feed-water flow to the water injectors is controlled by action of the proportional controller. The liquid monopropellant injector produces a fine, hollow cone spray into the combustor. 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). 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 the aft end of the combustion chamber and feed a series of small, straight-through holes into the combustion chamber.  The resulting series of water jets spray into the combustion chamber toward the combustion chamber center line.  This assures that the water spray, with a flow rate more than twice that of the monopropellant, does not interfere with the combustion process and that the chamber exit is well protected from the high temperatures of the combustion process. 
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FIGURE  II.C. - 1  ICCAL Steam Generator System Layout
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 of the liquid monopropellant 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 CSGM will weigh about 200 lbs. and occupy a volume of approximately 2 ft3.

CSGM Assembly Description -  The CSGM assembly will include eight identical CSGM’s coupled to the launch engine through a manifold at its aft end, as illustrated in Figure II.C.-2.  The actual number of CSGM’s for other applications will depend on launch requirements.  The new manifold is located directly aft of the thrust exhaust unit, occupying the volume formerly used by the launch valves.  The CSGM’s will be arranged around 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 CSGM’s simplifies handling by personnel.  The selection of CSGM’s to be actuated, their relative timing, and variations in their output will be commanded by a closed-loop control system to assure that the appropriate launch acceleration profile is met.

Propellant Storage And Handling System - The purpose of this system is to safely store large quantities of propellant in the appropriate locations in the ship, to resupply propellant to the CSGM’s of the operating catapults, and to support on-load and off-load of propellant.  This system consists of propellant storage tank capacity deep within the ship, and day tank intermediate storage 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 combustor steam feed-water supply system consists of supply piping, an accumulator booster pump, two air-charged, 75-gallon water accumulators and manifold feed tubing.  The fuel supply system consists of an 1800-gallon day tank, an accumulator booster pump, two air-charged, 30-gallon propellant accumulators and combustor feed tubing.  An aircraft carrier with four internal combustion catapults will require storage tank capacity for about 50,000 gallons of propellant.  This capacity is based on the number of launches associated with current storage capacity for launch cylinder lube oil.


Effect on Existing Catapult Equipment -  One important advantage of the ICCAL is that the majority of the hardware 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  Type C13 Mod 2 catapult which was installed on CVN 72 through CVN 75.
Table II.C - 1 lists the systems of the C13-2 catapult and identifies those systems which are revised with the level of change required 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.  These components are replaced with the CSGM manifold, CSGM 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.

Existing steam catapults use ship's steam for the purpose of warming up the launching engine power cylinders to expand them to the level required for aircraft launch operations.  Steam is also used as a fire suppressant in case of trough and launch valve fires.  For ships which have steam systems available, the trough warming and steam smothering systems need not change.  For ships which cannot provide ship service steam,  these systems can be replaced with local, conventional steam generator systems.  Alternatively, trough warming could be accomplished using electrical resistance heating elements and fire suppression could be provided with separate CO2-based systems.

The hydraulic fluid supply system and retraction engine system of the internal combustion catapult will be identical to those systems on the C13-2 catapult.  Any improvements in these systems which might be proposed by NAVAIR can be readily applied to the internal combustion catapult system.  

The electrical control system components will require relatively minor changes.  The major differences will reflect the removal of the launch valve and steam system monitoring and control functions.  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 fresh water usage and storage in order to control distillation plant output.

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.





SECTION III.  APPLICATIONS USED OR IN DEVELOPMENT

A.  NAVAIR C14 Internal Combustion Catapult  - This project, tested in 1960 - 1961, was an attempt to develop an ICCAL system.  The launcher was compact and generated high launch energies, however, control of the combustion process was not satisfactory.  The power capability of this system was equivalent to steam catapults of today.

At the time, the USS Enterprise was under construction and sufficient steam was available from the propulsion plant to provide the required launch energy.  As a result, development of the C14 launcher was halted in 1961.  Advances in propellants, management of the combustion process and steam generation over the last 35 years has made this evolutionary variant of the C14 launcher technology extremely reliable and controllable.
  
LMDS is currently involved in four efforts which bear on the technical viability of the concept proposed in this white paper.  These are as follows:

B.  Advanced Field Artillery System (AFAS) Main Armament Development, Contract DAAE30-95-C-0109, 95-62691-56  -  AFAS is the replacement for the U.S. Army’s current self-propelled howitzer, the M109.  It is intended to dominate the artillery battlefield throughout the early part of the next century.  LMDS is developing the 155mm main armament for this system, using XM46 monopropellant and the regenerative technique for controlling the burning of liquid propellants in guns.  This is a very large development program in which the U.S. Army has invested several hundred million dollars.  From a technical perspective it provides two sets of engineering and design data; the knowledge of how to manufacture, store, handle, and ignite the propellant, and the hardware required to control the burning of the propellant under gun conditions.  Gun conditions are typified by high operating pressures, in the range of 10,000 to 50,000 psi, much higher than the operating pressures of the ICCAL system, which will be in the range of 1000 to 3000 psi. The regenerative combustion technique is not relevant to the ICCAL system being proposed.  The design data base with respect to propellant manufacture, storage and handling, and ignition and combustion control is a large part of the basis for the ICCAL system.

C.  Navy Regenerative Liquid Propellant Gun (RLPG) Study, Contract N00164-94-C-0170 - As part of its surface warfare capability upgrade, the Navy is exploring the design of gun mounts based on new and emerging technologies, including the RLPG.  This study focuses on the effect of the propellant XM46 on the Navy’s logistics support train, specifically its effect on the using warship (the DDG-51 has been chosen to represent surface ships), the resupply ship, and the onshore facilities.  It specifically deals with requirements assessments in the following areas: handling procedures, environmental, health and safety, shipboard integration, ship survivability, underway replenishment, and manufacture and induction into the Navy’s supply system.  This study represents a worst-case scenario, since the ICCAL  application will utilize a “watered down” modification of this monopropellant which considerably reduces handling and safety concerns.  

This study is ongoing, and makes a large body of relevant engineering knowledge and a large selection of known compatible materials available providing confidence that a shipboard propellant storage and handling system can be developed that will meet all safety and logistics requirements.

D.  Alternate Torpedo Fuel Evaluation, Contract N00164-94-c-170 (Task 3) - For environmental reasons, the Navy is evaluating the feasibility of replacing the OTTO Fuel II that is currently used in U. S. torpedoes.  Replacing OTTO Fuel II with a HAN- based propellant is one of the more attractive options.  This task will examine how much water can be added to XM46 without destroying its ignitability, the combustor geometry required to achieve efficient combustion at relatively low pressures and the nature of the combustion products.  This effort is directly relevant to the proposed ICCAL system since this technique will be used to burn the propellant.

E.  Automotive Airbag Inflator - LMDS is developing automotive airbag inflators based on XM46 with additional water.  The airbag is required to be functional on demand for the life of the car, or at least fifteen years.  In addition, on the assumption that the occupants may be trapped in the car for as long as twenty minutes and may therefore have to breathe the atmosphere created by the airbag deployment, the airbag is subject to very stringent emissions controls.  As an indication of the severity of the tests to which the airbag is subjected, it must be fully functional after being heated for seventeen days at 106º C.  The LMDS airbag design has passed these tests, using “watered-down” propellant.  These results support the feasibility and viability of systems using the “watered-down” ICCAL monopropellant, and introducing this monopropellant into the Navy’s logistics support train.


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

A.  Platform Independent Power Source 

The internal combustion catapult launch technology places no demands upon the platform for launch power.  Power to achieve launch is generated at the aft end of the launcher by locally-produced steam.  The steam is generated by a group of standardized combustion steam generator modules, with the number of modules varied as required by the application.  These modules use a HAN-based monopropellant as the source of energy for producing combustion steam.  Power for pumps 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.  As such, the ICCAL system has potential for installation on a wide variety of platforms.


B.  Increased Maximum Launch Energy

The launcher design has the capability of increasing the ultimate launch energy level by addition of CSGM’s to the launch engine as required.  For the ICCAL system, six CSGM’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 CSGM’s with an additional 33 million foot-pounds of reserve power.

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 the internal combustion launch technology to the current C13-2 launching engine will result in a weight savings of at least 600,000 pounds for an existing aircraft carrier.  This includes a large reduction in the upper level space used.  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 accumulator to the steam generator.  Weight for storage tank capacity for the combustor propellant will be added, however this will be added low in the ship, below the center of buoyancy such that it will add to, rather than detract from, the stability of the ship.




TABLE  IV.B. - 1  Weight Comparison

E.  Modular and Scaleable Architecture

The ICCAL system is fully modular and scaleable 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. 
 
Scaleability results from the use of  the combustion steam generator modules (CSGM’s) manifolded to the power cylinders at the aft end of the launching engine.  The CSGM’s are compact, each producing continuously variable power up to its design maximum.  Therefore, the required launch power profile is achieved by staging or manifolding the appropriate number of modules.  Redundancy and launch power safety factor or reserve power is provided by an excess of CGSM’s.

The modularity and scaleability 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 the particular platform. 
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.  This reduction of plant size will allow reductions in the cost, weight and volume of future aircraft carrier propulsion plants.  This will support future aircraft carrier design studies.

B.  Increased Launching Power Availability

The launcher design has the benefit of variable ultimate launch power capacity by addition of CSGM’s to the launch engine as required.  This will allow launching of FA18 E/F aircraft weighing 100,000 pounds with an end speed of 170 kts.  In providing the added benefit of critical component redundancy and 33 percent reserve power capacity, two more CGSM’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.

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 CGSM’s 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 backfitted to the C13-2 or any other steam catapult with minimal impact on the existing platform.  Also, the ICCAL system allows use of current engineering data and existing design drawings for reducing the total effort required to install the system on new platform types.

The land-based C13-2 catapult at NAVAIR can be used as a test bed for the ICCAL system without requiring permanent modifications to the existing launcher.  The same modification benefit applies for backfitting to a future training carrier such as the USS Kennedy.  This provides a significant cost savings and risk avoidance for the ICCAL system development program.  This backfit is accomplished primarily by unbolting the launch valves, removing the steam piping back to the steam accumulator and installing the ICCAL system manifold with CSGM’s.  This installation will not require changes to the existing foundations or equipment and is completely reversible.


The ability to upgrade existing steam catapults with the ICCAL system 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 into the fleet.  It is desirable to have more powerful launchers to aid in the launch of these heavier aircraft.  A more powerful launcher which is cost-effective to backfit to the operational aircraft carriers will increase their operational flexibility.  The ICCAL launcher is readily backfittable to the operational carriers with 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 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 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.  Weight currently located high above the center of buoyancy is removed from the ship.  Overturning moments in the ship are therefore reduced significantly and stability is enhanced.

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

F.  Scaleability and Modularity

The ICCAL system meets the scaleability 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 to the number of power cylinders 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 aircraft or other type.  This is achieved by removing or adding to the number of CSGM’s provided during installation.


SECTION VI.  AREAS OF TECHNICAL RISK

A.  Monopropellant Customization

The monopropellant used in the ICCAL system, XM46, poses a small degree of risk associated with the need to introduce it into the Navy’s logistics support system.  In conjunction with other ongoing military projects which make use of XM46 in various applications, efforts are being made to assess the impact of the propellant in the areas of handling procedures, environmental impact, health and safety, shipboard integration, shipboard survivability, underway replenishment and manufacturing.

A major concern with any new material is its compatibility with system components.  XM46 is somewhat acidic, having a pH of about two, essentially equivalent to lemon juice.  An exhaustive compatibility assessment effort has identified a wide range of suitable materials, metals for structural purposes, polymers to provide high pressure seals, and lubricants for associated equipment.  An extensive program is continuing in this area, to make sure that all system components are compatible with XM46 under the full range of environmental conditions required for military operations.

One of the key considerations with respect to any propellant is its "friendliness" with respect to the user.  The Surgeon General has carried out an exhaustive assessment of the toxicity potential of XM46, the results are summarized below.

		- XM46 is considered moderately toxic
			Oral LD of 815 mg/kg of body weight
(for comparison, caffeine is 192 mg/kg, aspirin is 1000 mg/kg)
		- XM46 is not mutagenic, and is therefore probably not  carcinogenic
		- XM46 is not a teratogen
		- XM46 is not a reproductive toxicant   
		- XM46 is not a severe skin irritant
If exposed area is rinsed with water within eight hours, the effects are almost undetectable
		- XM46 is a strong eye irritant
		- Aerosols of XM46 can cause respiratory irritation
		- Medical Surveillance Protocol is available

Since XM46 may be compared with an extremely concentrated fertilizer, the principal hazard is that which all farmers face, nitrate poisoning.  This is a well known condition in which the red blood cells lose their ability to transport oxygen.  It is readily reversible both with time or with the appropriate medication.  The basic conclusion is that, from a medical point of view, XM46 poses relatively little physiological hazard.

Another vital issue for today is “friendliness” with respect to the environment.  This is a particularly daunting challenge as DoD confronts the cleanup of all of its sites and tries to prevent future reoccurrence.  XM46 is particularly attractive from an environmental standpoint during all phases of its use, from initial manufacture through storage and handling, in terms of its combustion products when burned, and also final disposal of unwanted material.  When properly burned, it forms water, nitrogen, and carbon dioxide.  It is also relatively easy to dispose of when no longer wanted.  Incineration, chemical treatment, and biodegradation are all acceptable disposal means.

The manufacture of XM46 does not cause the release of any toxic by-products into the environment.  The generation of hazardous residues at plants producing propellants has been one of the most serious environmental issues facing DoD.  Over 110,000 pounds of XM46 have been produced in the U.S.  Two major chemical companies, Thiokol and Olin Corp., are on-line to produce this propellant and others are expected to participate soon.

The Office of the Secretary of Defense requires that all propellants introduced into service after 1995 pass a very stringent set of vulnerability requirements known collectively as the Insensitive Munitions (IM) Requirements.  The specific tests and the current status of the testing of XM46 against these requirements are summarized in Table VI.A. - 1.


	TEST
	CRITERIA
	RESULTS

	Fast Cookoff
	No reaction more severe than burning
	Pass

	Slow Cookoff
	No reaction more severe than burning
	Pass

	Bullet Impact
	No reaction more severe than burning
	Pass

	Sympathetic Detonation
	Acceptor munitions will not detonate
	Fail

	Fragment Impact
	No reaction more severe than burning
	Fail

	Shaped Charge
	
	

	          - Horizontal
	No Detonation
	Pass

	          - Vertical
	No Detonation
	Fail



TABLE  VI.A. - 1   Insensitive Munitions Requirements Test Summary


These results are surprising since in a previous series of tests only the sympathetic detonation test resulted in failure.  The difference appears to be the container design, which was different between the two series.  It is believed that XM46 will pass all of these tests once the container is suitably redesigned.  The U.S. Army is studying the interaction of the fluid mechanics induced by the stimulus with the container walls to determine the basis for a redesign.  Since the criteria for packaging and shipping XM46 have not been finalized, these results must be considered provisional.

The specific HAN-based monopropellant proposed for this application would have significantly higher water content, perhaps 30% or more rather than the 20% found in XM46.  This is quite feasible since there is no need for high energy, and due to the requirement to cool the combustion products to 600º F before they enter the launch cylinders.  Adding this much additional water would provide significant benefits.  First, it would dramatically reduce any difficulties with storage, handling, and corrosion.  Second, and perhaps more important, it would in all likelihood cause the material to be reclassified as non-explosive.

B.  Propellant Delivery Rates

Approximately 15 gallons of the monopropellant will be required to generate 100 million ft-lbs of launch energy which will accomplish the FA18 E/F launch of 70,000 pounds at 170 kts.  Launches requiring less launch energy will require less monopropellant metered to the CSGM’s.  This quantity of monopropellant will be metered equally to 6 CSGM’s with a flow-rate of 2.5 gallons or less per CSGM 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  variable-area-orifice propellant injector intended for this application 

C.  Combustor Design

The liquid monopropellant combustors discussed in this document are larger than those that LMDS is working with.  The larger size is considered an advantage since many design compromises were made to achieve the smaller size.  With the larger units of this application there is, for example, room for a much more efficient liquid injector design 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 steam generator system is to be developed in discrete modules.  This approach has significant advantages, not only in development 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.

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.

Igniter Design - The design of the igniter is perceived as a technical risk due to the unique aspects of the CSGM design and the critical role which the igniter plays in the reliability of the system.  For the ICCAL, an electrical ignition system appears to be the most attractive.  LMDS has developed a reliable electrical ignition system for an entirely different application.  This ignition scheme will be adapted, in a modified form, for ICCAL.  As one backup approach, there are catalysts available that have been used successfully for HAN monopropellant ignition.

D.  Control System Response 

The purpose of the control system is to modulate the propellant flow to the CSGM’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 initial operation of the system.  The control mode parameters include the proportional gain, integral gain, differential gain, controller sampling interval, deadband, 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.  To fire the catapult the operator selects the type of aircraft to be launched as a  manual input on the front panel.  The launch curve for the aircraft selected is then loaded from a look-up table stored in ROM (Read Only Memory).  The launch curve provides 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 then compared to a setpoint to verify that propellant and water pressures are greater than anticipated combustor pressure.  The CSGM is then energized using open-loop on/off control.  

Shuttle positioning is accomplished using closed-loop PID 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 servovalve to vary the propellant flow rate, and consequently cylinder pressure, to maintain the desired shuttle position as indicated by the position reference variable. 

A pressure sensor is used to determine the development of combustion.  If sufficiently high pressure is sensed, the control system allows steam feed-water to be sprayed into the combustion gases and flashed to steam.  If an appropriate pressure is not detected, propellant flow to that combustor is terminated and the appropriate reserve CSGM is brought immediately on-line.


FIGURE  VI.D. - 1   Control System Block Diagram
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 closed by open-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 setpoint, the emergency ignition/restart procedure will be initiated which will include all unused CSGM’s.




TABLE  VI.D. - 2   ICCAL Control System

E.  Failsafe Operation

The ICCAL system, prior to each launch, will have sufficient propellant 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.



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 and torpedo engines supported by the propellant experience of LMDS and the aircraft carrier experience of NNS.  Nevertheless, as with the application of any technology 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 liquid monopropellant has been characterized and extensively documented through dozens of DoD investigations over the past two decades.  These studies have included basic chemical aspects of the ingredients, their manufacture, the intermediate materials, environmental issues of manufacture, safety in all its aspects, occupational health, materials compatibility, ignition, combustion, and the safe disposal of waste products.  Its extraordinary safety-related characteristics have been well documented, and in this application, the planned addition of water to the propellant renders the material even less sensitive.

Proven manufacturing capability, and capacity, for HAN-based monopropellants, on the pilot level, exists at three qualified industrial suppliers.  Extensive and specific documentation for the ingredients, the manufacturing process and quality control procedures have been created.  More than 110,000 pounds of XM46 have already been produced.  Manufacturing is straightforward, built upon well established chemical synthesis routes.

Studies are underway to determine the impact of XM46 monopropellant upon the U.S. Navy’s Logistics system.  Although the studies are  specific for gun systems aboard DDG51 Class destroyers, results will be directly relevant to this application.  The specific details of the logistics support necessary for this application must be clearly developed.

B.  Ignition

HAN-based liquid monopropellants in combustion gas generator systems have typically utilized solid propellant cartridges as the source of ignition (one example is the U.S. Navy’s MK48 torpedo).  This is a well-established and effective technique; however, for the ICCAL, an electrical ignition system appears to be the most attractive in terms of logistics, reliability and operational flexibility.  LMDS has developed a reliable electrical ignition system for another monopropellant application.  This ignition method will be adapted, in a modified form, for ICCAL.  As one backup approach, there are catalysts available that have been used successfully for HAN monopropellant ignition.

C.  Combustion

Liquid monopropellants came into the U.S. Navy’s inventory as the propulsion energy source of the MK46 and 48 torpedoes in the 1960’s and 70’s.  The techniques for reliable, and efficient combustion of monopropellants were developed during those early years and are equally valid with today’s materials.

HAN monopropellants, including XM46 have been used in combustors similar to those proposed for the ICCAL over a variety of operating conditions.  It will be necessary to tailor a design to ICCAL requirements, but this is considered quite straightforward.  An ongoing U.S. Navy-directed program studying the combustion characteristics of XM46, and water-diluted variants, is in progress at LMDS to further the combustion experience base over a wider performance envelope.  This program (in support of torpedo propulsion), has specific relevancy to the ICCAL application, with comparable consumption rates and operating pressures.

D.  CSGM Assembly

The CSGM assembly is to be developed in accordance with extremely conservative and well-known design criteria.  This is necessary to assure the 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.

The liquid monopropellant combustors, which form the heart of the CSGM, are larger than those that LMDS is currently working with.  This is considered an advantage since many design compromises were made to achieve the current, smaller size.  With the larger units required by this application, there is room for a much more efficient and rugged liquid injector design 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 ensure that all performance parameters and reliability goals have been met.  The technical risk in this area is considered to be low.  When compared to an analogous technology, that of rocket motors, the size and operating pressures of the proposed combustors is modest.  Further, this industry provides both the identification of the problems likely to be encountered during scaleup as well as their solutions.  LMDS has already been through a similar process in its liquid propellant gun tasks, where the gun combustion chambers were scaled from 25 to 155 mm.

E.  Controls

Control system components, including sensors, actuators, and computer hardware and software are off-the-shelf items that are either currently in use in industry or aerospace.  The only control component which requires further development is the LMDS proprietary ignition system which has not been extensively tested.

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 used in intended applications with no unusual configurations or engineering required.

Valves, pumps, accumulators and associated actuators and 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.

F.  Logistics Support for HAN-Based Monopropellant

A HAN-based monopropellant is the only new item introduced into the Navy’ support base by the ICCAL system.  Tens of thousands of gallons of this material will have to be delivered at sea to the carriers being supported.  These materials have been extensively qualified and a manufacturing base exists.  Furthermore, options exist for further modifications which would make these materials easier to handle in the logistics system.  Nevertheless, it is essential to verify that the impact of those changes are consistent with the Navy’s views as to how future support operations will be carried out.


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 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 CSGM’s use current, existing technology in their manufacture and are items used in various configurations in industry, defense and aerospace.  The CGSM is a hybrid design that integrates features from a torpedo monopropellant combustor and an aerospace liquid fuel combustor.  The ignition system is developmental, however a successful system currently exists which was developed for this type of application by LMDS.

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.

Valves, pumps, accumulators and associated actuators and hardware are off-the-shelf items that are either currently in use in industry or aerospace.  No developmental items or hardware will be required to accomplish the design of the propellant 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 create a concept design that identifies the specific components that will be required and anticipated performance of the system.  Upon approval of the concept design for the CSGM and the associated control system, it is recommended that funding be provided for a task to construct and demonstrate a prototype combustion steam generator module that is capable of generating 16.7 million foot pounds of launch energy acting against a pair of 21" diameter pistons operating through a power stroke of 304 feet.

Following successful testing of the prototype CSGM, it is recommended that the program be extended to include full-scale, advanced development of a C13 backfit launcher for the test catapult at NAWC.

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			                            	                                    

· Investigate and determine optimum propellant and water combination and ratio.
· Scale up existing design for combustion steam generator modules.
· Develop improved ignition system.
Create concept design for control system.
Phase II  -  Detail Design, Construction and Testing		                            	    

· Design and construct prototype CSGM.
· Design and construct prototype propellant distribution and control assembly.
· Design and construct flow bench for testing CSGM assembly
· Conduct combustion steam generator, propellant and control system testing.
· Optimize component designs


Phase III  -  Full-Scale Advanced Development Testing			                	

· Design and construct interface to C13-2 catapult.
· Construct and install full set of CSGM’s.
· Construct full-scale combustion and control system.
· Install full-scale launcher package on C13-2 land-based test facility at NAWC.
· Test to design limits and verify performance of system.
· Incorporate lessons learned into design.

Phase IV  -  Operational Evaluation							          	

· Modify one Naval-provided operational carrier catapult launch engine to incorporate the ICCAL system.
· Conduct full-scale operational evaluation of ICCAL system.
· Evaluate future enhancements to ICCAL system.

The proposed development schedule should be concluded in 2005 if started in 1998.  Accelerated development of the ICCAL technology will enable this system to be considered for installation on CVN 77.  

As a follow-on effort, it is recommended that additional design improvements of this launch technology be investigated for 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 redesigned to use 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 steam pressure from an auxiliary CSGM 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 and accelerate 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 CSGM 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 to retract the shuttle assembly eliminates the retraction engine, grab and cables.  The retraction engine machinery is large, heavy, complex and labor and maintenance intensive.

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 size and 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.  CSGM 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.  A twelve-inch-diameter launch piston will require cylinder pressures of approximately 1100 psi to produce 70 million ft-lbs of launch energy.  This is well within the operating range of the proposed CSGM design.  The only impact on the design is that propellant and water injection pressures will be raised to support this requirement.  A benefit of reducing launch cylinder diameter is approximately a 40 percent reduction in weight 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 another 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 steam to reclaim the water for reuse as feed-water.  This could significantly reduce distilling capacity requirements for the host platform.



IX.  POINTS OF CONTACT

	Name				Position								Phone

T.B. Dade, NNS			Program Management					    (804) 688-0723
C.W. Stallard NNS		Program Integration					    (804) 688-4908
J.F. Petersen, NNS		Technical,  Catapult Engineering			    (804) 688-6849
J. Mandzy, LMDS		Technical,  Propellant and CSGM Program	    (413) 494-5333
M.T. Johnson, NNS		Marketing							    (703) 415-9143

APPENDIX A


XM46 PROPERTIES AND CHARACTERISTICS

The chemical composition of the most prominent of the HAN based monopropellants, XM46, is shown in Table A-1.  As indicated by its designation, development has proceeded to the point where it has been provisionally type classified.  It traces its origins to laboratory studies into the development of a superior class of propellants for use in torpedoes.  Over the last two decades, it has been extensively characterized by the U.S. Army for the purpose of using it in advanced gun systems.  Its relevant properties are listed in Table A -2.

				   
TABLE  A - 1
					XM46 Chemical Composition
						   ( weight %)

			Fuel			19.2  Triethanolammonium Nitrate
			Oxidizer		60.8  Hydroxyl ammonium Nitrate
			Diluent		20.0 water


TABLE  A - 2
					  XM46 Physical Property Data

			Boiling Point				100 deg  C
			Freezing Point				Not Applicable
			Vapor Pressure				0.015 atmospheres at 25 deg C
			Volatiles                      		20 (% of volume)
			Glass Transition Temperature	-102 deg  C
			Density                      			1.43 grams/cubic centimeter
			Color					Colorless
			Odor						None
			Decomposition Temperature	122 deg  C
			Heat Capacity				0.48 calories/gram- C
			Heat of Formation			-1518.95 calories/gram
			Heat of Vaporization			542.3 calories/gram
			Physical State				Liquid
			Solubility in Water			Infinite
			Surface Tension			66.9 dynes-centimeter
			Viscosity:
				Kinematic				5.16 Centistokes
				Dynamic				7.38 Centipoise
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