Final Request for Proposal NNM07158472R
Attachment J-3, PSRD-800-B
Developmental First Stage Roll Control Engines for ARES 1

Crew Launch Vehicle (CLV) First Stage Bipropellant Roll Control Engine (RCE)
Prototype Systems Requirements Document (PSRD)
Note:
Values identified as TBR (to be resolved) shall be considered acceptable when within ± 5% of the value shown.
1. Scope

1.1. CLV Engine Configuration

1.1.1. Clusters of First Stage roll control engines will be used by the CLV for roll axis control (+z axis and -z axis).  The z axis is defined as the vehicle centerline.

1.2. Roll Control Engine Definition

1.2.1. The roll control engine will be used during CLV first stage operation in order to control induced roll in the CLV.  The engines will be active from launch until the completion of the First Stage operational phase (approximately two minutes in duration).  Operation shall include off-pulse and pulse mode duty cycles, as well as steady state burns for propellant depletion.  Environmental conditions will include sea level to altitude vacuum pressures and near-static to hypersonic flight environments.  The engine design shall include a checked purge system, installed downstream of the thruster valves in each propellant circuit, to preclude detonations within the propellant manifolds at intermediate altitudes.
1.2.2. All engines shall use Monomethyl Hydrazine (MMH) for the fuel and Nitrogen Tetroxide (NTO) [MON-3] as the oxidizer.

1.2.3. The engine shall be designed with a single, close-coupled, normally-closed thruster valve in each propellant line.
2. Interfaces

2.1. Propellant Interface

2.1.1. All engines shall be designed to operate over the range of propellant inlet conditions specified below.  The propellant inlet of the engine is defined as the entrance to the engine’s propellant valves.

2.1.1.1. Inlet pressure range:  190-400 psia

2.1.1.2. Oxidizer temperature range:  70 deg. F ± 30 deg. F
2.1.1.3. Fuel temperature range:  70 deg. F ± 30 deg. F.  The fuel shall be within ± 10 deg. F of the oxidizer temperature.

2.1.2. The engine shall be designed to run with propellant inlet temperatures that change from the minimum temperature to the maximum temperature.

2.1.3. The engine shall be designed to withstand a maximum transient surge pressure of 700 psia (TBR) at the engine inlet without damage to the engine or engine valves.

2.1.4. The engine shall be designed to operate with and meet all performance and life requirements with MMH and MON-3 NTO propellants per SE-S-0073.

2.2. Power & Instrumentation Interfaces
2.2.1. The engine shall be designed to operate with the following power input per valve:

2.2.1.1. Voltage:  28 ± 6 VDC

2.2.1.2. Actuation current:  1 Amp (TBR)
2.2.2. The engine shall be designed for individual commanding of each thruster valve.
2.2.3. Each engine valve shall be designed for continuous powering of each and all thruster valves for 5 minutes (TBR) without flow, during which a minimum of 40 psi GHe or GN2 will be supplied to the thruster inlet (for ground check-out, leak checks, and functional validation).
2.2.4. Pull-in voltage shall be no more than 18 VDC at nominal inlet pressure.

2.2.5. Drop-out voltage shall be no less than 1.5 VDC at nominal inlet pressure.

2.2.6. The engine shall be designed for and supplied with injector heaters (TBD) with the following power input:

2.2.6.1. Voltage:  28 ± 6 VDC
2.2.6.2. Current:  1 Amp (TBR)
2.2.7. The engine shall include a chamber pressure transducer with a minimum response time of TBD.
2.2.8. Leak detection will be accomplished by TBD.  The system shall be flight-like with a flight-like installation.
3. Life

3.1. The engine shall be designed for a minimum of 400 hot-fire cycles (2X mission life).
3.1.1. Ground valve cycles after engine delivery:  200
3.1.2. Firing cycles after engine delivery:  400
3.2. The engine shall be designed for 2X the planned 132 second mission duration.

3.3. The engine shall be designed for a total impulse of 206,000 lbf-sec. This impulse is based on continuous operation at a vacuum thrust of 780 lbf for 2X the planned mission duration.
3.4. The engine shall be designed for single mission (expendable) use.
4. Performance

4.1. Engine performance shall be assessed and reported at the following standard test conditions:  

4.1.1. Propellant inlet pressure:  240 psia (TBR) flowing
4.1.2. Oxidizer inlet temperature:  70 deg F (TBR)
4.1.3. Fuel inlet temperature:  70 deg F (TBR)
4.1.4. Saturated GHe in both propellants (at nominal operating pressures and temperatures)

4.1.5. Ambient pressure:  Vacuum
4.1.6. Steady state conditions shall be assessed 10 seconds after the Engine ON command has been issued.
4.2. The engine shall have an average nominal vacuum thrust of at least 780 lbf (TBR) over the life of the engine.

4.3. The engine shall have a minimum vacuum specific impulse of 254 seconds (TBR) based on a steady state duty cycle (10 sec on).

4.4. The engine shall have a minimum vacuum specific impulse of 200 seconds (TBR) based on a 10 % duty cycle (100 ms ON, 900 ms OFF), averaged over a total of 50 pulses.
4.5. Engine to engine thrust tolerance shall be within +/-3%, as measured at the standard test conditions provided in Section 4.1.
4.6. The engine shall achieve 90% rated thrust within 60 ms (TBR) of the issuance of the Engine ON Command.
4.7. The engine shall achieve less than 10% rated thrust within 55 ms (TBR) of receipt of the Engine OFF command.
4.8. The engine shall be designed to run to propellant depletion without damage to the engine.

4.9. Engine shall be designed for operation at a nominal MR of 1.65, with a MR tolerance of ± 0.05.
4.10. The engine shall be designed for operations at altitudes from sea level to 180K ft and shall preclude any propellant or combustion-related phenomena at these pressure conditions which could result in damage to the engine or adversely affect performance.

4.11. The engine shall maintain stable combustion, with Pc ± 5% of nominal, when fired within the defined inlet conditions envelope.

4.12. Structural mounting and support interfaces, as well as any external radiating surfaces of the thruster (as viewed by the surrounding enclosure), shall not exceed 350 F (TBR) over the active mission duration.  Thermal insulators may be used to help satisfy this requirement.

4.13. External leakage shall not exceed 1x10-3 SCCS when tested with helium at nominal propellant temperatures over the range of specified operating pressures.

4.14. Internal leakage across individual valve seats (into the chamber) shall not exceed 1x10-3 SCCS when tested with helium at nominal propellant temperatures over the range of specified operating pressures.
4.15. Reverse leakage across the thruster valves shall not exceed 1x10-3 SCCS with 15 psia at the valve outlet and 0 psia in the feed system.
4.16. The engine EPW shall be in integral multiples of 100 ms for both ON and OFF times.
4.17. The propellant valve shall be pneumatically actuated and shall adhere to the following requirements:

4.17.1. GHe usage shall be limited to TBD lbm per valve cycle.

4.17.2. GHe inlet pressure to the pilot valve shall be 500-700 psia.

4.17.3. GHe temperature at the pilot inlet shall be -120 to 90 F.

4.17.4. Internal pneumatic gas leakage shall not exceed 1x10-3 (TBR) SCCS.

4.17.5. External pneumatic gas leakage shall not exceed 1x10-3 (TBR) SCCS.

4.17.6. The pneumatic system shall include a vent port check valve.

4.17.7. The valve shall provide two seal barriers between the propellant and pneumatic systems.

4.17.8. Force margin shall be ≥ 30%.

4.18. The checked purge system shall adhere to the following requirements:

4.18.1. Dual redundant check valves shall be close-coupled to the engine and shall be installed between the propellant valve exit and the injector inlet in each propellant circuit.
4.18.2. The inlet pressure to the check valve shall ensure that continuous purge flow is established during coast periods, but terminated prior to arrival at mainstage operational conditions.

4.18.3. Purge flow shall be 0.0011 lbm/sec (TBR) GHe in each propellant circuit. 
4.18.4. Purge systems for each propellant circuit shall be independent.

4.18.5. The purge system shall be designed to preclude chattering under continuous flow conditions.

4.18.6. Reverse leakage shall not exceed 1x10-3 SCCS of GHe at thruster operating pressures.
5. Mechanical and Thermal Design

5.1. The engine shall be comprised of the following elements as a minimum:

5.1.1. Injector 
5.1.2. Injector heater (TBD)
5.1.3. Combustion chamber
5.1.4. Nozzle

5.1.5. Pneumatically actuated valve for each propellant line
5.1.6. Check valves and associated purge hardware
5.1.7. Inlet screen filter to valve of 25 micron (TBR) abs rating

5.2. The envelope of the engine shall not exceed the following:

5.2.1. Length:  15.0 inches (TBR)
5.2.2. Diameter:  6.5 inches (TBR)
5.3. The nozzle expansion ratio shall be 5:1 (TBR).
5.4. The engine shall be designed for mounting to a roll control thrust structure.

5.5. The engine shall be designed to allow for operation in an embedded environment.

5.6. The engine shall be designed to allow for enclosure within a roll control module fairing/structure with design features enabling the nozzle exit to seal against the fairing, providing structural support, minimizing aerodynamic loads, and precluding external flow from entering the module.  Nominal engine operation shall not preclude the installation of thermal protection barriers to limit heating of the vehicle by the engine.
5.7. The engine shall be designed to operate in temperatures not to exceed 120 deg F.
5.8. The engine shall be designed to not exceed safe conditions while maintained in a quiescent condition following shutdown (at the end of the operational mission) for a period of 5 minutes minimum as installed in the roll control module.
5.9. The engine shall be designed such that the thrust axis is within +/- 0.25 deg of the engine centerline and +/-0.25 deg of perpendicular to the thrust plate with respect to the mounting bracket.

5.10. Inlet propellant lines shall utilize mechanical fittings to allow for ease of test and checkout.
5.11. The engine shall be designed to withstand induced vibration loads (TBR) of :

X axis
20-130 Hz  +15 Db/Oct

130-450 Hz  0.75 G2/Hz

450-2000  -6 Db/Oct

Y-Axis
20-270 Hz   + 9 Db/Oct

270-850  0.45 G2/Hz

850-2000  -12 Db/Oct

Z Axis
20-250 Hz  +12 Db/Oct

250-600 Hz  0.25 G2/Hz

600-2000 Hz  -12 Db/Oct

5.12. The engine shall be designed to withstand operational loads per EV31-RPT-06-001, CLV Loads Cycle 1A Loads Data Book

5.13. The engine shall be designed to withstand operational accelerations per the FS trajectory (see attached Figure 1).
5.14. The engine shall adhere to the following design specifications:

5.14.1. Structural, General
5.14.1.1. NASA-STD-5012, Strength and Life Assessment Requirements for Liquid Propulsion System Engines
5.14.1.2. AIAA S-080, Space Systems - Metallic Pressure Vessels, Pressurized Structures, and Pressure Components
5.14.1.3. AIAA S-081, Space Systems - Composite Overwrapped Pressure Vessels (COPVs)
5.14.2. Environments

5.14.2.1. NAS-STD-5002, Load Analysis of Spacecraft & Payloads

5.14.2.2. NASA-HDBK-7005, Dynamic Environmental Criteria
5.14.3. Transportation & Ground Handling

5.14.3.1. NPR 6000.1G, Requirements for Packaging, Handling, and Transportation for Aeronautical and Space Systems, Equipment, and Associated Components
5.14.4. Fracture Control

5.14.4.1. NASA-STD-5019, Fracture Control Requirements for Constellation Hardware

5.14.4.2. NASA-HDBK-5010, Fracture Control Implementation Handbook for Payloads, Experiments, and Similar Hardware (for reference only)
5.15. Cleanliness levels of 100 for MMH and 100A for NTO shall be maintained per SE-S-0073.
5.16. Engine material selection shall be per flight proven thruster heritage, with allowable properties per accepted aerospace standards.

5.17. The target engine mass shall be 23 lbm (TBR).
6. Testing

6.1. Thrust and Isp shall be measured at sea level, 40,000, and 100,000 ft equivalent pressure conditions, unless otherwise specified, for all demonstration tests with propellants at ambient temperature at the start of each test.
6.2. Propellant lines leading to the test article will reflect a flight-like configuration, as coordinated with the government.
6.3. Propellant inlet Maximum Expected Operating Pressure (MEOP) shall be 550 psia.
6.4. Performance shall be reported vs. time for each test.  Any significant change in performance (due to DC effects, hardware degradation, etc.) shall also be identified.
6.5. 2X the design life (as specified in Sections 3.1 through 3.3) shall be demonstrated on at least one engine assembly.  Each of these demonstrations may be accomplished during separate, dedicated tests, or accumulated over multiple firings, including those defined in Section 6.7.3.
6.6. All testing shall be conducted with flight-like back-suppression diodes installed on the valves.
6.7. The following engine demonstration tests shall be conducted:

6.7.1. The engine shall be subjected to the vibration environments specified in Section 5.11 with the valves pressurized and shall demonstrate no measurable/observable damage or leakage exceeding the rates specified in Sections 4.13 through 4.15 during post-test inspections.  This testing may be performed solely at sea level.
6.7.2. The engine shall demonstrate 10 MEOP cycles and 2 proof pressure cycles (2 each of valve open, valve closed), in addition to mission life requirements.
6.7.3. Hot-fire tests shall be conducted with the engine oriented horizontally over the following duty cycles (DC) and ON/OFF schedules.  The engine shall be operated at standard test conditions, as referenced in Section 4.1, with the exception of altitude, which shall be as specified in Section 6.1.
6.7.3.1. 100% duty cycle for 132 seconds
6.7.3.2. 70% DC:

6.7.3.2.1. 0.5 sec on,   0.2 sec off  for 189 pulses
6.7.3.2.2. 1.4 sec on,   0.6 sec off  for   67 pulses
6.7.3.2.3. 5.0 sec on,   2.1 sec off  for   19 pulses
6.7.3.3. 60 % DC
6.7.3.3.1. 0.5 sec on,   0.3 sec off  for 166 pulses
6.7.3.3.2. 1.4 sec on,   0.9 sec off  for   58 pulses
6.7.3.3.3. 5.0 sec on,   3.3 sec off  for   17 pulses
6.7.3.4. 50% DC

6.7.3.4.1. 0.5 sec on,   0.5 sec off  for 133 pulses
6.7.3.4.2. 1.4 sec on,   1.4 sec off  for   48 pulses
6.7.3.4.3. 5.0 sec on,   5.0 sec off  for   14 pulses
6.7.3.5. 40% DC
6.7.3.5.1. 0.5 sec on,   0.8 sec off  for 103 pulses
6.7.3.5.2. 1.4 sec on,   2.1 sec off  for   39 pulses
6.7.3.5.3. 5.0 sec on,   7.5 sec off  for   12 pulses
6.7.3.6. 30%DC

6.7.3.6.1. 0.5 sec on,   1.2 sec off  for   79 pulses
6.7.3.6.2. 1.4 sec on,   3.3 sec off  for   29 pulses
6.7.3.6.3. 5.0 sec on, 11.7 sec off  for     9 pulses
6.7.3.7. 20% DC
6.7.3.7.1. 0.5 sec on,   2.0 sec off  for   54 pulses
6.7.3.7.2. 1.4 sec on,   5.6 sec off  for   20 pulses
6.7.3.7.3. 5.0 sec on, 20.0 sec off  for     7 pulses
6.7.3.8. 10% DC

6.7.3.8.1. 0.5 sec on,   4.5 sec off  for   28 pulses
6.7.3.8.2. 1.4 sec on, 12.6 sec off  for   11 pulses
6.7.3.8.3. 5.0 sec on,    45 sec off  for     4 pulses
6.7.3.9. 5% DC

6.7.3.9.1. 0.5 sec on,   9.5 sec off  for   15 pulses
6.7.3.9.2. 1.4 sec on, 26.6 sec off  for     6 pulses
6.7.3.9.3. 5.0 sec on,    95 sec off  for     3 pulses
6.7.3.10. 50% DC (100 ms on, 100 ms off) for 166 pulses, then 30% DC (100 ms on, 200 ms off) for 111 pulses, then 20% DC (100 ms on, 400 ms off) for   67 pulses, then 

10% DC (100 ms on, 900 ms off) for   34 pulses.  This is to verify engine operation over various DC conditions at minimum EPW.
6.7.4. Demonstrate combustion stability after ingestion of a single 15 in3 GHe bubble at startup, and during continuous ingestion of GHe bubbles at a rate of TBD in3/sec during steady state operation.  The engine shall incur no observable damage or out-of-specification leakage during post-test inspection and shall exhibit dynamic stability resulting from any induced instabilities, as defined by CPIA 247.
Attachment:  Figure 1, CLV Accelerations from MSFC document EV40(42-17-06).
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Figure 1 provides the total vehicle acceleration profile from liftoff to CLV first stage separation at 132 seconds.  Due to negligible off-axis components, the acceleration vector may be treated as purely longitudinal (+ upward) for the entire first stage burn.
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