Statement of Work
LADEE Spacecraft Propulsion System
Objective

The objective of this task is to obtain a propulsion system for NASA’s Lunar Atmosphere and Dust Environment Explorer, (LADEE) spacecraft. The vendor will design and construct one propulsion system which meets the requirements listed below, integrate the propulsion system into the LADEE spacecraft propulsion structure (provided by NASA), and provide training and technical advice to NASA regarding the operation of the propulsion system.
Background
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LADEE is a small (~333 kg wet) lunar orbiter planned for launch in mid 2012 on a 180 day mission to study the tenuous lunar exosphere. LADEE carries several instruments to characterize the exosphere as well as a prototype laser communications payload. LADEE is intended to be launched on an Orbital Sciences Co. Minotaur IV+ launch vehicle. After a following a 30-day phasing loop trajectory to the Moon, LADEE will spend 30 days in a preliminary lunar checkout orbit before proceeding to its final science orbit for a 100 day science mission. The LADEE propulsion system will provide orbit control and three-axis attitude control for the life of the mission. 
NASA will be responsible for the design of the LADEE structure, including those parts of the structure which hold the propulsion system. The vendor shall be responsible for the selection of propulsion system components, the layout of the propulsion system, and for the propulsion system thermal design. Details of the interface between the propulsion system and its supporting structure will be mutually agreed upon by NASA and the vendor. NASA will ship the propulsion system structure to the vendor for assembly at the vendor’s facilities. 
LADEE has been designated a Category 3 project per NPR 7120.5D, and the Governing Program Management Council (GPMC) is the Science Mission Directorate Program Management Council (DPMC).  The LADEE Project has been designated a Risk Classification Enhanced Class D mission by the NASA Office of Safety and Mission Assurance (S&MA), in accordance with NPR 8705.4.  Appendix A of the Terms of Reference is provided as supporting information on the derivation of the Risk Classification Enhanced Class D.

The LADEE Project Independent Life Cycle Reviews are conducted under Agency and Center review processes as documented in NPR 7120.5D, NASA Program and Project Management Processes and Requirements and NPR 7123.1A, NASA Systems Engineering Processes and Requirements.  Consistent with these processes and requirements, the ToR, the Standing Review Board (SRB) Chair and members, and the Review Manager are approved by the Mission Directorate Associate Administrator (MDAA) (Decision Authority), and the implementing Center Director (Technical Authority).

Acronyms

ATP

Authority To Proceed

CDR

Critical Design Review

GIDEP

Government-Industry Data Exchange Program
GN&C

Guidance, Navigation, and Control

LADEE
Lunar Atmosphere Dust Environment Explorer 

MEOP

Maximum Expected Operating Pressure

OCS

Orbit Control System

PAPI

Payload And Pyro switching Interface

PDR

Preliminary Design Review

PMD

Propellant Management Device

RCS

Reaction Control System

SACI

Solar Array and Charge Interface

scch

Standard Cubic Centimeters per Hour

SOW

Statement Of Work

TBD

To Be Determined

TLI

Trans-Lunar Injection

TRL

Technology Readiness Level

Requirements

1. Performance: The propulsion system shall meet or exceed the specifications given in the Performance Specifications section.
2. Thruster configuration: The propulsion system shall consist of an orbit control system (OCS) and a reaction control system (RCS). The OCS shall provide velocity control along the LADEE +Z axis for large velocity adjustments. The RCS shall provide three-axis attitude control during burns of the OCS system, and will also provide momentum dumps for the reaction wheels which are the primary attitude control system between OCS burns. The vendor may choose to have the RCS provide translation as well if the vendor believes this will be desirable for fine velocity adjustment or settling burns for the OCS. The configuration of six RCS thrusters shown in figure 1 meets NASA’s requirements, but NASA will consider other configurations as well.
3. Schedule: The LADEE propulsion system schedule shall include the following events:

a. Receive authority to proceed (ATP) from NASA in mid-October 2009.
b. System Requirements Review (SRR) - to be held as soon as possible after ATP.

c. Propulsion Components Review - to verify that the propulsion system components as specified will meet the LADEE requirements.
d. Propulsion Preliminary Design Review. 
e. Propulsion Interface Review - to define all mechanical and electrical interfaces between the propulsion system and the rest of the LADEE spacecraft.

f. Propulsion Critical Design Review. 

g. LADEE propulsion structure delivered to vendor for assembly of propulsion system on October 7 2010.

h. LADEE propulsion system delivered to NASA by vendor on January 1 2011. A Spacecraft Integration Readiness Review will be conducted to verify completion of vendor tests and to go over propulsion system operations procedures.
4. Electrical interface: The propulsion system shall be capable of being operated by the LADEE power system (28 VDC, unregulated). The propulsion system shall include a valve driver unit which operates off the LADEE power system and which communicates with the LADEE main avionics unit via RS-422. The valve driver unit shall be able to control the thrusters over their full operating range. The propulsion system shall further include internal wiring to a spacecraft electrical interface and range safety interfaces.
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5. Physical interface: The propulsion system shall be mounted to the NASA Propulsion System Structure and physically fit within two LADEE Extension Modules as shown in the Interface Control Drawing. The preliminary design shown in the Interface Control Drawing, and illustrated in figure 2 carries propellant and pressurant tanks either on the baseplate or mounted to the cruciform panels. Prospective vendors shall consult with NASA before proposing significant changes to this arrangement. NASA will work with the selected vendor to design the structure which holds the propulsion system. NASA will provide the Propulsion System Structure to the vendor, and the vendor shall install the propulsion system into the Propulsion System Structure. This work will take place in facilities chosen by the vendor. NASA will consider the early delivery of a non-flight mockup of the Propulsion System Structure to assist in build-up of the propulsion system.
6. Thermal interface: The vendor shall be responsible for the thermal design and analysis of the propulsion system, and for installation of thermal management devices (heaters, insulation, etc.). NASA shall provide thermal boundary conditions and environments as necessary to support the vendor’s design at ATP with updates thereafter as required. The vendor shall provide a propulsion system thermal model and analysis at PDR and again at CDR. The thermal subsystem shall be designed to minimize heater power usage – it is desired to not exceed 10 watts orbit average power consumption. Based on preliminary design work, NASA believes that the thermal design should include heaters on the propellant and pressurant tanks, propellant lines, and thruster valves. NASA also believes that Multi-Layer Insulation (MLI) should be included on the propellant and pressurant tanks and lines. 
7. Instrumentation: The propulsion system shall include pressure and temperature transducers needed for its safe operation. In particular, the propulsion system shall include pressure and temperature transducers for fuel, oxidizer, and pressurant (both upstream and downstream of any regulator), and shall include at least one temperature sensor on each pressurant tank and two temperature sensors on each propellant tank.
8. Center of gravity maintenance: Travel of the LADEE center of gravity in the plane normal to the OCS thrust axis as propellant is consumed should be minimized. The vendor shall show that uneven draining of propellant tanks will not result in a center-of-gravity shift which exceeds the control authority of the RCS. NASA desires that imbalances between propellant tanks be kept less than 5 kg.
9. Propellant Gauging: The vendor shall propose a strategy to allow for propellant gauging to an accuracy of (5% of fully-loaded throughout the mission.
10. Contamination: To control contamination, the propulsion system shall be assembled in a class 10,000 clean room environment. All components shall be cleaned to class 100 according to MIL-STD 12-46C Level 100. After cleaning, the propulsion system should be free of metal particles above 25(m. All propulsion system components and materials shall be selected to minimize outgassing.
11. Fault Tolerance: No redundancy is required during operation. The propulsion system may be “single string”. During ground operations the propulsion system shall maintain a level of fault tolerance consistent with range safety requirements. These will require that the propulsion system be two fault-tolerant to failures which could release propellant.
12. Ground Handling: The propulsion system shall be capable of being handled in both a vertical or horizontal orientation with or without propellant loaded. (NASA expects to conduct system integration and propellant loading with the propulsion system in a vertical orientation, but conduct launch vehicle integration with the system oriented horizontally.) 
13. Component reliability: The vendor shall identify the reliability of the individual components used in the propulsion system, either as an estimated mean time before failure or mean number of operations before failure. 
14. Component level tests: Propulsion system components shall be tested as required by Ames Procedural Requirements 8070.2, and the vendor shall present to NASA evidence that these tests have been performed.  In general,  APR 8070.2 requires the following tests, as applicable:

a. Vibro-acoustics (Random and sine vibration)

b. Shock.

c. Thermal vacuum/cycling. (Temperature cycling at ambient pressure may be substituted for thermal vacuum temperature cycling if the component can be shown to be unaffected by a vacuum environment.)

d. Pressure.

e. Leakage.

As part of their contract submittals, vendors shall submit information describing their standard acceptance test procedures for their chosen components. Information provided should include types of tests, number of cycles, durations and test min/max levels. NASA will compare this information to the LADEE component-level proto-flight test requirements and determine if gaps exist between NASA test requirements and acceptance testing performed by component vendors. NASA may opt to procure additional testing as required.
15. System level tests: The vendor shall perform the following proto-flight tests prior to delivery of the propulsion system. The vendor shall identify calibration and metrology standards and equipment accuracy used to support testing of the propulsion system. (Ames Procedural Requirements 8070.2, should be used as a guide for all environmental testing.):
a. System Level Proof Test. Proof test shall account for latch valve back relief pressure if applicable.

b. System Level Leak Test. Leakage shall be less than 1(10-4 scch helium at MEOP (excluding thrusters).
c. System Level Functional Electrical System Test.
d. Acceptance Test, including Cleanliness Test. 
e. Workmanship Vibration Test.

16. Range safety requirements: The propulsion system shall conform to the general NASA range safety requirements per AFSPC Manual 91-710 as tailored for LADEE. The propulsion system shall also conform to the range safety requirements of the NASA Wallops Flight Facility per the Range Safety Manual (RSM-2002) Rev B for Goddard Space Flight Center (GSFC)/Wallops Flight Facility (WFF), dated July 14, 2008, again as tailored for LADEE. The LADEE project office, NASA Safety & Mission Assurance, and the vendor shall meet after ATP to go over the range safety requirements and tailor them for LADEE. 
17. Analyses and data: Upon delivery of the propulsion system, the vendor shall supply the following analyses and data:

a. Leakage analysis

b. Filtration analysis

c. Number of pressure cycles seen by the tanks and number that are allowed, including margin.
d. Number of operation cycles seen by the valves and number that are allowed.

e. For tanks using surface tension PMDs, an analysis showing the maximum gas injections for LADEE maneuvers.

f. An analysis of the potential for propellant vapor migration and propellant vapor condensation on internal components.

18. Materials requirements: The propulsion system materials shall meet the following requirements:

a. Propulsion system materials shall be compatible with the propellants and with the following test fluids: helium, nitrogen, and distilled water.

b. Propulsion system materials shall have a low outgassing level.
19. Usage of GIDEP: The vendor shall query the Government-Industry Data Exchange Program (GIDEP) Alert database as necessary to ensure that product is not procured or delivered containing known failure-prone materials or components. For the products applicable to this SOW, the vendor should participate in the reporting and identification of GIDEP Alerts in accordance with NPR 8735.1A, Procedures for Exchanging Parts, Materials, and Safety Problem Data Utilizing the Government-Industry Data Exchange Program and NASA Advisories.
20. Government inspection and review: The vendor shall allow NASA the right to have in-plant representation at the vendor's facility and at all major subcontractor sites to witness system-level tests performed by vendor and its sub-contractors.
Performance Specifications

1. Mass: The propulsion system total mass shall not exceed 160 kilograms, including both usable and unusable propellant, pressurant, and mass of components (dry mass). The dry mass shall include a contingency of at least 15% for mass growth during detailed design. 
2. (V Capability: The propulsion system shall provide a (V of not less than 1280 meters/second for a vehicle with an initial wet mass of 333 kilograms. All (V estimates shall be made using a propulsion system specific impulse value 3( below the nominal specific impulse value. If there is insufficient data to determine a 3( dispersion, the vendor shall note this and use a specific impulse 10 seconds below the nominal value.
3. OCS Capability: Maximum OCS thrust shall not be less than 340 Newtons or greater than 3000 Newtons. Minimum Impulse Bit shall not be greater than 100 Newton(seconds. 
4. RCS Thruster Capability: In order to assure control during burns and to desaturate reaction wheels, the nominal steady-state thrust of each thruster shall not be less than 20 Newtons. Minimum Impulse Bit shall not be greater than 0.08 Newton(seconds. 
5. Lifetime: The propulsion system shall have the following storage and operation lifetimes.

a. Storage lifetime of 3 years from date of manufacture, while stored in an environmentally-controlled facility.

b. Lifetime of at least 45 days while loaded with propellant and pressurant prior to activation.

c. Operating lifetime of 180 days after activation. An operating lifetime of 365 days is desirable, but not required. (The propulsion system shall be able to be activated immediately after separation from the launch vehicle. It is desirable for the propulsion system to be activated prior to separation, after final stage burn-out. Once activated, the propulsion system shall be capable of generating thrust for attitude control and/or spacecraft velocity changes at any time.)

d. The OCS shall be capable of firing at least 60 times for a total firing time of 1600 seconds. The OCS shall be capable of making a single continuous burn of up to 700 seconds. 
e. Each RCS thruster shall be capable of firing 1400 times for a total firing time of 1400 seconds. Each RCS thruster shall be capable of making a single continuous burn of up to 660 seconds. It is desirable for each RCS thruster to be capable of a single continuous burn for 2500 seconds.
6. Excess Propellant Capacity: The propellant tank volume shall allow the loading of 10% extra propellant over that required to meet the (V requirement, assuming a proportionate increase in the allowed propulsion system wet mass.
Deliverables

I. A Preliminary Design Package.

II. Interface Control Documents to be jointly prepared by the vendor and NASA, and to include:

a. Interface control drawings of propulsion components to propulsion structure.

b. A propulsion system thermal model (prepared by the vendor) and propulsion system thermal interface document.

c. A propulsion system electrical interface document, including end-to-end electrical schematic and wiring diagrams of electrical and electronic components, showing at a minimum: current loads, spacecraft interconnects, safe/arm plugs and range safety fault tolerant interconnects to spacecraft. Also include vendor specification and data sheets for electrical and electronic components, and cable harness masses and specifications.
III. One complete integrated propulsion system. The required Propulsion System Structure will be supplied and delivered to the vendor by NASA. The propulsion system shall include two sets of electrical mating connectors with connector savers.
IV. A user guide detailing system specifications and operational procedures. This report shall furthermore include:
a. A performance estimate with supporting documentation.

b. Information about the calibration standards and metrology used.

c. Information on the reliability of all components used.

d. Provide functional data and operating modes for the propulsion components.
V. A test report documenting the procedure and the results of acceptance tests for all components and the system level tests described in requirement 15.

VI. A propulsion system analysis document including all the analyses described in requirement 17.
Background Information
Background information is provided to assist potential vendors in understanding the LADEE mission concept. Information contained here is subject to change. In case of a conflict between this information and that specified in the Requirements and Performance Specifications sections, the Requirements and Performance Specifications shall control.
Background for Mass Requirements: The initial mass available to LADEE at TLI is 333 kg. This mass is determined by the launch vehicle capability and the expected mass of the adapter between LADEE and the launch vehicle. Of the 333 kg, 173 kg are allocated for the LADEE spacecraft. This mass includes the science payload, the spacecraft structure (including structure to support the propulsion system), and thermal control systems (including any thermal control needed for the propulsion system). Therefore 160 kg are available for the wet mass of the propulsion system. LADEE project requirements state that LADEE shall hold a contingency of at least 15% on dry mass of the propulsion system at this stage of the design. 

Timeline of Propulsion System Operations: LADEE will launch in mid-2012 out of the Wallops Flight Facility on a Minotaur IV+. The launch vehicle will place LADEE in a highly eccentric Earth orbit. The propulsion system will be activated within one hour of separation from the LV, and shall be used in a series of perigee maneuvers to elevate the S/C apogee. At the apogee of the fourth phasing orbit, LADEE will pass behind the Moon. As LADEE emerges from behind the Moon, the S/C shall perform a single burn to enter a circular, retrograde, equatorial lunar orbit with an altitude of 250 km. LADEE will remain in this checkout orbit for a period of 30-50 days. LADEE will then transfer to its science orbit at a 50 km altitude. While in lunar orbit, LADEE will make periodic maneuvers for orbit maintenance. In the science orbit, these maneuvers will be ~10 m/s velocity adjustments conducted every 7-10 days. In the checkout orbit these maneuvers will be less frequent. Throughout the mission LADEE will use its RCS to desaturate the momentum wheels which provide primary attitude control. In the science orbit these maneuvers will take place roughly every two days, and less frequently in the other mission phases.
	Maneuver
	(V (m/s)
	Time of Occurrence
	Subsystem Used

	System Priming & Tipoff Control
	0
	Flight Day 1
	RCS

	Perigee 1 (P1)
	33.5
	Flight Day 6
	OCS

	Perigee 2 (P2)
	0
	Flight Day 15
	OCS

	Perigee 3 (P3)
	12
	Flight Day 21
	OCS

	Trajectory Correction Mnvr (TCM)
	20
	As Needed
	OCS

	Lunar Orbit Insertion (LOI)
	828
	Flight Day 27
	OCS

	Transfer Checkout to Science Orbit
	97.7
	Flight Day 57
	OCS

	Lunar Orbit Maintenance
	150
	Flight Day 60-180
	OCS

	Reaction Wheel Desaturation
	6
	Throughout Mission
	RCS

	Attitude Control During OCS Burns
	40
	During Burns
	RCS

	Margin
	92.8
	As Needed
	OCS

	Total
	1280
	
	


 Applicable Documents

[1]
Interface Drawing of Propulsion System Structure ACB-L-080A-M103_REV_pre_070109.
[2]
STEP File with the CAD Model of the Propulsion System Structure
[3]
Eastern and Western Range (EWR) 127

[4]
Wallops Flight Facility (WFF) Range Safety Manual (RSM-2002) Rev. B
[5]
Aerospace Standard (AS) 9100

[6]
NASA-STD-4003: Electrical Bonding for NASA Launch Vehicles, Spacecraft, Payloads, and Flight Equipment

[7]
NASA-STD-8739.1A, Staking and Conformal Coating of Printed Wiring Boards and Electronic Assemblies, March 2008

[8]
NASA-STD-8739.2, Surface Mount Technology, August 1999

[9]
NASA-STD-8739.3, Soldered Electrical Connections, January 2001

[10]
NASA-STD-8739.4, Crimping, Interconnecting Cables, Harnesses, and Wiring, February 1998

[11]
NASA-STD-8739.5, Fiber Optics Terminations, Cable Assemblies, and Installation, February 1998

[12]
NASA-STD-8739.7, Electrostatic Discharge Control (Excluding Electrically Initiated Explosive Devices), December 1997

[13]
MIL-STD-461E, Control of Electromagnetic Interference, August 1999
[14]
MIL-STD-1540E, Test Requirements for Launch & Space Vehicles, December 2002
[15]
NASA-STD-5001 Structural Design and Test Factors of Safety for Spaceflight Hardware

 [16] 
AFSPCMAN 91-710 V3
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Figure 1. A preliminary drawing of the LADEE spacecraft. Basic structure is an octagon with body-mounted solar panels. The spacecraft is 198 cm high, 117.1 cm wide corner-to-corner, and 108.2 cm wide face-to-face. The structure is divided into four “modules”, each of which is 35.3 cm high. The top module has canted sides. The propulsion system is carried in the bottom two “extension modules”.
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Figure 2. The preliminary design for the LADEE propulsion structure. The structure is primarily made from composite honeycomb. Components can be mounted to the baseplate or the cruciform panels. Assemblies on the bottom of the baseplate can carry thrusters and fill/drain valves. 








