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1.0 SCOPE

This specification defines the performance, electrical, mechanical, thermal, radiation, operating environment, and verification testing requirements for the Lunar Reconnaissance Orbiter (LRO) propulsion system insertion thrusters, hereafter referred to as insertion thruster(s), thruster(s) or unit(s).  The insertion thrusters will be used to provide the thrust necessary to insert the LRO spacecraft (SC) into a lunar orbit from a lunar transfer trajectory provide by the LRO launch vehicle.

2.0 DOCUMENTATION AND DEFINITIONS

2.1 DOCUMENTS

All applicable and reference documentation identified in this document shall apply in the situations where they are specifically referenced.  In the event of a conflict between the Insertion Thruster Statement of Work (SOW) (431-SOW-000501) and this specification, the SOW shall take precedence.  In the event of conflict between this specification and any referenced document, this specification will govern, with the exception of the SOW.  

2.1.1 Applicable Documents

431-SOW-000501
Insertion Thruster Statement of Work
2.1.2 Reference Documents

AFSPCMAN 91-710  
Range Safety User Requirements Manual

AMS-QQ-S-763
Pressure Tubing Specification, Stainless Steel

ASTM-A511
Standard Specification for Seamless Stainless Steel Mechanical Tubing

EEE-INST-002
Instructions for EEE Parts Selection, Screening, Qualification, and Derating

FED-STD-TT-I-735A
Isopropyl Alcohol

IEST-STD-CC1246D
Product Cleanliness Levels and Contamination Control Program

JSC-SPEC-C-20C
Water, High Purity, Specification for

MIL-PRF-26536E
Performance Specification, Propellant, Hydrazine

MIL-PRF-27401
Propellant, Nitrogen, Pressurizing Agent

MIL-PRF-27407B
Propellant, Helium, Pressurizing Agent

MIL-PRF-27415AB
Propellant Pressurizing Agent, Argon

NASA GSFC S311-641
Switches, Thermostatic, General Requirements for

NASA GSFC S311-P-079
Procurement Specification for Thermofoil Heater

NASA-STD-5001  
Structural Design and Test Factors of Safety for Space Flight Hardware

2.2 Definitions

Flight Hardware:  Any thruster intended to fly on the Orbiter.  This includes protoflight, and flight spare hardware.

Protoflight Hardware:  Flight hardware of a new design.  The hardware is subject to Protoflight Test levels for Acceptance Test durations.  It is intended to fly. 
Prototype Hardware:  Non-flight hardware intended to qualify flight hardware of a new design.  The hardware is subject to QUALIFICATION Test levels and durations.

REQUIREMENTS

All of the written requirements in this document must apply at the end of SC life, as defined in Section 3.8.

2.3 Description

The insertion thrusters shall provide thrust to the LRO SC in accordance with this specification.  The thrusters shall produce thrust by catalytically decomposing hydrazine propellant.  The major thrusters include the reaction chamber, the catalyst bed, the nozzle, the thruster valves, the mounting bracket, the catalyst bed heaters, the thruster valve heaters and the thermal sensors.  Nominally, four insertion thrusters which produce approximately 80 N of thrusts at a regulated inlet pressure of 275 pounds per square inch (psi) will be fired simultaneously to perform the lunar insertion maneuvers.
2.4 Functional and Performance Requirements

The thruster shall be capable of providing a total impulse consistent with the requirements of this specification when supplied with helium-saturated hydrazine and pressurized with gaseous helium.  The thruster shall be capable of sustained operation as commanded under the following conditions: inlet pressure from 150 to 350 pounds per square inch absolute (psia) and propellant temperature from 5 to 50 degrees Centigrade ((C).

2.4.1 Thrust

The minimum steady state thrust levels produced by the thruster shall be as shown in Table 3-1 at the corresponding inlet pressures. The Vendor shall provide steady state thrust versus inlet pressure curves for nominal and worst case performance.  Steady state operation is defined as a burn lasting five seconds or longer.  If the statistical –3 performance cannot be provided, the Vendor shall demonstrate by analysis or test what the statistical confidence is in the nominal steady state performance.

Table 3‑1.  Minus 3Worst Case Steady State Thrust Requirements
	Inlet Pressure (psi)
	–3Worst Case Thrust (N)

	200
	75

	250
	90

	300
	100

	350
	115


2.4.2 Thrust Repeatability

The flight thruster shall have an average steady state thrust level within ( 5% of the average thrust level of the qualification units and between all delivered thrusters when operated under identical inlet conditions.

2.4.3 Specific Impulse

The minimum vacuum steady state specific impulse provided by the insertion thrusters shall be as shown in Table 3-2 for the corresponding inlet pressures.  The Vendor will provide specific impulse versus inlet pressure curves for nominal and worst case performance.  If the statistical    –3 performance cannot be provided, the Vendor shall demonstrate by analysis or test what the statistical confidence is in the nominal steady state performance.

Table 3‑2.  Minus 3Worst Case Steady State Specific Impulse Requirements

	Inlet Pressure (psi)
	–3Worst Case Isp (s)

	200
	224

	250
	225

	300
	226

	350
	228


2.4.4 Throughput

The qualified throughput of the thruster shall be at least 450 kilograms (kg).

Impulse Bit

The thruster shall be capable of operating in a pulsed mode with valve command pulse durations of 50 milliseconds (ms).  The impulse bit is defined as the area under the thrust-time curve for a given valve open pulse width.  The impulse bit for any operational inlet pressure and commanded on valve signal shall be repeatable to ( 5%.

2.4.5 Thruster Duty Cycle

Thruster operation shall not have any duty cycle restrictions for on times between 0.050 seconds and continuous steady state operation at all expected inlet pressures and thermal environments.

2.4.6 Cold Start Capability

The thruster shall meet all requirements of this specification after 10 cold starts at temperatures from 10 C to 50 C.

2.4.7 Firing Duration

The thruster shall be capable of continuous firing durations of up to and including 6000 seconds.

2.4.8 Inlet Pressures

The thruster shall be capable of operating at any inlet pressure from 150 psia to 350 psia.  The Maximum Expected Operating Pressure (MEOP) of the insertion thrusters shall be 500 psia. 

2.4.9 Roughness

Chamber pressure oscillations shall not cause any damage to the thruster or performance shortfalls during all modes of operation.  The thruster shall not exhibit any occurrence of “spiking” (rapid isolated increases of chamber pressure caused by collection and detonation of undecomposed propellant), at any condition of feed pressure, temperature, mixture ratio, altitude, etc., specified herein.

2.4.10 Propellant

2.4.10.1 Propellant Specification

The thruster shall be qualified to operate with High-Purity Hydrazine per MIL-PRF-26536E.

2.4.10.2 Helium Saturated Propellant

The thruster shall be capable of operating within the requirements of this specification with propellant that is saturated with helium.  Acceptance tests do not require the propellant be saturated with helium.

2.4.10.3 Propellant Temperature

The thruster shall be capable of operating at any propellant temperature between 5 (C and 50 (C.
2.4.11 Proof and Burst Pressures

The thruster shall have a proof pressure of not less than 1.5 times the maximum reaction chamber pressure, and a minimum burst pressure of 4 times the maximum chamber pressure, with the propellant valves open and the nozzle throat plugged.  
The thruster valves shall be capable of withstanding a proof pressure of 900 psia (6.21 MegaPascals [MPa]), and the vendor shall demonstrate through a qualification program that each valve has a burst pressure of at least 2400 psia (16.55 MPa).

2.4.12 Cycles

2.4.12.1 Thermal cycles

The thruster design shall be capable of 100 steady state starts at nominal conditions (separate firings where the thruster starts at ambient temperature, is preheated by the catalyst bed heater, fires, and is allowed to return to ambient temperature).  The catalyst bed heater design shall be qualified to 200 cycles.

2.4.12.2 Valve Cycles

The thruster valve design shall be qualified to 1,000 cycles. 

2.4.12.3 Valve Heater Cycles

The thruster valve heater design shall be qualified to 350,000 cycles

2.4.13 Leakage

The leakage rates shall not exceed the values listed in Table 3-3.  Each thruster valve seat shall be tested separately.
Table 3‑3.  Leak Tests and Allowable Rates
	Thruster
	Test
	Pressure
	Leak

Media
	Maximum allowable leakage rate (per unit)

	Each thruster valve seat
	Thruster valve leakage test
	MEOP


	Nitrogen per

MIL-PRF-27401
	5 scc/hr



	External
	Nozzle Plugged
	MEOP
	Helium per

MIL-PRF-27407B
	1 x10-6 scc/sec


2.4.14 Test Fluids

For all potentially wetted materials, parts, seals, lubricants, etc., the thruster shall be compatible with prolonged exposure to the following fluids:

· Hydrazine per MIL-PRF-26536E, High Purity

· De-ionized water per JSC-SPEC-C-20,

· Grade A, GN2 per MIL-PRF-27401D,

· IPA per FED-STD-TT-I-735A,

· GHe per MIL-PRF-27407B

· Grade A, Ar per MIL-PRF-27415A, Amendment 1

· Research grade Xenon gas

2.4.15 Transient Pressure

All thrusters shall withstand a peak water-hammer pressure of 1200 psi at the closed thruster valves.

2.4.16 External Cleanliness

The latch valves shall be cleaned, and verified internally clean to level 450A per
IEST-STD-CC1246D in accordance with vendor procedures approved by the National Aeronautics and Space Administration (NASA).  

2.4.17 Internal Cleanliness

The latch valves shall be cleaned, and verified internally clean to level 100A per
IEST-STD-CC1246D as modified by Table 3-4 below, in accordance with vendor procedures approved by NASA.  The interface tubes and rocket nozzle shall be protected from contamination at all times by the use of clean fittings and bagging as required.  The cleanliness shall be determined after the hot fire test described in Section 4.5.10.  

Table 3‑4.  Cleanliness Specification.

	Particle Size Range [(m]
	Maximum Allowed per 100 mL

	0 to 5
	Unlimited

	5 to 15
	265

	15 to 25
	78

	25 to 50
	11*

	50 to 100
	1*

	101 and over
	0


*No metal particles allowed

2.4.18 Maximum Allowable Valve On Time, No Flow

The vendor shall determine and provide the maximum allowable valve on time while ground testing with no propellant flow.

2.4.19 Active Thermal Control Testability

Active thermal control employed on the thrusters shall be redundant and testable in a 1-g environment.

2.4.20 Ignition Proof

Electrical thrusters of the thruster shall not cause ignition of any explosive mixtures surrounding or in contact with the thruster, even operating off-nominally.

2.4.21 Catalyst Bed Heater Operation

The vendor shall provide the minimum catalyst bed temperature required to fire the thrusters, and shall also perform analysis based on NASA/Goddard Space Flight Center (GSFC) provided environments and interfaces to determine the heat-up time required to reach that temperature.  

2.4.22 Safety Design

The thrusters shall be designed to meet the safety and design requirements Range Safety User Requirements Manual (AFSPCMAN 91-710).

2.5 Physical Characteristics

2.5.1 Mass Properties

The mass of the thruster shall not exceed 1 kg, including all harnessing, tubing, and valves.  The mass shall be measured to 0.1 kg.  The center of gravity (CG) shall be calculated and indicated on the interface drawing.

2.5.2 Alignment

The centerline of the nozzle shall be perpendicular to the thruster valve bodies.  The thrusters shall be aligned such that the force vector shall lie within a 0.5 ° cone from the ideal force vector.  The position of the nozzle centerline with respect to the mounting interface centerline shall be less than ( 0.050 inches.

2.5.3 Thruster valves

The thruster shall incorporate valves with series redundant seats. Each shall have the ability to be actuated separately.  Both seats shall close under any operational pressure, temperature, and flow rate when power is removed. 

2.5.4 Thruster Valve Heaters and Thermostats

The thrusters shall include heaters and thermostats for the valve.  The heaters shall have prime and redundant circuits and each circuit shall employ thermostats such that each circuit is single fault tolerant for overheating.

Sizing of operational and survival heater capacity shall be based on 70% duty cycle at 24 volts (V) bus voltage and cold case thermal conditions.  Heater elements must be capable of operating over the voltage range of 28±7V.  
Each thruster shall provide space for mounting thermostats, heaters and temperature sensors.  Heaters, if Kapton film heaters, shall comply with NASA GSFC S311-P-079.  Heaters, if Vishay Dale Ohm type, shall comply with Military/Established Reliability (MIL-R-39009 Qualified, Type RER, R Level, Aluminum Housed) and be Standard (ERH).  Mechanical Thermostats, if used, shall comply with NASA GSFC S311-641.

Watt densities of the operational and survival heaters shall be appropriate for the type of heater and bonding method.  Watt densities (at the maximum voltage) above 0.16 Watts per centimeters squared (W/cm2) (1.0 Watts per inch squared [W/in2]) shall be approved by the GSFC LRO Thermal Engineer Lead and may require (if a Kapton heater) bonding with Stycast 2850FT and aluminum over-taping up to 1.24 W/cm2 (8.0 W/in2).

2.5.5 Thruster Catalyst Bed Heaters

The thrusters shall include heaters to preheat the catalyst bed prior to thruster operation.  The heaters shall have prime and redundant circuits.

2.5.6 Thruster Temperature Sensors
The thrusters shall include temperature sensors for the valve and for the catalyst bed to properly read out the expected temperatures and interface with the LRO command and data handling (C&DH) box.  The temperature sensor for the valve shall be a thermistor, which is 2.252 kilohms (kOhms) S311P18-02-A-7R6 or S311P18-0257R6 as specified by the GSFC LRO Thermal Lead. The temperature sensor for the catalyst bed shall be a Platinum Resistance Temperature (PRT) sensor (P/N 18MF200AC).  

2.5.7 Mounting Flange

The thruster shall incorporate a mounting flange to attach the engine to the SC mounting bracket.

2.5.8 Filter integral to the valve

The thruster shall incorporate a filter to protect the valve seats from contamination.  The filter shall have a nominal rating of 25 micrometers (m) or larger.

2.5.9 Inlet Tube

The latch valve’s interface tubes shall be capable of withstanding the proof pressures given in Table 3-9, and the vendor shall demonstrate through a qualification program that each valve’s interface tubes have the burst pressures given in Table 3-5 at a minimum.

Table 3‑5.  Interface Tube Pressures
	Interface Tube Proof Pressure
[psia (MPa)]
	Interface Tube Burst Pressure
[psia (MPa)]

	900 (6.21)
	2400 (16.55)


Each latch valve shall include interface tubing with a length of no less than 1.5 inches (3.81 centimeters [cm]) with consistent outer diameter (OD) on both the inlet and outlet.  The required interface tube characteristics for each latch valve are given in Table 3-6.  
Table 3‑6  Interface Tubing Dimension Requirements
	Interface Tube Dimensions
	Material at the thruster interface

	0.375-inch (0.95 cm) OD +0.004/-0.000 in with a
0.028-inch (0.07 cm) +/-0.002 in wall thickness
	Stainless Steel 304 L

per ASTM-A511 or AMS-QQ-S-763


2.5.10 Welding

All welding shall use a configured process that is vendor-developed and NASA-approved for welding and weld inspection requirements.

2.6 Electrical Requirements

2.6.1 Power Requirements

2.6.1.1 Thruster Power Input Voltage

The thruster shall meet all performance requirements with prime power input between 19 and 35 volts direct current (VDC) at its primary power input.  The nominal power input is 31 VDC.

2.6.1.2 Thruster Electrical Requirements

2.6.1.2.1 Thruster Valve 

The maximum current draw shall be 1.75 amperes (A) per valve for the temperatures defined in Section 3.7.2.  Each valve coil shall have a resistance of at least 20 Ohms for the temperatures defined in Section 3.7.2.  The inductance of each valve coil shall be less than 82 milliHenries (mH) for the temperatures defined in Section 3.7.2

2.6.1.2.2 Catalyst Bed Heater 

Catalyst bed heaters shall have a minimum resistance of 125 Ohms per heater for the temperatures defined in Section 3.7.2.  

2.6.1.2.3 Thruster Valve Heater 

The maximum thruster valve heater power shall not be greater than 4.1 watts (W) at 28 volts (V) for the temperatures defined in Section 3.7.2. 

2.6.1.3 Survival of Anomalous Voltage

The thruster shall be designed not to be damaged by any voltage in the range of 0 to +40 VDC for an indefinite time period applied to the power input during anomalistic operations.  No flight thruster will be subjected to these tests.  

2.6.2 Grounding

At the thruster primary power interfaces, primary power (31 VDC) and primary power returns shall be isolated from the thruster chassis by greater than or equal to 1 Megohms (Mohms) direct current (DC) when measured at ambient temperature and a voltage of 500±50 VDC.

2.6.3 Charging Mitigation

System impacts of the discharges from any unavoidable non-conductive surfaces shall be assessed and approved.  If necessary, a waiver request will be submitted for each specific non-compliant application.  The vendor shall supply a comprehensive list of non-conductive surfaces on the outside of the thruster.  

2.6.4 Harness Requirements

Qualified wire, cable, and connector specified in the Instructions for EEE Parts Selection, Screening, Qualification, and Derating (EEE-INST-002) shall be used for any of the thruster harnesses.

Wires, connectors, connector contacts, valve coils, and other harness piece parts shall be derated per the Instructions for EEE Parts Selection, Screening, Qualification, and Derating (EEE-INST-002).

The latch valves shall contain “pigtail” wire leads with lengths of no less than 10 feet (3.05 meters [m]).  The pigtail shall include the following wires:

Upstream coil (+)

Upstream coil (–)

Downstream coil (+)

Downstream coil (–)

Primary catalyst bed (+)

Primary catalyst bed (–)

Redundant catalyst bed (+)

Redundant catalyst bed (–)

PRT (+)

PRT (-)

Valve Heater (+)

Valve Heater (-)

Valve Thermostat (+)

Valve Thermostat (-)

2.7 Radiation Requirements

The vendor shall confirm that none of the materials in the valve are EEE parts, and that they are not susceptible to radiation damage.

2.8 Mechanical Requirements

This section defines the limit loads, mechanical environments, and mechanical verification requirements of the LRO SC thrusters.  All loads and environments in this document are preliminary and will be updated as the LRO SC is defined.

2.8.1 Definitions

Qualification Test:  A test performed on non-flight hardware.  The purpose of the test is to prove that a new design meets one or more of its design requirements.  Qualification testing is performed at maximum expected flight levels plus a margin.  Test durations are typically longer than for acceptance tests.

Protoflight Test:  A test performed on flight hardware.  The purpose of the test is to prove that a new design meets one or more of its design requirements.  Protoflight testing is performed at maximum expected flight levels plus a margin.  Test durations are typically the same as for acceptance tests.

Acceptance Test:  A test performed on flight hardware.  The purpose of this test is to prove that a particular flight unit has been manufactured properly.  The design has already been proven during a qualification or protoflight test program.  Acceptance testing is performed at maximum expected flight levels.

2.8.2 Environments

2.8.2.1 Launch Limit Loads

The thruster shall demonstrate its ability to meet its performance requirements after being subjected to the net center of gravity (CG) limit loads shown in the table below.  Linear interpolation should be used between breakpoints to determine the appropriate limit load as a function of thruster weight.  Note that these design limit loads are intended to only cover the low frequency launch environment and must be used in conjunction with the random vibration environments to assess structural margins.
Table 3‑7.  Thruster Limit Loads
	Thruster Mass 

(kg)
	Limit Load

(g, any direction)

	0.5 or less
	35.9

	2
	33.6


2.8.2.2 On-Orbit Limit Loads

The thruster shall meet its performance requirements while being subjected to 0.1 g loads during on-orbit operations.

2.8.2.3 Acoustics

The thruster shall be designed to meet its performance requirements after being subjected to the acoustic environment listed in the table below.  

Table 3‑8.  Limit Level Acoustic Environments
	Center Frequency (Hz)
	Delta IV Medium

Sound Pressure Level (dB)
	Atlas V 401

Sound Pressure Level (dB)

	25
	0
	114.0

	31.5
	119.5
	118.0

	40
	122.5
	125.1

	50
	125.2
	122.5

	63
	126.3
	124.0

	80
	128.0
	124.5

	100
	129.0
	126.0

	125
	130.0
	126.0

	160
	130.0
	127.2

	200
	130.0
	127.0

	250
	130.0
	126.5

	315
	130.0
	126.0

	400
	129.5
	126.0

	500
	128.0
	124.5

	630
	125.0
	122.0

	800
	123.0
	119.5

	1000
	121.0
	116.5

	1250
	119.5
	114.0

	1600
	118.0
	112.0

	2000
	116.5
	114.0

	2500
	115.0
	112.5

	3150
	113.5
	111.0

	4000
	112.0
	112.0

	5000
	110.5
	114.0

	6300
	109.0
	113.5

	8000
	107.5
	114.0

	10000
	106.0
	115.0

	OASPL
	140.0
	137.0


The reference point 20 Pa

Random Vibration

The thruster shall demonstrate its ability to meet its performance requirements after being subjected to the following random vibration environment.  These levels are to be applied at the LRO/thruster interface.


Table 3‑9.  Thruster Random Vibration Environment
	Frequency (Hz)
	Protoflight/Qual Level
	Acceptance Level

	20
	0.026 g2/Hz
	0.013 g2/Hz

	20 – 50
	+6 dB/Octave
	+6 dB/Octave

	50 – 800
	0.160 g2/Hz
	0.080 g2/Hz

	800 – 2000
	-6 dB/Octave
	-6 dB/Octave

	2000
	0.026 g2/Hz
	0.013 g2/Hz

	Over All
	14.1 grms
	10.0 grms


2.8.2.4 Shock

The maximum expected shock environment at the thruster interface is shown in the table below.  This shock environment will be updated.

The thruster shall be assessed for damage due to shock based on shock sensitivity or proximity to shock sources.  If the thruster is not considered susceptible to the shock environment, shock testing can be deferred to the level of assembly that allows for actuation of the actual shock-producing device.  

If the thruster is considered to be susceptible to the shock environment, the vendor may need to perform a shock test to demonstrate that the item can survive the predicted shock environment.  The LRO Project will assess shock environment based on the specific thruster location.

Table 3‑10.  Limit Level Shock Response Spectrum [TBR]

	Frequency (Hz)
	Level (Q=10)

	100

100 to 1000

1000 to 10000
	150 g

+9.2 dB/Octave

5000 g


2.8.3 Frequency Requirement

The thruster shall have a fundamental frequency greater than 50 Hertz (Hz) when hard mounted at its SC interface.

2.8.4 Verification Requirements

2.8.4.1 Factors of Safety

The thruster as well as mechanical ground support equipment (MGSE) shall demonstrate positive Margins of Safety (MS) for all yield and ultimate failures using the Factors of Safety (FS) defined in the table below (see NASA-STD-5001 for more information on other materials [e.g. glass]).  

Table 3‑11.  Factors of Safety
	Type of Hardware
	Design Factor of Safety

	
	Yield
	Ultimate

	Tested Flight Structure - metallic
	1.25
	1.4

	Pressure Loaded Structure
	1.25
	1.5

	Pressure Lines and Fittings
	1.25
	4.0

	Untested Flight Structure - metallic only
	2.0
	2.6

	Ground Support Equipment
	3.0
	5.0

	Transportation Dolly/Shipping Container
	2.0
	3.0


MS is defined as follows:

MS = (Allowable Stress(or Load)/(Applied Limit Stress(or Load) x FS)) –1

2.8.4.2 Test Factors

The following test factors and durations, shown in the following table, shall be used for prototype, protoflight, and flight hardware. 

Table 3‑12.  Test Factors and Durations
	Test
	Qualification
	Protoflight
	Acceptance

	Structural Loads

Level

Duration

Centrifuge

Sine Burst(1)
	1.25 X Limit Load

1 Minute

5 Cycles Full Level
	1.25 X Limit Load

30 Seconds

5 Cycles Full Level
	Limit Load(2)

30 Seconds

5 Cycles Full Level

	Acoustic

Level

Duration
	Limit Level +3dB

2 Minutes
	Limit Level +3dB

1 Minute
	Limit Level

1 Minute

	Random Vibration 

Level

Duration
	Limit Level +3dB

2 Minutes/Axis
	Limit Level +3dB

1 Minute/Axis
	Limit Level

1 Minute/Axis

	Sine Vibration 

Level

Sweep Rate(3)
	1.25 X Limit Level

2 Octaves/Minute/Axis
	1.25 X Limit Level

4 Octaves/Minute/Axis
	Limit Level

4 Octaves/Minute/Axis

	Shock

Actual Device

Simulated
	2 Actuations

1.4 X Limit Level

2 Actuations/Axis
	2 Actuations

1.4 X Limit Level

1 Actuations/Axis
	1 Actuation

Limit Level

1 Actuation/Axis


(1) 
Sine burst testing shall be done a frequency sufficiently below primary resonance as to ensure rigid body motion.

(2) 
All composite structures must be tested to 1.25 x limit loads.  All beryllium structures must be tested to 1.4 x limit loads.

(3) 
Unless otherwise specified these sine sweep rates shall apply.
2.8.4.3 Frequency Verification Requirements

The vendor shall perform a frequency verification test, such as a low-level sine sweep. Frequencies shall be verified and reported up to 200 Hz.

2.9 Thermal Requirements

2.9.1 Thermal Interfaces

The vendor shall supply a detailed thermal analysis and interface design to allow the thrusters to operate in the configuration in which they will be flown on LRO. The detailed thermal analysis and interfaces will be coordinated between the vendor and NASA.  General thermal interfaces are specified in this section. NASA will supply the vendor with detailed thermal interfaces.

2.9.1.1 Thruster Locations

The insertion thruster will be located in a quad configuration on the aft end of the LRO SC with a minimum separation between thruster centerline of 15.2 cm (6.0 inches).  A not-to-scale representative drawing of the thruster locations is shown in Figures 3-1 and 3-2.  Detailed mechanical drawings will be provided by NASA/GSFC. 
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Figure 3‑1.  Bottom View of Spacecraft with Thruster Locations
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Figure 3‑2.  Front View of Spacecraft

2.9.1.2 Operation of Thrusters

The thermal interface design shall allow all four insertion thrusters to be operated simultaneously.

2.9.1.3 Conduction

The vendor cannot use the SC as a conductive heat sink.  The maximum allowable heat conduction from the thrusters to the SC shall be determined by the LRO GSFC Thermal Lead.  

2.9.1.4 Radiation

The vendor cannot use the SC as a radiative heat sink for the valves. All thrusters have a cold case in which they will view deep space. All thrusters have a hot case in which they will view direct sun.  

2.9.1.5 Spacecraft Blanket Temperature

The thruster interface design shall keep the SC blanket temperature below 250 (C.

2.9.1.6 Thruster Heat Shields

If necessary, the vendor shall design a heat shield for the thrusters to keep the SC blankets below the maximum allowable blanket temperature.

2.9.2 Flight Interface Design Temperature Limits

The thrusters shall be capable of operation in a vacuum with temperatures defined in
Table 3-13.  These thermal requirements may be verified at ambient pressure conditions.  The temperatures in Table 3-13 refer to the temperature of the thruster hardware interface and the thruster valves.  The temperature ranges are specific to the type of test being conducted.  As stated in the footnotes to the table, the range to be used for any acceptance test is the second column.  The range to be used for protoflight testing is given in the third column.

Table 3‑13.  Temperature Limits
	Operational
Temperature
Range1
	Acceptance
Temperature
Range2
	Qualification
Temperature
Range3

	+10ºC to +50ºC
	+5ºC to +55ºC
	0ºC to +60ºC


1
Nominal expected orbital range, for operating conditions, as well as non-operating and non-firing conditions.

2
Test temperatures for flight units; conducted only on flight hardware for which the design has already undergone a qualification program

3
Maximum performance limits; test temperatures for protoflight hardware if design is not previously qualified

2.9.3 Ground Test Environment

The thruster shall be able to operate in a lab environment with air temperature between 15 and 25 ºC and relative humidity between 0 and 70%.

The thruster shall survive without degradation transportation temperatures of 15 to 30 ºC and relative humidity of 0 to 70%.

2.10 Life Requirements

2.10.1 Mission Life

The thruster shall meet all performance specifications throughout one (1) year of ground testing and five (5) years of operation in space.

2.10.2 Shelf Life

The thruster shall not suffer any degradation in performance when stored for ten years when packaged using agreed-to procedures.

3.0 Verification Requirements

The vendor shall provide a qualification test report to demonstrate qualifications for all requirements in this document.  Any discrepancies shall be clearly documented and rationale for a delta-qualification will be given.

An acceptance test program shall be conducted by the vendor to verify that all of the requirements of this document have been met.  The vendor shall provide a verification matrix defining the method of verification.  Verification methods include inspection, analysis, test or a combination of these techniques.

3.1 Inspection

Verification by inspection includes visual inspection of the physical hardware, a physical measurement of a property of the hardware, or the documentation search demonstrating hardware of an identical design has demonstrated fulfillment of a requirement.

3.1.1 Visual Inspection

Visual inspection of the physical hardware by a customer appointed qualified inspector.

3.1.2 Physical Measurement

Physical measurement of hardware property (i.e. mass, dimensions, etc.) demonstrating the hardware meets specific requirement.

3.1.3 Documentation Search

Verification of requirements based on similarity shall include supporting rationale and documentation and shall be approved by the NASA/GSFC Contracting Officer’s Technical Representative (COTR).
3.2 Analysis

Verification of performance or function through detailed analysis, using all applicable tools and techniques, is acceptable with NASA/GSFC COTR approval.

3.3 Test

Represents a detailed test of performance and/or functionality throughout a properly configured test setup where all critical data taken during the test period is captured for review.

Performance parameter measurements shall be taken to establish a baseline that can be used to assure that there are no data trends established in successive tests that indicate a degradation of performance trend within specification limits that could result in unacceptable performance in flight.

3.4 Test Restrictions

3.4.1 Failure During Tests

The test shall be stopped if equipment fails during testing in cases where this failure will result in damage to the equipment.  Otherwise, the test shall be completed to obtain as much information as possible.  No replacement, adjustment, maintenance, or repairs are authorized during testing. This requirement does not prevent the replacement or adjustment of equipment that has exceeded its design operating life during tests, provided that after such replacement, the equipment is tested as are necessary to assure its proper operation.  A complete record of any exceptions taken to this requirement shall be included in the test report.

3.4.2 Modification of Hardware

Once the formal acceptance test has started, cleaning, adjustment, or modification of test hardware shall not be permitted.

3.4.3 Re-Test Requirements

If any event, including test failure, requires that a thruster be disassembled and reassembled, then all tests performed prior to the event must be considered for repeat.  If the unit has multiple copies of the same build, then all units must be examined to determine if the problem is common.  If all copies require disassembly for repair, then each must receive the same test sequence.

3.5 Required Acceptance Verification Methods

The following measurements, tests, environments, and inspections are required for each thruster to provide assurance that the thruster meets specified performance, functional, environmental, and design requirements.  Each test or demonstration is described below.

a. Weight and Envelope Measurements

b. Initial Alignment (if necessary), 

c. Proof Pressure 

d. Functional Tests

e. Shock Test (if necessary)

f. Loads Test (Prototype/Protoflight only)

h. Random Vibration

i. Thermal Cycling

j. Alignment (if necessary) 

k. Pre-Hot Fire Functional Tests

l. Hot Fire Tests

m. Final Alignment (if necessary)

n. Final Functional Tests

o. Cleanliness (Internal and External)

3.5.1 Weight and Envelope Measurement

Measurement of the weight, CG, and envelope of the thruster shall be made to show compliance with specified requirements and provide accurate data for the mass properties control program.  

3.5.2 Alignment

The alignment of the centerline of the nozzle shall be compared to the centerline of the thruster valves.

3.5.3 Proof Pressure test

The thruster shall be pressurized to the level described in Section 3.2.12 for no less than
1 minute at ambient temperature.  The proof pressure test shall not cause evidence of external leakage or permanent deformation with the latch valve closed and with the valve open.
3.5.4 Functional Tests

The thruster shall be tested to demonstrate compliance with performance requirements, including alignment if necessary.  A functional test shall be conducted at the beginning and end of each acceptance test.  Functional tests are done periodically during or following the thruster environmental testing in order to show that changes or degradation to the thruster have not resulted from any tests, handling, transporting, or faulty installation.  Functional tests shall include leakage, valve response time, and the resistances of all the circuits at a minimum.

3.5.5 Loads Verification

Structural design loads shall be applied to prototype or protoflight hardware.  There is no requirement to strength test flight hardware that has already been strength tested through a prototype or protoflight program (i.e., there is no “acceptance level” strength test requirement for flight hardware).

Structural Loads testing can be verified by performing either a fixed frequency Sine Burst test, a series of static loads pull tests, or, if approved, analysis.

No permanent deformation may occur as a result of the loads test, and all applicable alignment requirements must be met following the test.  Units that require alignment will have an alignment check following loads testing.  A performance test will be conducted to verify that no damage occurred due to the loads test.

3.5.5.1 Sine Burst

A simple Sine Burst test following the random vibration test in each axis is a convenient method to conduct a structural loads test.  This test applies a ramped sine input at a sufficiently low frequency such that the test item moves as a rigid body.  An analysis is required to show that a base drive Sine Burst test will not cause over-test or under-test in some areas of the structure.

Duration:  5 cycles of full level amplitude.

3.5.5.2 Static Pull

Static pull tests are another method to perform loads testing and can be applied at flight interfaces in a static test facility.  The loads can be applied either as thruster loads applied simultaneously, or the single resultant vector load can be applied to the test point.  Strain gages are generally positioned around the test point to verify deflection predictions from the analytical model.

Test Duration:  30 seconds.

3.5.5.3 Analysis

If appropriate development tests are performed to verify accuracy of the stress model, stringent quality control procedures are invoked to ensure conformance of the structure (materials, fasteners, welds, processes, etc.) to the design, and the structure has well-defined load paths, then strength qualification may be accomplished by a stress analysis that demonstrates that the hardware has positive margins on yield at loads equal to 2.0 times the limit load, and positive margins on ultimate at loads equal to 2.6 times the limit load.  Such alternative approaches shall be reviewed and approved on a case-by-case basis.  The vendor shall contact the NASA/GSFC COTR to seek approval.

3.5.6 Random Vibration

The thruster shall be subjected to a random vibration test along each axis to the appropriate levels and durations shown in the mechanical requirements section.  The test item shall be mounted to the test fixture as it would be mounted to the SC.  A functional test shall be performed before the start of testing and after a test in each axis.

Prior to the test, a survey of the test fixture/exciter combination will be performed to evaluate the fixture dynamics and the proposed choice of control accelerometers.

3.5.7 Sine Sweep

The Signature Sine sweep shall be conducted on each thruster before and after vibration testing in each axis.  This test is a tool to verify no change in structural integrity from testing and to verify the primary resonant frequency.  

3.5.8 Thermal Cycle Test

The thermal cycle test, shown in Figure 3, is performed to verify workmanship of heater installation, wiring, temperature sensors, and valve operation.

The thrusters shall be cycled from 5 to +55 (C. The thrusters will be cycled 8 times with a minimum of 2 hour soaks at each plateau.  Any key parameters shall be tested at each plateau, including temperature sensors, valve tests, or any other important health parameters.

These tests shall be performed before hot fire testing.

Thermal cycle testing shall be performed with the thruster mounted in a manner which thermally simulates its attachment to the SC structure, including heat shield.  The unit shall be sufficiently instrumented to ensure measurement of realistic unit maximum and minimum temperatures.

Thruster valve and temperature sensor electrical performance will also be verified for minimum, maximum, and nominal voltages at minimum and maximum temperatures and during temperature transitions.

Maximum Bus Voltage: 
35V

Nominal Bus Voltage:  
31V

Minimum Bus Voltage: 
19V

Thruster valve and temperature sensor functional tests or performance tests will be conducted during the hot and cold soaks.  Immediately following the thruster thermal vacuum cycling will be the bakeout phase to eliminate volatiles.  See Figure 4-1.

First 2 cycles (all units). During the transition from cold to warm, switch thruster OFF, increase temperature to upper survival temp for 1 hour, then return to upper qualification temperature, verify that thruster turns ON, and verify nominal performance once the thruster has reached the qualification temperature.  Begin hot soak.

During the transition from warm to cold, switch thruster OFF, decrease temperature to lower survival temp for 1 hour, then return to lower qualification temperature, verify that thruster turns ON, and verify nominal performance once the thruster has warmed to the qualification temperature.  Begin cold soak.

Soak time at each temperature:  4 hours, run Performance Test during soak.

Number of complete cycles: 


Prototype Unit:
8 full cycles, start and end on hot cycle.  Include min, max and nominal bus voltages.  Use Qualification temperatures as the “test temperature.”

Protoflight Unit:
8 full cycles, start and end on hot cycle.  Include min, max and nominal bus voltages.  Use Qualification temperatures as the “test temperature.”

Flight / Copy / Spare Unit:
8 full cycles, start and end on hot cycle.  Include min, max and nominal bus voltages.  Use Acceptance temperatures as the “test temperature.”

Maximum Bus Voltage: 
35V

Nominal Bus Voltage:  
31V

Minimum Bus Voltage: 
19V
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1=
Achieve survival temp, stabilize 1 hour, return to qualification temperature, turn on, soak at test temperature 4 hours, run performance test.

2 =
Soak at test temperature 4 hours, run performance test voltage = 19V

3 =
Soak at test temperature 4 hours, run performance test voltage = 31V

4 =
Soak at test temperature 4 hours, run performance test voltage = 35V

5 = 
Bakeout phase
Figure 4‑1.  Thermal Vacuum Profile  

3.5.9 Hot Fire test

The hot fire testing specified in Table 4-1 shall be conducted with an initial ambient temperature of 20±5ºC unless otherwise specified.  The sequence of the tests may be changed to accommodate the best practices of the vendor.  The thruster shall be exposed to vacuum conditions, and vacuum shall be maintained throughout the test.  The hot fire tests may be used to satisfy the hot temperature requirements of Section 4.5.9.  The following shall be recorded during the test:

· Ambient Pressure

· Propellant temperature at multiple positions upstream of the valves (positions to be agreed upon with the NASA/GSFC COTR)

· Temperature of the mounting interface

· Chamber temperature

· Valve temperature

· Propellant flow rate

· Thrust

· Chamber pressure

· Catalyst bed voltage

· Valve voltage and current

· Nozzle temperature

Table 4‑1.  Hot Fire Test Requirements

	Test Description
	Number

of Tests
	Inlet Pressure (psia)
	Test Duration (s)

	High Pressure
	1
	350
	60

	Nominal Pressure
	3
	300 TBR
	60

	Low Pressure
	1
	200
	60

	Minimum Pressure
	1
	150
	60

	Thermal Equilibrium
	1
	300 TBR
	Sufficient time to reach thermal equilibrium

	Maximum Soakback
	1
	300 TBR
	Conduct this test for 60 seconds once the maximum soakback temperature has been reached during the thermal equilibrium test

	Impulse Bit Verification
	10
	300 TBR
	Sequential pulses of 50 ms.

	Short Burn
	10
	300 TBR
	1


3.5.10 Cleanliness

The internal and external cleanliness of the latch valve shall be shown to be in compliance with Section 3.2.18 of this document.

Appendix A.  Abbreviations and Acronyms

	Abbreviation/ Acronym
	Definition

	A
	Amps

	C
	Centigrade

	C&DH
	Command and Data Handling

	CCB
	Configuration Control Board

	CG
	Center of Gravity

	CLA
	Coupled Load Analysis

	CM
	Configuration Management

	CMO
	Configuration Management Office

	cm
	Centimeter

	COTR
	Contracting Officer’s Technical Representative

	dB
	Decibels

	EEE
	Electrical, Electronic, and Electromechancial

	EOL
	End of Life

	FEM
	Failure Modes and Effects Analysis

	FS
	Factor of Safety

	g
	Gravity acceleration at the earths surface

	rms
	Root mean square

	GSFC
	Goddard Space Flight Center

	Hz
	Hertz

	in
	Inches

	Isp
	Specific Impulse

	kg
	Killigrams

	LRO
	Lunar Reconnaissance Orbiter

	m
	Meter

	MEOP
	Maximum Expected Operating Pressure

	MGSE
	Mechanical Ground Support Equipment

	Mohms
	Megohms

	MPa
	MegaPascals

	MS
	Margin of Safety

	mH
	Millihenry

	mL
	Millileter

	MSC
	Marshall Spaceflight Center

	ms
	Milliseconds

	N
	Newton

	NASA
	National Aeronautics and Space Administration

	OD
	Outer Diameter

	PRT
	Platinum Resistance Temperature Sensor

	psi
	Pounds per square inch

	psia
	Pounds per square inch absolute

	s
	Seconds

	SC
	Spacecraft

	SOW
	Statement of Work

	sccs

	Standard cubic centimeters per second

	scch
	Standard cubic centimeters per hour

	TBD
	To Be Determined

	TBR
	To Be Refined

	V
	Volt

	VDC
	Volts Direct Current

	W
	Watts

	W/cm2
	Watts per square centimeter

	W/in2
	Watts per square inche

	(m
	micrometer

	(PA
	microPascals

	(
	Degree
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