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Cryogenic Oxygen/Methane Reaction Control Engine


1. SCOPE.

1.1. Purpose.  This specification establishes the requirements for a 100 lbf fixed thrust class, pressure fed, cryogenic oxygen/methane bipropellant, exposed (unburied) Reaction Control Engine (RCE).  In prioritized order of relative importance the RCE is to provide 

a.) 4 lbf-sec impulse bit and 100 lbf thrust performance in pulse mode operation during critical maneuvers and control with propellants at subcooled liquid conditions as preconditioned by Propulsion subsystem manifold venting,  

b.) no more than 1 BTU/hr heat soakback to propellant control valves and feedlines, 

c. ) 317 lbf-sec/lbm specific impulse steady state performance during emergency OMS backup with propellants at subcooled liquid conditions, and 

d.) to be evaluated level of performance in pulse mode operation during very low duty cycles of quiescent mode with propellant inlet conditions varying from subcooled liquid to superheated vapor conditions.  

The intent is not to have the quiescent mode of operation drive the design needed for critical maneuvers and control, low heat soakback rate and emergency OMS backup, but to verify the design optimized for the first three priorities and determine if it is feasible to operate in a quiescent mode that involves superheated vapor without subsequent performance degradation in the primary modes.

For critical maneuvers and control as well as emergency OMS backup the RCE will have to tolerate small volumes of propellant vapor while transitioning during start to subcooled liquid propellants.  For pulses of quiescent mode the RCS will have to operate predominantly on propellant vapor.


1.2. Description.  NASA is seeking a prototype flight weight 100 lbf thrust class cryogenic oxygen/methane RCE. The RCE is a liquid propellant rocket engine consisting of a combustion chamber, expansion nozzle, injector, igniter and associated driver, propellant control valves and associated driver(s), feedline connections, mounting plate, instrumentation, and insulation.  Non-flight weight configuration bolt on chambers, electronic driver for igniter, and electronic driver(s) for propellant control valves are acceptable in order to expedite completion of fabrication and testing, provided the contractor presents a feasible path that can lead to a configuration of acceptable flight weight and the effects of using non-flight weight hardware are accounted for when evaluating test data.  

Exposed is meant herein to be with respect to being on the outside of the spacecraft – i.e., thermal loads, aero loads, etc.  Subcooling is meant herein to be with respect to the specified propellant inlet pressure.  Propulsion subsystem manifold venting is meant herein to be performed at the vehicle level, not at the RCE level.


1.2.1. Critical Maneuvers and Control. Operations that involve attitude control and maneuvering during critical rendezvous docking and station keeping.  Critical maneuvers and control are anticipated to primarily involve pulse mode operation for duty cycles less than 10% over durations up to several hours and involve steady state burns up to an “on” time on the order of 30 seconds.  During critical maneuvers and control the RCE propellant manifolds are anticipated to be conditioned to the inlet temperature and pressure range as defined herein.  At startup propellants feeds may initially contain small volumes of superheated vapor.


1.2.2. Emergency OMS Backup. Operations that involve maneuvering for OMS.   Emergency OMS backup is anticipated to primarily involve long duration steady state burns and may possibly include intermittent “off” times for attitude control.  During emergency OMS backup the RCE propellant manifolds are anticipated to be near the propellant standard inlet conditions specified herein given the long duration nature of the burns.  At startup propellant feeds may initially contain small volumes of superheated vapor.


1.2.3. Quiescent Mode. Operations that involve station keeping for lunar orbit hold or transit.  Quiescent mode is anticipated to primarily involve very low duty pulse mode cycles less than 0.1% at minimum engine pulse width “on” time over a total duration on the order of 6 months.  During quiescent mode the RCE propellant manifolds are anticipated to be of varying temperatures and quality up to superheated vapor within the inlet pressure range as defined herein.  Propellants through the duration of quiescent mode may entirely consist of superheated propellant vapor.


2. DOCUMENTS.  Documents are applicable to the extent specified herein.

MIL-PRF-25508F

Propellant, Oxygen
 19 October 1995

MIL-PRF-27407B

Propellant Pressurizing Agent, Helium
 25 August 1997

JPR 5322.1F


Contamination and Control Requirements Manual
 February 2005

SAE-AS4841


Fittings, 37( Flared, Fluid Connection
 May 1995

CPIA PUB.655

Guidelines for Combustion Stability Specifications and 
 January 1997


Verification Procedure for Liquid Propellant Rocket Engines

ANSI/AIAA S-080-1998
Space Systems – Metallic Pressure Vessels, Pressurized
 1998



Structures, and Pressure Components

MIL-STD-1522A

Standard General Requirements for Safe Design and 
 28 May 1984


Operation of Pressurized Missile and Space Systems

ASTM-G88-90


Standard Guide for Designing Systems for Oxygen Service
 Re-approved 1997

ASTM-G63-99


Standard Guide for Evaluating Nonmetallic Materials for 
  March 1999


Oxygen Service

ASTM-G94-92


Standard Guide for Evaluating Metals for Oxygen Service
 Re-approved 1998

MSFC-SPEC-164B

Cleanliness of Components for Use In Oxygen, Fuel, and
 November 1994

Pneumatic Systems, Specifications For

ASTM-G93-03


Standard Practice for Cleaning Methods for Material and 
  November 2003

Equipment Used in Oxygen-Enriched Environments

ASME Y14.100-2004

Engineering Drawing Practices
 2004

3. REQUIREMENTS.

Unless otherwise specified, the RCE shall meet all EIS requirements (i.e., interface, performance, and design and fabrication) and all critical combinations of EIS requirements through out operating life, noting in advance that herein no attempt has been made to define or call out the critical combination needed for verification, especially with respect to the requirements inherently challenging to the contractor’s RCE design concept.  

Where specifically stated certain specifications are left for the contractor to define – the contractor shall define in these particular instances the best achievable specifications that also enable the RCE to concurrently meet all critical combinations of EIS requirements while being within budget, schedule constraints.  Best is meant herein to be the set of requirements that make the most robust, capable RCE in accordance with the priorities established.  All contractor defined specifications are subject to NASA review.

3.1. Interface Definition.


3.1.1. Physical Envelope Dimensions.  The contractor shall define the physical envelope dimension specification for the RCE.  The Government anticipates the RCE to fit in a maximum physical envelope defined as a right hand cylinder volume with a maximum length of 16 inches and maximum diameter of 7 inches.


3.1.2. Weight.  The contractor shall define the weight specification for the RCE.  The Government anticipates the RCE when dry to weigh no more than 8 lbm.


3.1.3. Fluids.


3.1.3.1. Propellants.


3.1.3.1.1. Fuel.  Fuel shall be cryogenic methane defined herein as a purified version of liquefied natural gas (LNG) with the following mol % composition: 98.5% methane (minimum), 1.5% ethane (maximum), 0.5% nitrogen (maximum) and the balance as trace contaminants consisting of, but not limited to, propane/propylene, carbon dioxide, hydrogen sulfide (H2S), organic sulfur, carbon monoxide, water, oxygen and aromatics.  The Government anticipates individual trace contaminants will not exceed 250 ppm and most will be on the order of 10 ppm or less.  The degree that trace contaminants affect the ability of the RCE to meet requirements specified in this EIS (e.g., specific impulse, life, materials compatibility, corrosion, etc.) needs to be considered in the design but do not have to be simulated in propellant used for testing.


3.1.3.1.2. Oxidizer.  Oxidizer shall be cryogenic oxygen in accordance with MIL-PRF-25508F, Type II Grade B (minimum) or equivalent.


3.1.3.1.3. Propellant Inert Pressuring Fluids.  Propellants inert pressurizing fluid shall be helium in accordance with MIL-PRF-27407B, Type I Grade A or equivalent.


3.1.3.2. Other Fluids.  It is desired that the RCE accommodate other fluids as deemed necessary by the contractor (e.g., de-ionized water, gaseous helium, cryogenic nitrogen, etc.) for fabrication, cleaning, checkout, test, etc.


3.1.3.3. Filtration and Cleanliness.  The contactor shall define the fluids/propellants filtration and cleanliness specifications for the RCE, keeping in mind needs such as oxygen safety and minimizing valve leakage.  The Government anticipates the cleanliness specification for oxygen service will be NASA JPR 5322.1F Level 200A or equivalent. 


3.1.3.4. Propellant Standard Inlet Condition (SIC).

3.1.3.4.1. Critical Maneuvers and Control.  Standard inlet conditions for propellants during critical maneuvers and control shall be subcooled liquid propellant at a nominal pressure of 325 psia with cryogenic oxygen and methane at a nominal temperature at 204 R (113 K).

3.1.3.4.2. Emergency OMS Backup.  Standard inlet conditions for propellants during emergency OMS backup shall be subcooled liquid propellant at a nominal pressure of 325 psia with cryogenic oxygen and methane at a nominal of temperature of 204 R (113 K).


3.1.3.4.3. Quiescent Mode.  RCE performance during quiescent mode is to be evaluated.  Standard inlet conditions for propellants during quiescent mode are desired to be fully saturated vapor propellant with a quality of 1 (i.e., 100% vapor, 0% liquid) at a nominal pressure of 325 psia with corresponding cryogenic saturation temperatures (i.e., oxygen 243.27 R (135.15 K) & methane 304.10 R(168.94 K)).


3.1.3.5. Range of Propellant Inlet Conditions.


3.1.3.5.1. Propellant Pressures.  Propellant inlet pressure range shall be 275 to 400 psia.  Maximum pressure differential between the propellant feedlines shall be 50 psi. The maximum expected water hammer surge pressures on the propellant feedlines and propellant control valves is estimated to be on the order of 1000 psia.


3.1.3.5.2. Propellant Temperatures.  As a goal, the Government desires that the RCE operate with liquid oxygen temperatures down to 145 R (80.6 K) and liquid methane temperatures up to 264 R (147 K).


3.1.3.5.2.1. Critical Maneuvers and Control.  After tolerating the initial propellant vapor at startup, during critical maneuvers and control liquid oxygen and methane inlet temperature ranges shall be 163 R (90.6 K) to 224 R (124 K) and 170 R (94.4 K) to 224 R (124 K), respectively.  Propellant vapor temperatures at startup shall range up to ambient temperature.

3.1.3.5.2.2. Emergency OMS Backup.  After tolerating the initial propellant vapor at startup, during emergency OMS backup liquid oxygen and methane inlet temperature ranges shall be 163 R (90.6 K) to 224 R (124 K) and 170 R (94.4 K) to 224 R (124 K), respectively.  Propellant vapor temperatures at startup shall range up to ambient temperature.


3.1.3.5.2.3. Quiescent Mode.  RCE performance during quiescent mode is to be evaluated.  During quiescent mode oxygen and methane inlet temperature ranges are desired to be from 163 R (90.6 K) and 170R (124 K), respectively, to ambient temperature.  Superheated propellant vapor is anticipated to be the predominant condition.

3.1.3.5.3. Propellant Vapor/Gas. The feedline interface pressure and temperature ranges include conditions where propellant vapor/gas may exist at the interface to the RCE.

3.1.3.5.3.1. Critical Maneuvers and Control.  The RCE shall start with up to 1 cubic inch of propellant vapor supplied to the interface at startup during critical maneuvers and control.  The Government anticipates the injector will be at ambient temperature.

3.1.3.5.3.2. Emergency OMS Backup.  The RCE shall start with up to 1 cubic inch of propellant vapor supplied to the interface at startup during emergency OMS backup.  The Government anticipates the injector will be at ambient temperature.

3.1.3.5.3.3. Quiescent Mode.  RCE performance during quiescent mode is to be evaluated.  The RCE is desired to start with propellant vapor supplied to the interface and continue to operate for short duration “on” times and low duty cycles with continued supply of propellant vapor during quiescent mode.  In addition to superheated vapor, the feedline interface pressure and temperature ranges include conditions where propellants can have varying quality, including ranges between 0 (i.e., 100% liquid) and 1 (i.e., 100% vapor).

3.1.3.5.3.4. Propellant Inert Pressurizing Fluids.  The RCE shall operate with propellants pressurized with inert fluids (i.e., helium) over any range of saturation.  The maximum amount of gaseous inert pressurizing fluid coming out of solution at the RCE interface will be based on assuming a 50 psid drop through the manifold system with propellants initially fully saturated with inert pressurizing fluid.
3.1.4. Mechanical/Mounting.  


3.1.4.1. General.  The RCE interface shall include only two propellant control valves.  A mechanical fitting for fluid connection shall be provided at the inlet of each propellant control valve.


3.1.4.2. Fluid Connections.  The RCE shall be capable of supporting 100 lbf loads in three axes and a 300 in-lbf moment applied to the feedline interface.  The contractor shall define the fluid connection specifications for the RCE.  Standard, mechanical, cryogenic fluid connections for interfacing propellant feedlines to the propellant control valves shall be specified by the contractor while minimizing heat soakback to the feedlines.  The connections shall be sufficiently robust to withstand without detrimental leakage all critical combinations of the EIS requirements.  Welded/brazed connections shall not be used at the RCE interface with the propellant feedlines.  The Government anticipates the fluid connections will be approximately 3/8” diameter 37° flared fittings in accordance with SAE-AS4881 or equivalent with nose seals that aid sealing over cryogenic thermal cycles.


3.1.4.3. Mounting Plate. The contractor shall define the mounting plate specifications for the RCE.  The mounting plate shall be sufficiently robust to withstand without detrimental deflection/deformation all critical combinations of the EIS requirements.  The mounting surface shall be on the propellant control valve side of the mounting plate and shall provide room for a seal to structure such that the flange is capable of interfacing with a structural box suitable for holding hard vacuums (e.g., 0.0001 Torr or better).  The Government anticipates the mounting plate will be a 6 inch outer diameter flange with an 8 bolt pattern and room for an o-ring seal to structure.


3.1.5. Thermal.  The contractor shall define the thermal interface specifications for the RCE.  The Government anticipates the RCE to not cause the mounting plate interface surface temperature to exceed 710 R and the thermal soakback rate through the mounting plate interface surface to not exceed 125 BTU/hr.


3.1.6. Electrical.

3.1.6.1. Igniter and Driver Electrical Power.  The igniter and driver shall operate within the direct current (DC) voltage range of 28(4 VDC. The contractor shall define the igniter and driver maximum current specification for the RCE.


3.1.6.2. Propellant Control Valves and Driver(s) Electrical Power.  The propellant control valves and associated driver(s) shall operate within the direct current (DC) voltage range of 28(4 VDC.   The contractor shall define the propellant control valves and associated driver(s) maximum current specification for the RCE.  The Government anticipates that the driver will include a voltage step-down circuit to limit maximum current after opening as the valve coil resistance drops with continued cryogenic propellant flow. 


3.1.6.2.1. Voltage Suppression.  The RCE propellant control valves shall be provided with voltage suppression using a Zeiner diode circuit with capability for up to 50VDC absolute suppression.

3.1.6.3. Other Significant Electrical Power.  The RCE shall not require any other significant electrical power.


3.1.7. Instrumentation.  The contractor shall define the instrumentation interface specifications for the RCE.  
3.2. Performance Characteristics.  The RCE shall provide thrust for three distinct modes of operations: critical maneuvers and control, emergency OMS backup, and quiescent mode.  For critical maneuvers and control as well as emergency OMS backup, the RCE shall start on propellant vapor (gas) and liquid but is not expected to meet minimum performance requirements until after the vapor has passed through.  For critical maneuvers and control as well as emergency OMS backup, when no propellant vapor exists, the RCE shall start with liquid up to the propellant control valves.  RCE performance during quiescent mode is to be evaluated for operation with propellant vapor.  

3.2.1. Operational Altitude.  The RCE shall start, operate and stop at vacuum conditions equivalent to altitudes of 70,000 feet and above.


3.2.2. Thrust.  The RCE nominal steady state vacuum thrust shall be 100 lbf ± 10 lbf with propellant SIC specified for critical maneuvers and control as well as emergency OMS backup.  The Government desires that the RCE ignite and provide thrust over the widest range of mixture ratios and propellant inlet conditions.


3.2.2.1. Steady State.  Steady state operation shall be defined as “on” time greater than 7 seconds.


3.2.3. Mixture Ratio.  The RCE nominal steady state mixture ratio shall be 3.0 based on propellant SIC specified for emergency OMS backup.


3.2.3.1. Minimum MR range.  The RCE shall operate over a range from 2.6 to 3.5 MR.  The RCE shall be capable of testing performance and ignition characteristics over this MR range for all propellant interface conditions.


3.2.3.2. Full MR Range.  The contractor shall define the full operating envelope specification for the RCE based on MR shifts and propellant interface conditions.  


3.2.4. Specific Impulse.


3.2.4.1. Critical Maneuvers and Control.  The contractor shall define the critical maneuvers and control pulse mode vacuum specific impulse specification for the RCE based on propellant SIC specified for critical maneuvers and control. 


3.2.4.2. Emergency OMS Backup.  The RCE minimum steady state vacuum specific impulse shall not be less than 317 lbf-sec/lbm for all burn durations greater than 7 seconds and based on 100 lbf nominal steady state thrust, 3.0 nominal steady state mixture ratio and propellant SIC specified for emergency OMS backup. 


3.2.4.3. Quiescent Mode.  RCE performance during quiescent mode is to be evaluated.  The contractor shall define the quiescent mode minimum pulse mode vacuum specific impulse specification for the RCE based on propellant SIC specified for quiescent mode.   

3.2.5. Impulse Bit.


3.2.5.1. Critical Maneuvers and Control.


3.2.5.1.1. Minimum Impulse Bit (MIB).  The RCE minimum impulse bit shall not exceed 4 lbf-sec (as a maximum value) based on propellant SIC specified for critical maneuvers and control.


3.2.5.1.2. MIB Repeatability.  The contractor shall define the critical maneuvers and control MIB repeatability specification for the RCE based on propellant SIC specified for critical maneuvers and control.


3.2.5.1.3. Minimum Engine Pulse Width (EPW).  The contractor shall define the associated minimum EPW specification for the RCE that is necessary to achieve the specified MIB for critical maneuvers and control.  The Government anticipates the RCE to have a minimum EPW of 0.080 second electrical “on” time.  


3.2.5.1.4. Control Authority.  The contractor shall define the control authority (time from 0% to greater than 90% thrust) specification for the RCE based on propellant SIC for critical maneuvers and control. 


3.2.5.1.4.1. Start Transient.  The contractor shall define the nominal start time (time from onset of electrical “on” command to 90% nominal chamber pressure) specification for the RCE based on propellant SIC specified for critical maneuvers and control with interface voltage at 28 VDC.


3.2.5.1.4.2. Stop Transient.  The contractor shall define the nominal stop time (time from onset of electrical “off” command to 10% nominal chamber pressure) specification for the RCE based on propellant SIC specified for critical maneuvers and control with interface voltage at 28 VDC.

3.2.5.2. Quiescent Mode.  RCE performance during quiescent mode is to be evaluated.


3.2.5.2.1. Minimum Impulse Bit.  The contractor shall define the quiescent mode MIB specification for the RCE consistent with combustion based on propellant SIC specified for quiescent mode concurrently with the minimum EPW defined necessary for critical maneuvers and control.


3.2.5.2.2. MIB Repeatability.  The contractor shall define the MIB repeatability specification for the RCE based on propellant SIC specified for quiescent mode.  


3.2.6. Life.


3.2.6.1. Operating Life.


3.2.6.1.1. Burn Duration.  The RCE shall support the sum total of burn durations for the three different modes of operation in any combination of burn duration “on” time and duty cycle.  The RCE design shall add a 50% margin applied to the burn durations identified below.


3.2.6.1.1.1. Critical Maneuvers and Control.  The RCE shall support critical maneuvers and control operations up to 2300 seconds of accumulated “on” time in conditions applicable to critical maneuvers and control.  The RCE shall support burns up to 30 seconds continuous “on” time in conditions applicable to critical maneuvers and control.


3.2.6.1.1.2. Emergency OMS Backup.  The RCE shall support emergency OMS backup operations up to 7800 seconds of accumulated “on” time in conditions applicable to emergency OMS backup.  The RCE shall support burns up to 1000 seconds continuous “on” time in conditions applicable to emergency OMS backup.


3.2.6.1.1.3. Quiescent Mode.  RCE performance during quiescent mode is to be evaluated.  The RCE is anticipated to support pulses in quiescent mode with “on” times from minimum EPW to on the order of 1 second.   The total “on” time duration for the RCE during quiescent mode is anticipated to be only a low percentage of the total “on” time for critical maneuvers and control as well as emergency OMS backup.


3.2.6.1.2. Cycle Capability.  The RCE shall support 25000 starts/pulse cycles with 200 deep thermal cycles.  The contractor shall define the deep thermal cycle specification for the RCE.  
3.2.7. Duty Cycle.


3.2.7.1. Critical Maneuvers and Control.  The RCE shall support operations from 0% to 100% duty cycle in conditions applicable to critical maneuvers and control.  The RCE shall have no duty cycle, EPW “on” time, or restart restraints in conditions applicable to critical maneuvers and control.


3.2.7.2. Emergency OMS Backup.  The RCE shall support steady state firing in conditions applicable to emergency OMS backup with intermittent “off” times of varying duration for attitude control.  The RCE shall have no duty cycle, EPW “on” time, or restart restraints firing in conditions applicable to emergency OMS backup.


3.2.7.3. Quiescent Mode.  RCE performance during quiescent mode is to be evaluated.  The RCE is desired to support operations from 0% to 0.1% duty cycle in conditions applicable to quiescent mode.  The RCE is desired to have no duty cycle, EPW “on” time, or restart restraints in conditions applicable to quiescent mode.

3.2.8. Stability and Recovery.  The RCE shall be stable in accordance with CPIA PUB.655 or equivalent.  Combustion stability is defined as demonstrating sufficient stability margin to ensure that a catastrophic loss of the engine will not occur as a result of combustion instability.


3.2.8.1. Thrust Roughness.  The RCE thrust roughness shall not exceed (10% peak-to-peak of mean thrust at steady state operating conditions. 


3.2.8.2. Chug Free Operation.  The RCE shall have chug free operation.  Chug fee is defined as peak-to-peak chamber pressure oscillations less than (15% of feed system pressure at steady state operating conditions.


3.2.8.3. Spontaneous Instability Free Combustion.  The RCE shall not experience detrimental spontaneous instabilities.


3.2.8.4. Inert Pressurizing Fluids.  The RCE shall provide stable performance over the range of range of propellant inlet conditions, including consideration of propellants saturated with inert pressurizing fluids.  The RCE shall operate safely and return to nominal operation ability without subsequent performance degradation after ingesting inert pressurizing fluids.


3.3. Design and Fabrication.

3.3.1. Major Components.  The RCE shall consist of a combustion chamber, expansion nozzle, injector, igniter and associated driver, propellant control valves and associated driver(s), feedline connections, mounting plate, instrumentation, and insulation.    The contractor shall define the major component specifications for the RCE.  Several related component requirements are already stated herein.

3.3.1.1. Igniter and Associated Driver.


3.3.1.1.1. Igniter.  Igniter critical features shall be flight weight configuration (e.g., spark plug tip and ceramic).


3.3.1.1.2. Reliability.  The Government desires that the reliability of the igniter be greater than 0.995.


3.3.1.2. Propellant Control Valves and Associated Driver(s).


3.3.1.2.1. Quantity.  The RCE shall have one propellant valve for oxygen control and one propellant valve for methane control.  That is, the two allowed propellant control valves are intended to control flow to the injector as well as the igniter.


3.3.1.2.2. Characteristics.  The propellant control valves shall minimize heat soakback into the feedlines.  The propellant control valves shall fail to the closed position. The propellant control valves shall contain an inlet filter.  The propellant control valves shall be capable of being cycled dry at ambient and cryogenic conditions for checkout.  The seat design of the propellant control valves shall meet the internal leakage requirements after being subjected to proof pressure.  The Government anticipates the RCE to have insulated, dual coil, coaxial propellant control valves designed to maximize dissipation of coil heat into propellant flow, rather than into structure, by radiation, or back into the feedlines.

3.3.1.3. Instrumentation.  The RCE shall be capable of supporting flight measurements for chamber pressure, propellant control valves outlet temperatures on thermal isolators for leak detection, and injector temperatures.  The RCE shall be capable of supporting additional test measurements for chamber temperature, throat temperature and chamber pressure measurement, with the latter being additional chamber pressure measurements as necessary for stability verification.


3.3.2. Thermal Design.


3.3.2.1. Heat Soakback.  The RCE average heat soakback rate shall not exceed 1 BTU/hr from injector to each propellant control valve at propellant SIC specified for critical maneuvers and control.  The Government anticipates the analysis will based on the engine “off” and the injector at 500 R.  The RCE shall not be designed to wastefully leak propellants as an aid in controlling heat soakback.


3.3.2.2. Deep Thermal Cycle.  The contractor shall define the thermal and structural specification for a deep thermal cycle.  The thermal definition shall define a temperature range the chamber is exposed to that should be considered a deep thermal cycle.  Additionally, the structural definition of the strain range shall be defined to support a structural requirement for deep thermal cycles.


3.3.2.3. Insulation.  The RCE shall be designed to operate with the head end of the injector and propellant control valves insulated.

3.3.3. Leakage.  The RCE shall be designed to minimize internal and external leakage.  The RCE shall be designed such that any external or internal leakage that develops over operating life shall not impair or endanger proper functioning of the RCE.  

3.3.3.1. External Leakage.  External leakage from any joint of the RCE shall not exceed 1x10-4 sccs GHe when pressurized with helium to the maximum expected operating pressure and conditioned to any temperature over the operating range.


3.3.3.2. Internal Leakage.  Internal leakage, including any joint and any valve seat, of the RCE shall not exceed 1x10-3 sccs GHe when pressurized with helium to the maximum expected operating pressure and conditioned to any temperature over the operating range.  Pressure shall be applied individually as well as simultaneously in both directions for the valve seat(s).


3.3.4. Structural Integrity.  The RCE shall be designed to have adequate strength and stiffness to withstand all critical combinations of EIS requirements without loss of performance over the operational life.   The RCE shall be in accordance with ANSI/AIAA S-080-1998, MIL-STD-1522A or equivalent.  


3.3.4.1. Factors of Safety.  Minimum factors of safety for non-pressurized structural components shall be 1.25 for yield and 1.5 for ultimate. Minimum factors of safety for lines and fittings with diameters less than 1.5 inches shall be 1.5 for yield and 4.0 for burst.  Minimum factors of safety for other pressurized components shall be 1.5 for yield and 2.5 for ultimate.  Due allowance shall be made for the degradation of material properties by corrosion as well as material property variations.
3.3.4.2. Maximum Available Working Pressure and Maximum Design Temperature.  The contractor shall define the maximum available working pressure (MAWP) and maximum design temperature (MDT) for the RCE as well as each individual subassembly and component based on the specified range of propellant inlet pressures, the designed operation of the engine, start transients, surge pressures, roughness, chamber pressure oscillations, thermal soakback, and other conditions.  The MAWP at the RCE fluid connection interface shall not be less than 500 psia. 


3.3.4.3. Proof Pressure.  The RCE, subassemblies and components shall be designed to withstand pressurization without damage or detrimental deformation to a proof pressure that subjects each respectively to either 1.5 times their MAWP or 1.1 times their maximum surge pressure, which ever is greater, adjusted to account for property changes at their MDT.  Operation of the RCE after proof pressure is required.  The propellant control valves shall be designed to be proof pressure tested with pressure applied individually as well as simultaneously at the inlet and outlet ports.

3.3.5. Materials, Parts  and Processes.


3.3.5.1. Allowable Mechanical Properties.  Values for allowable mechanical properties of non-pressurized structural components, pressurized components and structural joints in their design environment (e.g., subject to single stress or combined stresses) shall be A-basis in accordance with ANSI/AIAA S-080-1998, MIL-STD-1522A or equivalent. 


3.3.5.2. Material Compatibility.  The RCE shall be designed with materials compatible with the fluids, products of combustion where applicable, and with environments subjected to.  The materials and processes used in fabrication of the RCE shall be compatible with the propellants and environmental conditions without incurring either performance degradation or contributing contamination into the system.  


3.3.5.3. Oxygen Components.  The RCE shall be designed for cryogenic oxidizer safety in accordance with ASTM G88-90 or equivalent.  Non-metallic materials used in oxygen service shall be limited to those that have been evaluated in accordance with ASTM-G63-99 or equivalent.  Metallic materials used in oxygen service shall be limited to those that have been evaluated in accordance with ASTM-G94-92 or equivalent.  


3.3.5.4. Material Life.  The RCE shall not demonstrate deterioration in material properties or failure which impacts RCE performance over the specified life.


3.3.5.5. Cleanliness and Contamination Control.  Methods for cleaning and handling the RCE and each subassembly shall be established and employed to assure RCE contamination levels are compatible with fluid service and the specific design in accordance with MSFC-SPEC-164B or equivalent.  The RCE shall be cleaned to meet cleanliness requirements in accordance with the interface filtration and cleanliness requirements specified herein.   Protective covers shall be employed and sealed to protect cleaned surfaces from accidental exposure.


3.3.5.5.1. Oxygen Components.  All parts, components and subassemblies of the RCE that will be wetted with propellant oxygen shall be cleaned in accordance with ASTM-G93-03 or equivalent.
3.3.6. Environments/Loads.  The contractor shall identify and define the environments/loads specifications for the RCE relative to handling, test, operation and transportation having to do with the work performed under this contract effort.


3.3.7. Drawings.  All drawings shall be in accordance with ASME Y14.100-2004.  The materials from which each component is fabricated and the process by which each component is fabricated shall be specified on the appropriate drawings.
4. VERIFICATION.  

For an advanced development project aimed at reducing risk by achieving TRL 6 within 1.25 years, verification is not meant to imply the rigor normally associated with certification of flight hardware, especially flight hardware for manned space flight.  Verification is meant herein to be with respect to the tests, analyses and inspections associated with demonstrating the RCE complies with the EIS requirements and critical combinations herein, especially those inherently challenging to the contractor’s RCE design concept.  In addition to “requirements”, verification is meant herein to also include evaluating the ability of the RCE to meet the goals and objectives in accordance with the SOW and EIS.  

The contractor shall define the verification specifications for the RCE in accordance with the SOW and EIS.  Testing performed at ambient conditions shall be corrected to and reported at vacuum conditions with an appropriate expansion nozzle (e.g., area ratio of 100:1).  As a minimum the contractor shall specify the following tests.


4.1. Initial Development - Base. The contractor shall define the specifications for initial development testing using battleship weight hardware to quickly, empirically accomplish the following: 

a.) map the feasible vacuum ignition range versus combinations of propellant inlet conditions and mixture ratios,
 
b.) evaluate the practical steady state and pulse mode performance limits of the RCE concept, and
 
c.) identify limitations inherent in the RCE concept.  

As a minimum the contractor shall specify the following initial development tests, which are listed here by title only.


4.1.1. Igniter/Injector Ambient and Vacuum Ignition Range.  The Government anticipates testing may involve a range of variables including, but not limited to,
  
 pertinent igniter/injector design variables needing evaluation before CDR,
 ambient pressure and vacuum,
 igniter spark energy (or other relevant igniter parameters) for minimum ignition level,
 oxygen/methane mixture ratios, 
 liquid oxygen inlet temperatures, 
 liquid methane inlet temperatures, 
 propellant inlet vapor quantities ingested at startup then transition to liquids,
 propellant inlet vapors under continuous feed to inlet during pulse train,
 propellant inlet pressures.

The Government anticipates that vacuum ignition testing can be accomplished with a relatively small (and inexpensive) vacuum chamber (i.e., several foot long tube with blowout cap) adapted to the RCE to create the desired vacuum environment during the early portion of the ignition sequence such that a transient vacuum is provided only during start.


4.1.2. Chamber Cooling Range.  The Government anticipates testing may involve a range of variables including, but not limited to,

 pertinent injector/chamber design variables needing evaluation before CDR,
 oxygen/methane mixture ratios,
 liquid oxygen inlet temperatures, 
 liquid methane inlet temperatures, 
 propellant inlet vapors under continuous feed to inlet during pulse train, 
 propellant inlet pressures,
 ambient pressure and/or vacuum.

4.1.3. RCE Pulse Mode Hot Fire Performance Including Stability.  The Government anticipates testing may involve a range of variables including, but not limited to,

 pertinent performance design variables needing evaluation before CDR,
 oxygen/methane mixture ratios,
 liquid oxygen inlet temperatures, 
 liquid methane inlet temperatures, 
 propellant inlet vapors under continuous feed to inlet during pulse train,
 pulse mode duty cycles at 0%, 0.1%, 1%, 5%, 10% and 15%,
 pulse “on” time at minimum EPW, 0.2, 0.5, 1, 3 and 7 seconds,
 pulse trains at 1, 5, 10 and 60 cycles,
 propellant inert pressurizing fluid saturation levels and bubble ingestion,
 limited set of run conditions per CPIA PUB.655 Table III for stability testing,
 propellant inlet pressures,
 ambient pressure and/or vacuum.


4.1.4. RCE Off-Limits Evaluation.  The Government anticipates testing may involve a range of variables including, but not limited to,

 other pertinent design variables needing evaluation before CDR,
 other oxygen/methane mixture ratios,
 other liquid oxygen inlet temperatures, 
 other liquid methane inlet temperatures, 
 other propellant inlet vapor quantities ingested at startup then transition to liquids,
 other propellant inlet pressures.

4.2. Advanced Development – 1st Option. The contractor shall define the specifications for advanced development testing using prototype flight weight RCE that will become residual Government assets to as quickly as possible accomplish the following:

a.) map out the empirical vacuum ignition range of the RCE versus critical combinations of specified propellant inlet conditions and mixture ratios, 

b.) measure both steady state and pulse mode empirical performance of the RCE over interface conditions, and

c.) understand any limitations inherent in the RCE design.  

Testing in this task shall be iterative to confirm compliance over the range of EIS interface and performance specifications and to explore the off-limit characteristics of the RCE design.  As a minimum the contractor shall specify the following advanced development tests, which are listed here by title only.


4.2.1. Pre-Hot Fire Testing.  The contactor shall include pre-hot fire tests as deemed necessary to assure the prototype flight weight RCE is ready to support hot fire tests.  The contactor should consider the following tests as a minimum: Cleanliness Verification, Proof Pressure, External/Internal Leakage, Critical Dimensions, and Electrical Characteristics.  

4.2.2. RCE Testing.  


4.2.2.1. Prototype flight weight RCE Vacuum Ignition Range.  The Government anticipates testing may involve a range of variables including, but not limited to, 
 
  vacuum,
  igniter and propellant control valves interface voltages, 

  oxygen/methane mixture ratios, 
  liquid oxygen inlet temperatures, 
  liquid methane inlet temperatures,
  propellant inlet temperature differentials between oxygen and methane,
  propellant inlet vapor quantities ingested at startup then transition to liquids,
  propellant inlet vapors under continuous feed to inlet during pulse train,
  propellant inlet pressures,
  propellant inlet pressure differentials between oxygen and methane.

The Government anticipates that vacuum ignition testing can be accomplished with a relatively small (and inexpensive) vacuum chamber (i.e., several foot long tube with blowout cap) adapted to the RCE to create the desired vacuum environment during the early portion of the ignition sequence such that a transient vacuum is provided only during start.

4.2.2.2. Prototype flight weight RCE Hot Fire Performance Including Stability.  The Government anticipates testing may involve a range of variables including, but not limited to,

 oxygen/methane mixture ratios,
 liquid oxygen temperatures,
 liquid methane temperatures,
 propellant temperature differentials between oxygen and methane,
 propellant inlet vapors under continuous feed to inlet during pulse train,
 propellant inlet vapor quantities ingested at startup then transition to liquids, 
 igniter and propellant control valves interface voltages, 
 pulse mode duty cycles from 0% to 100%,
 pulse duration “on” time from minimum EPW to 30 seconds,
 pulses from single cycle to cycling counts that result in deep thermal cycle,
 propellant inert pressurizing fluid saturation levels and bubble ingestion,
 full set of conditions per CPIA PUB.655 Table III for stability testing,
 steady state burn durations to deep thermal cycles as well as to thermal equilibrium, 
 steady state burn intermittent “offs” for 1 second with restarts,
 propellant pressures,
 propellant pressure differentials between oxygen and methane,
 ambient pressure and/or vacuum.

4.2.2.3. Prototype flight weight RCE Off-Limits Evaluation.  The Government anticipates testing may involve a range of variables including, but not limited to,

 other oxygen/methane mixture ratios,
 other liquid oxygen inlet temperatures, 
 other liquid methane inlet temperatures, 
 other propellant inlet vapor quantities ingested at startup then transition to liquids,
 other propellant inlet pressures.


4.3. Advanced Development – 2nd Option. The contractor shall define the specifications for advanced development testing with the iterated injector design using prototype flight weight RCE.  As a minimum the contractor shall specify the following advanced development tests.


4.3.1. Pre-Hot Fire Testing.  The contactor shall include pre-hot fire tests as deemed necessary to assure the prototype flight weight RCE is ready to support hot fire tests.  The contactor should consider the following tests as a minimum: Cleanliness Verification, Proof Pressure, External/Internal Leakage, Critical Dimensions, and Electrical Characteristics.  


4.3.2. RCE Testing.  


4.3.2.1.1. Iterated Injector Design with Prototype flight weight RCE Hot Fire Performance.   The Government anticipates testing may involve a range of variables that are inherently challenging to the contractor’s RCE design concept.

4.4. Acceptance Test – 3rd Option.  The contractor shall define the specifications for acceptance testing the prototype flight weight RCE.
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