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1.0 SCOPE

This specification defines the physical characteristics, performance requirements, operational environments, and quality assurance requirements for the Solar Dynamics Observatory (SDO) propulsion system ACS thrusters, hereafter referred to as ACS thruster(s), thruster(s) or unit(s).  The propulsion system includes 8 thrusters to perform attitude control, stationkeeping, momentum unloading, de-orbit, and other backup contingency modes. 

1.1 IDENTIFICATION

464-PROP-SPEC-0068: Solar Dynamics Observatory (SDO) Project Propulsion Subsystem Attitude Control System (ACS) Thruster Specification..

1.2 DEFINITIONS, GLOSSARY, AND ACRONYMS

	ACS
	Attitude control subsystem

	EOL
	End-of-life

	GEO
	Geostationary Orbit

	GEVS
	General Environmental Verification Specification

	GHe
	Gaseous Helium

	GSFC
	Goddard Space Flight Center

	GTO
	Geostationary Transfer Orbit

	MAR
	Mission Assurance Requirements

	MEOP
	Maximum expected operating pressure

	MMH
	Monomethylhydrazine (fuel)

	MON-3
	Multiple oxides of nitrogen (oxidizer)

	NASA
	National Aeronautics and Space Administration

	NTO
	Nitrogen Tetroxide (oxidizer)

	Scc/sec
	Standard cubic centimeters per second

	Scc/hr
	Standard cubic centimeters per hour

	SDO
	Solar Dynamics Observatory

	SPL
	Sound Pressure Level


APPLICABLE DOCUMENTS

The following list represents all documents which will govern the design, construction, and testing of the thruster. If no revision or date is specified for the document, the latest issue at the time of contract release shall apply.

1.2.1 MILITARY DOCUMENTS

	MIL-PRF-27401
	Propellant, Nitrogen, Pressurizing Agent

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

	MIL-STD-13OL
	Identification Marking of U.S. Military Property

	MIL-STD-889B
	Dissimilar Metals

	MIL-STD-810F
	Environmental Test Method

	MIL-T-9047G
	Titanium and Titanium Alloy Bar and Forging Stock

	MIL-STD-1540B
	Test Requirements for Space Vehicles

	MIL-HDBK-5J
	Metallic Materials and Elements for Aerospace Vehicle Structures

	MIL-STD-45662A
	Calibration System Requirements

	MIL-PRF-27415A
	Propellant Pressurizing Agent, Argon

	MIL-PRF-26539E
	Propellant, Nitrogen Tetroxide (MON 3, Low Iron)

	MIL-PRF-27404C
	Propellant, Monomethylhydrazine

	MIL-STD-453C
	Inspection, Radiographic

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

	ASTM E-595
	Standard Test Method for Total Mass Loss and Collected Volatile Condensable Materials From Outgassing in a Vacuum Environment

	EWR-127-1
	Range Safety


1.2.2 FEDERAL DOCUMENTS

	TT-I-735
	Isopropyl Alcohol


1.2.3 NASA DOCUMENTS

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

	NASA/JSC SP-R-0022A
	Vacuum Stability Requirements of Polymeric Material for Spacecraft Application


1.2.4 SDO DOCUMENTS

	464-SA-REQ-0001
	SDO Mission Assurance Requirements

	464-MECH-REQ-0007
	SDO Structural Analysis and Test Requirements Document

	464-SYS-REQ-0002
	Environmental Verification Requirements


2.0 GENERAL REQUIREMENTS

This section contains the functional and interface requirements for the 5-lbf bipropellant ACS thrusters.  In general, the ACS thrusters will consume a maximum of TBD kg of propellant.  The ACS thrusters are used to provide attitude during orbit transfer maneuvers, stationkeeping, momentum unloading, and de-orbit, as well as other backup and contingency modes.

2.1 INTERFACE DEFINITION

This paragraph shall define the interfaces required between the thruster and the rest of the propulsion subsystem

2.1.1 PROPELLANTS

The propellants used shall consist of the fuel, monomethylhydrazine per MIL-PRF-27407C, and the oxidizer, Nitrogen Tetroxide (MON 3, Low Iron) per MIL-PRF-26539E, each of which has been passed through a 5 (m filter during propellant loading.

2.1.2 TEST FLUIDS

The thruster shall be capable of being flushed with test fluids for flow testing, propellant flushing, and calibration.  The solvents are isopropyl alcohol per TT-I-735 or distilled water per JSC-SPEC-C-20C for the fuel system and distilled water for the oxidizer system.  All solvents shall be passed through a 5 (m filter prior to entry into the thruster.

2.1.3 ELECTRICAL INTERFACES

In the event of an electrical power failure or component failure, the thruster valves shall shut down safely, meaning in the closed position.  If the valves are closed they shall remain closed, if they are open they shall return to the closed position.  Electrical power shall be required only during thruster operation.  The supplier shall supply NASA all electrical characteristics of the thruster for integration purposes.  These include, but are not limited to resistance, inductance, wire size, power draw, and minimum and maximum operating voltages for all electrical thruster components.

2.1.3.1 IGNITION PROOF

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

2.1.3.2 VOLTAGE RANGE

The thruster shall operate with a voltage range of 15 to 35 Vdc each for the pair of oxidizer valves and the pair of fuel valves in series.  The thruster shall have two fuel and two oxidizer valves in series, and one fuel valve will be wired in series with one oxidizer valve.  There will also be primary and redundant valve coils, and the primary and redundant valve coils shall be wired in the same way.

2.1.4 MECHANICAL INTERFACE

The mounting for the thruster shall allow for mechanical alignment of the angle on the spacecraft.  The mounting shall be documented on the thruster drawing and shall be able to handle all mechanical and thermal environments called out in this specification.  The propellant inlets shall be tubes with 0.250 inch OD with a 0.028 inch wall thickness, and the material shall be 3Al-2.5V Titanium, with lengths of no less than 2.0 inches.

2.1.5 THERMAL INTERFACES

The in-flight thermal control of the inactive thruster during flight is the responsibility of NASA.  The supplier is responsible to perform firing and soakback thermal analysis, and the thruster thermal model.  Conduction isolation and if necessary a heat shield for radiation isolation will be provided between the thrust chamber and the spacecraft.  The nozzle exit plane will radiate to a 4 (K (TBR) environment.  The thruster injector will be controlled between 0 (C (32 (F) and 70 (C (158 (F) (TBR) during inactive portions of flight.  The temperature of the solenoid valves will be controlled between 0 (C (32 (F) and 70 (C (158 (F) (TBR) during inactive portions of the flight.

2.2 MAJOR COMPONENTS LIST

The thruster shall consist of four valves, a thrust chamber, a nozzle, the necessary interface bracket(s), valve cabling, and a mounting interface with the spacecraft.  As discussed below, a heat shield may also be provided by the supplier.

THRUSTER CHARACTERISTICS

The thruster shall provide thrust, when commanded by a flight control subsystem, for S/C attitude control, stationkeeping, momentum unloading, and de-orbit, and in backup modes tipoff correction and orbit rasing.

2.3 PERFORMANCE CHARACTERISTICS

The thruster shall be capable of providing a total impulse consistent with the requirements of this specification when supplied with saturated MMH per MIL-PRF-27407C and saturated Nitrogen Tetroxide (MON 3, Low Iron) per MIL-PRF-26539E, and pressurized with gaseous helium per MIL-PRF-27407B.  The thruster shall be capable of sustained operation as commanded under the following conditions: inlet pressure from 140 to 290 psia, MR from 1.3 to 1.9, and propellant temperature from 0 to 50 (C (TBR).

2.3.1 MISSION LIFE

The useful life of the thruster shall be five (5) years of empty storage, handling and test under the applicable environmental conditions specified herein; 6 months storage with the spacecraft fueled but the thruster valves not wetted; 5 years of life on orbit.

2.3.2 PROPELLANT TEMPERATURE

The thruster shall be capable of operating at any propellant temperature between 0 (C and 50 (C (32 (F and 122 (F) (TBR).

2.3.3 INLET PRESSURE

The thruster shall be capable of operating at any inlet pressure from 0.965 MPa to 2.0 MPa (140 psia to 290 psia) (TBR).

2.3.4 MIXTURE RATIO

The thruster shall be capable of operating over any oxidizer/fuel mixture ration between 1.30 and 1.90.

2.3.5 THRUST

The steady state thrust level shall be at least 22.2 N (5 lbf) at nominal operating conditions.  The Vendor will provide thrust curves.

2.3.6 THRUST REPEATABILITY

The flight thruster shall have an average steady state thrust level within ( 5% of the average thrust level of the qualification units.

2.3.7 OPERATION CYCLE

The thruster shall be capable of meeting the performance requirements of Section 3.1 while operating in the continuous mode (steady state operation of 1 second or longer).

2.3.8 FIRING DURATION

The thruster shall be capable of continuous firing durations of up to and including 6000 seconds (TBR).  The thruster shall be capable of a minimum of 18000 seconds of steady state operation (TBR).

2.3.9 IMPULSE UNCERTAINTY

For continuous firings lasting 10 seconds or longer, the total impulse uncertainty shall be less than ( 4% (3() (TBR).

2.3.10 THERMAL CYCLES

The thruster shall be capable of 10000 (TBR) starts at nominal conditions.

2.3.11 SPECIFIC IMPULSE

The nominal vacuum specific impulse, for a 10 second or longer firing, at standard conditions of 21.1 (C (70 (F) and 1.62 ( 0.035 mixture ratio shall be 294 seconds (TBR) at an inlet pressure of 1.62 MPa (235 psia) (TBR), and the minimum (3() vacuum specific impulse over those operating conditions shall be 290 seconds.  The supplier shall deliver specific impulse graphs and equations that cover the entire operational envelope (mixture ratios, pressures, temperatures, etc.) of the thruster, for nominal and ( 3( performance.

2.3.12 MIXTURE RATIO

The thruster shall be capable of operating within and O/F mixture ratio range of 1.30 to 1.90 (TBR).  The mixture ratio of the thruster during normal operating conditions of 1.62 MPa (235 psia) supply pressure and 21.1 (C (70 (F) propellant temperature shall be 1.65 ( 0.035 (TBR).  The supplier shall provide graphs and equations of mixture ratio variations due to pressure and temperature differentials.

2.3.13 VALVE INLET PRESSURE

The pressure at the fuel and oxidizer inlets shall be almost the same.  The thruster shall include trim orifices as required to balance the flow into the injector.

2.3.14 ROUGHNESS

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

2.3.15 GAS INGESTION

The thruster shall be capable of continuous mode operation when up to 150 cm3 (9.15 in3) of helium at 1.62 MPa (235 psia) (TBR) is immediately upstream of either or both of the propellant valves prior to firing.

2.3.16 HELIUM SATURATED PROPELLANT

The thruster shall be capable of operating within the requirements of this specification with fuel and oxidizer that is saturated with helium.

2.3.17 ASSEMBLY EXTERNAL LEAKAGE

There shall be no detectable external propellant or operational liquid (test fluid, etc.) leakage.  The external gas leakage at the mechanical joint of the valve to thrust chamber interface shall be leak checked using helium at 1.63 MPa (235 psia) (TBR), per MIL-PRF-27401B as a pressurant.  Leakage shall be < 1(10-6 sccs GHe.

2.3.18 PROPELLANT VALVE CHARACTERISTICS

The thruster valves shall be of the direct-acting solenoid type with dual independent coils and dual seats.  The voltage signal supplied to actuate the valves will be 15 to 33 VDC.  Nominal valve operation shall be with two coils energized.  The valve characteristics listed in Table 1 shall be provided when interconnected as shown in Figure 1.

Table 1: Valve Characteristics

	Coil resistance, each coil @ 21.1 (C (70 (F)
	20 ( 0.8 ( (TBR)

	Minimum actuating voltage
	15 Vdc (TBR)

	Minimum dropout voltage
	To be determined by vendor

	Maximum continuous voltage without flow of propellant or gases
	TBD V for TBD min.

	Maximum opening time @ 1.62 MPa (235 psia)
	100 ms

	Maximum closing time @ 1.62 MPa (235 psia)
	100 ms

	Pressure operating range
	0.965 MPa to 2.0 MPa (140 psia to 290 psia) (TBR)

	Pre-fire temperature operating range
	0 (C and 50 (C (32 (F and 122 (F) (TBR)

	Power Draw
	< 60 W at maximum voltage and temperature


Figure 1: Thuster Valve Connections


2.3.18.1 VALVE PROOF PRESSURE 

The valves shall meet performance requirements after being subjected to a proof pressure of 5.171 MPa (750 psia) (TBR) for 5 minutes with the valve open.

2.3.18.2 VALVE BURST PRESSURE

The valves shall be designed to withstand an internal pressure of 8.274 MPa (1200 psia) (TBR) for 2 minutes without structural collapse or failure with the valve open.

2.3.18.3 INSULATION RESISTANCE

The insulation resistance shall be greater than 100 M( when measured at 21.1 ( 10 (C (70 ( 18 (F) with a potential of 500 ( 50 VDC applied between the shorted coil leads and the case (TBR).

2.3.18.4 EXTERNAL LEAKAGE

The external leakage of the valves in the open position when pressurized internally to 2.0 MPa (290 psia) at 21.1 (C (70 (F) shall not exceed 1(10-6 scc/sec GHe to moderate a vacuum of 0.67 Pa (5(10-3 torr) or less (TBR).  The leak detector shall have a sensitivity of better than 1(10-7 scc/sEC GHe.

2.3.18.5 INTERNAL LEAKAGE

There shall be a maximum leakage of 3 scc/hr when the valve seat is pressurized with GN2 at 1.62 ( 0.034 MPa (235 ( 5 psia) at 21.1 (C (70 (F) (TBR) at the following steps of manufacture:

a. Pre-vibration, Item 5, Table 18
b. Post-vibration, Item 7, Table 18
c. Pre-delivery, Item 9, Table 18
2.3.18.6 PULL-IN VOLTAGE

The pull-in voltage shall not exceed 15 VDC (TBR) at a valve temperature of 121.1 (C (250 (F) (TBR).

2.3.18.7 DROP-OUT VOLTAGE

The drop-out voltage shall be 1 V or greater (per coil) at MEOP and 121.1 (C (250 (F) (TBR).

2.3.18.8 OPENING AND CLOSING RESPONSE TIME

Opening and closing response time repeatability shall be within (10%, 3( at MEOP and 21.1 (C (70 (F).

2.3.18.9 CLEANLINESS

The valve cleanliness shall be determined after performance testing per the requirements of Section 3.7.2.  If necessary, cleaning is permitted until allowable particulate levels have been reached.  However, the valve shall be retested for internal leakage per Section 3.1.18.5 after cleaning.

2.3.18.10 WIRES

The valve wires shall be twisted and shielded.  Length shall be > 1m.  Wires shall be color coded per the appropriate drawing.

2.4 PHYSICAL CHRACTERISTICS

This section contains the required physical characteristics of the thruster.

2.4.1 MASS PROPERTIES

The mass of the thruster shall not exceed 4 kg.  The mass shall be measured to 0.1 kg.  The CG shall be calculated and indicated on the interface drawing.

2.4.2 PROOF AND BURST PRESSURE

The thruster shall have a proof pressure of not less than 1.5 times the maximum chamber pressure, and a minimum burst pressure of 4 times the maximum chamber pressure, with the propellant valves open and the nozzle throat plugged (TBR).

2.4.3 PROPELLANT FILTRATION

The thruster valves may include propellant filters.  Propellants shall be supplied to the inlet of the propellant valves after having been filtered to the following cleanliness levels in Table 2 (per IEST-STD- CC1246D)

Table 2: Particle Count Limits

	Particle Range
	Maximum Number of Particles per 100 mL

	5 – 10 (m
	265

	10 – 25 (m
	78

	25 – 50 (m
	11 (no metals)

	50 – 100 (m*
	1 (no metals)

	Over 100 (m
	0

	Note: There shall be no metallic particles larger than 25 (m.


2.4.4 ALIGNMENT

The alignment of the nozzle centerline shall be perpendicular to the mounting flange within 0.1( of arc (TBR), this information shall be provided to NASA.  The thrust vector shall be measured to within ( 0.2( (with respect to the nozzle center line) during acceptance testing.  This information shall be provided to NASA to allow thruster alignment on the spacecraft.

2.5 MISSION APPLICABILITY

The supplier shall verify that the thruster is designed and qualified for all the environmental and operational requirements in this specification.  The vendor shall meet with NASA to review the operational implementation of the thruster to verify mission applicability.  The supplier shall have the responsibility to seek clarification in the case of unclear, conflicting, or non-value added requirements or operational parameters that may pose a risk to the thruster’s performance and/or safety and mission success.

2.6 ENVIRONMENTAL CONDITIONS

The following specifications are from 464-MECH-REQ-0007, which is a document written to define the mechanical loads for all components, as well as primary structures and instruments.  It shall be up to the vendor and GSFC to determine what requirements are applicable to each component, and how compliance shall be demonstrated.

2.6.1 LOADS

SDO components shall demonstrate the ability to survive interface limit loads of Table 3.  Loads are considered to act in any direction.

Although the limit loads of Table 3 attempt to account for dynamic loading, use of these values does not eliminate the need to consider the dynamic environments in design and analysis.
Table 3: Component Limit Loads
	Component Mass

	Limit Loads

	Less than 11 lbs (5 kg)
	40.0 g’s vector in any direction

	Between 11 lbs (5 kg) and 22 lbs (10 kg)
	30.0 g’s vector in any direction

	Between 22 lbs (10 kg) and 44 lbs (20 kg)
	21.0 g’s vector in any direction

	Above 44 lbs (20 kg)
	18.0 g’s vector in any direction


2.6.2 GROUND HANDLING LOADS

SDO hardware and MGSE shall demonstrate the ability to survive ground handling limit loads of Table 4.

Table 4: MGSE Limit Loads
	Type of MGSE
	Limit Load Factor in g’s

	
	Vertical (4)
	Lateral (5)
	Longitudinal
	Tipping (3)

	Slings
	1.6
	N/A
	N/A
	0.5

	Dollies
	1.6
	0.5
	N/A
	0.5

	Transportation (1,2)
	+4.5/-2.0
	1.5
	3.0
	0.5

	Work Platform
	1.0
	0.5
	N/A
	0.5


(1) Positive (+) indicates down for vertical loading

(2) Longitudinal is in direction of travel

(3) Applied separately

(4) Vertical is parallel to gravity vector

(5) Lateral is any vector perpendicular to gravity vector.  For transportation lateral is vector perpendicular to both gravity and direction of travel.

2.6.3 SINE VIBRATION 

SDO components shall demonstrate the ability to survive sinusoidal limit loads.

2.6.4 SHOCK

The thrusters shall be capable of withstanding the predicted shock levels (tbd)
.

2.6.5 MINIMUM NATURAL FREQUENCY

The thrusters shall have a minimum frequency of greater than 50 Hz when hard constrained at its interface to the spacecraft structure.  Flexures are considered as part of the main engine.

2.6.6 ACOUSTIC ENVIRONMENT

SDO components shall demonstrate the ability to survive the acoustic environment described in Table 5.

Table 5: Acoustic Limit Sound Pressure Levels (SPL)

(re: 20 Pa)
	1/3 Oct. Center Freq. (Hz)
	Delta IV Med

(dB)
	Atlas V 401

(dB)

	32
	119.5
	119.5

	40
	122.5
	125.0

	50
	125.2
	124.5

	63
	126.3
	126.0

	80
	128.0
	127.5

	100
	129.0
	129.0

	125
	130.0
	130.5

	160
	130.0
	131.0

	200
	130.0
	132.0

	250
	130.0
	131.5

	315
	130.0
	131.0

	400
	129.5
	130.5

	500
	128.0
	130.0

	630
	125.0
	128.5

	800
	123.0
	127.0

	1000
	121.0
	124.0

	1250
	119.5
	122.0

	1600
	118.0
	120.5

	2000
	116.5
	121.0

	2500
	115.0
	118.0

	3150
	113.5
	117.5

	4000
	112.0
	115.5

	5000
	110.5
	114.5

	6300
	109.0
	113.5

	8000
	107.5
	114.0

	10000
	106.0
	114.5

	OASPL
	140.0
	141.2


2.6.7 RANDOM VIBRATION ENVIRONMENTS

SDO components shall demonstrate the ability to survive the envelope of the random vibration limit levels of Table 7, with appropriate factor.  Levels are to be applied in each component axis separately.

Flexure mounted components shall demonstrate that electronics, within the item, can survive the minimum workmanship levels of Table 6.

Table 6: Component Random Vibration Limit Levels

(Weight < 50lbs)

	Axis
	Frequency
	Limit Level*

	All
	20 Hz

20-50 Hz

50-800 Hz

800-2000 Hz

2000 Hz
	0.013 g2/Hz

+6 dB/octave

0.08 g2/Hz

-6 dB/octave

0.013 g2/Hz

	
	Overall
	10.0 grms


* The environment is from General Environmental Verification Specification (GEVS-SE).  The GEVS-SE levels may be reduced, in accordance with GEVS-SE, for items weighing more than 50 lbs.  

2.6.8 VENTING REQUIREMENTS

SDO components, not having a minimum of 0.25 square inches of vent area for each cubic foot volume, shall demonstrate the ability to survive the maximum pressure profiles described in the Figure 2 and Figure 3.
Figure 2: Delta IV Payload Fairing Compartment Absolute Pressure Envelope

(Figure 4-4 from Delta IV PPG)
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Figure 3: Atlas V Typical Static Pressure Profiles inside the Payload Fairing

(Figure 3.2.6-3 from Atlas V PPG)
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2.6.9 TEST FACTORS

The factors shown in Table 7 shall be used in the testing of the SDO hardware.  

Table 7: Test Factors and Durations

(GEVS-SE Table 2.2-2)

	Test
	Prototype Hardware
	Protoflight Hardware
	Flight Hardware

	Structural Loads

Level

Duration

Centrifuge

Sine Burst (1)
	1.25 X Limit Load

1 Minute

5 Cycles Full Level/Axis
	1.25 X Limit Load

30 Seconds

5 Cycles Full Level/Axis
	Limit Load

30 Seconds

5 Cycles Full Level/Axis

	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 (2)
	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 Actuation/Axis
	1 Actuation

Limit Level

1 Actuations/Axis


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

(2) Unless otherwise specified, these sine sweep rates apply.
THERMAL REQUIREMENTS

2.6.9.1 THERMAL DEFINITIONS

2.6.9.1.1 PREDICTED MOUNTING SURFACE TEMPERATURES*
The maximum and minimum predicted mounting surface temperatures are the highest and lowest temperatures that can be expected to occur at the thruster’s mounting interface.

2.6.9.1.2 ACCEPTANCE TEMPERATURE*
The acceptance temperature range is defined as maximum and minimum temperatures that the thruster is designed to operate within.

2.6.9.1.3 QUALIFICATION TEMPERATURE*
The qualification temperature range is defined as maximum and minimum temperature range that the thruster is qualified to operate within.  The qualification temperature range shall be at least ( 10 (C beyond the acceptance temperature range.

2.6.9.1.4 SURVIVAL TEMPERATURE*
The survival temperatures are the maximum and minimum temperature that the thruster can tolerate without permanent degradation of the performance or any component failure.

2.6.9.1.4.1 OPERATING SURVIVAL TEMPERATURE*
The operating survival temperature is that temperature range in which the thruster shall operate for a sustained period of time without permanent degradation or component failure.  The unit need not meet performance requirements except those requirements which, if violated, may cause permanent degradation or which may shorten mission life.

2.6.9.1.4.2 NON-OPERATING SURVIVAL TEMPERATURE*
The non-operating survival temperature is that temperature range in which the non-operating thruster shall be for a sustained period of time without permanent degradation or component failure.  The thruster shall not be in contact with fuel or oxidizer.

2.6.9.2 THERMAL SENSORS

The supplier may elect to provide, or install NASA provided temperature sensors.  The vendor shall provide drawings with suggested mounting locations.  The thruster shall have 2 temperature sensors on each valve and at least 2 temperature sensors on the injector.  If possible, test firings shall include flight temperature sensors.

2.6.9.3 THERMAL TESTS

Thermal vacuum-testing shall be performed with the thruster mounted in a manner which thermally simulates its attachment to the spacecraft structure, including heat shield.  The unit shall be sufficiently instrumented to ensure measurement of realistic unit maximum and minimum temperatures.  Thermal vacuum testing shall be demonstrated by the qualification and acceptance hot-fire performance tests.  NASA will supply drawings of spacecraft mounting hardware.

2.6.9.4 THERMAL HEATERS

The supplier or NASA will provide heaters for the valves and injector.  Either the supplier or NASA will attach the heaters.  The supplier shall specify appropriate mounting locations.

2.6.9.4.1 TEMPERATURE EXTREMES

The thruster shall be tested for performance over the qualification temperature extremes, and the unit shall be designed to survive without degradation the survival temperatures listed in Table 8 (TBR).

Table 8: Temperature Extremes

	Acceptance, (C 
	Qual., (C
	Operating Survival (C
	Non-Operating Survival (C

	Injector (pre-fire)

	0 to 60
	-10 to 70
	To be supplied by vendor
	To be supplied by vendor

	Valve (pre-fire)

	0 to 60
	-10 to 70
	To be supplied by vendor
	To be supplied by vendor

	Propellant temperature

	0 to 40
	-10 to 50
	To be supplied by vendor
	N/A

	Valve (during operation)

	To be supplied by vendor
	To be supplied by vendor
	To be supplied by vendor
	N/A

	Injector (during operation)

	To be supplied by vendor
	To be supplied by vendor
	To be supplied by vendor
	N/A


2.6.9.4.2 HEATERS

The thruster shall be designed to be compatible with the heater requirements summarized in Table 9.

2.6.9.4.3 THERMAL BLANKETS

The thruster shall be compatible with thermal blanket requirements as summarized in Table 9.

Table 9: Thruster Thermal Characteristics

	Unit heat power
	11.0 Watts into mounting flange (TBR)

	Unit thermal blankets
	10 layers over valves (NASA will supply) (TBR)

	Valve heater power
	TBD Watts per valve


2.6.9.4.4 HEAT SHIELD

The vendor shall provide a thermal analysis of the thruster during operation.  The NASA team will use this analysis to design, if necessary, a heat shield to protect sensitive spacecraft components.  As an option, the vendor may elect to propose a vendor-provided heat shield design and thermal analysis.  Spacecraft temperature requirements, geometry, and candidate heat shield designs shall be coordinated with NASA.  All test firings shall include the heat shield, be it NASA or vendor supplied.

2.6.10 AMBIENT PRESSURE REQUIREMENTS

The thruster shall be designed to operate in the vacuum of space and in the test chamber.  Test chamber pressure shall be recorded.  Thruster performance shall be corrected for chamber pressure as required.

2.6.11 RADIATION REQUIREMENTS*
2.6.11.1 TOTAL DOSE RADIATION*
The thruster shall survive and operate within specification after exposure to an enhanced total dose environment TBD.
2.6.11.1.1 TEFLON*
The use of Teflon shall be limited to areas sufficiently shielded to less than 1.5 MRad total dose radiation (TBR).

2.6.11.2 ELECTRICAL RESISTIVITY AND GROUNDING*

2.6.11.2.1 THRUSTER SURFACE RESISTIVITY*
The outer surface of the thruster shall have:

a) a surface resistivity of less than 1(109 (/cm2 (TBR) and/or

b) a bulk resistivity of less than 1(1011 ((cm (TBR)

2.6.11.2.2 GROUNDING*
The thruster exterior surfaces shall be capable of being grounded to the mounting bracket with a resistance of less than 1(109 ( (TBR) measured between any point on the chassis surface and mounting structure.

2.6.12 OUTGASSING*
The thruster shall meet the NASA outgassing requirement as specified in NASA/JSC SP-R-0022A.  Materials selected must meet the requirements of the ASTM E-595 Test, according to which total weight loss (TWL) < 1.0% and volatile condensable material (VCM) < 0.1% at 125 (C (257 (F) for 24 hours (TBR).

2.6.13 HUMIDITY

The thruster shall be designed and integrated in such a manner that no permanent degradation shall be caused when the unit is built, assembled, tested, and stored in one of the following environments:

a) Components in air with the relative humidity maintained between 30 and 50% (TBR).

b) Component is stored in a dry nitrogen gas purge environment.

2.7 TRANSPORTABILITY

Equipment shall be designed to be transported by common carrier.  Special packaging will be used as necessary to assure that transportation methods do not impose design penalties on the thruster.  The thruster shall tolerate the following transport environment without degradation.

2.7.1 TEMPERATURE

Air temperature surrounding the thruster will range from -54 (C (-65 (F) to 66 (C (150 (F) (TBR) during shipping, handling, storage, or when assembled to the vehicle propellant feed system.

2.7.2 ALTITUDE

Altitudes to 15.24 km (50 000 ft) above sea level will be experienced by the thruster during air shipment.

2.7.3 HUMIDITY

Relative humidity of up to 95% (TBR), including the conditions of condensation in the form of water or frost, may be encountered.

2.8 DESIGN AND CONSTRUCTION

The thruster shall be designed and qualified for space vehicle use.  Previously qualified space components shall be used whenever possible if they are applicable to the specific SDO environments and operational scenarios.

2.9 MATERIALS, PROCESSES, AND PARTS

2.9.1 MATERIALS COMPATIBILITY

The thruster shall be fabricated from materials that are compatible with MMH (MIL-P-27404C) and MON-3 (MIL-PRF-26539E).  Supplier’s and lower-tier subcontractor’s specifications and standards for materials and processes shall be submitted for review to NASA.  The materials from which each component is fabricated shall be specified on the appropriate drawings.  Dissimilar metals per MIL-STD-889B shall be avoided.

2.9.1.1 IRON NITRATE FORMATION

All wetted materials in the inlet tube and valves that may be exposed to propellant shall be identified by the supplier.  The following information shall be provided for each part:

a. Material

b. Passivation/surface treatment

c. Surface area

d. Fluid volume adjacent to the part

2.9.2 CLEANING

NASA shall approve all passivating and cleaning processes prior to use on any delivered thrusters.  Each subassembly shall be cleaned to the level such that each 100 mL of fluid when removed from the unit shall contain particles less than or equal to those shown in Table 2.

2.9.3 MOISTURE AND FUNGUS RESISTANCE

Whenever possible, fungus nutrient materials shall not be used.  When the use of fungus nutrients is required, they shall be adequately protected from fungus attack.  The use of fungus or moisture preventative coating what will crack or ship during normal handling or maintenance operations is prohibited.

2.9.4 DESIGN CHARACTERISTECS

2.9.4.1 CONFIGURATION

The thruster shall consist of a nozzle, thrust chamber, two valves, plus heater(s) and temperature sensor(s), and the bracket(s) to mount the heater(s) and temperature sensor(s).  NASA may provide and the supplier will install the heater(s) and temperature sensor(s).  Heater(s) and temperature sensor(s) will be part of the thruster assembly during thruster testing.  Failure of the heater(s) or temperature sensor(s) shall not be grounds for failing the thruster qualification.

2.10 NAME PLATES AND MARKINGS

Identification of the thruster shall be in accordance with MIL-STD-13OL.  The thruster and valve part numbers and serial numbers shall be readable and visible without disassembly of the unit.

2.11 WORKMANSHIP

Workmanship shall be of the highest quality consistent with the requirements of this specification.  Special attention shall be paid to requirements for soldering, welding, wiring, marking of parts and assemblies, riveting, painting, plating, machining, and mechanical assembly.  All parts shall be clean and free of dirt, excess solder or weld material or other foreign material.  There shall be no sharp corners or edges.  All parts and assemblies shall conform to the released engineering drawings.  

2.12 INTERCHANGEABILITY

The thruster shall be capable of being replaced without requiring adjustments to the propellant feed system.

2.12.1 VALVE INTERCHANGEABILITY

The fuel or oxidizer valve(s) of any thruster shall be interchangeable with the corresponding fuel or oxidizer valve(s) of any other thruster and shall operate within the limits of the specified pressure drops at a given flow rate.

2.13 SAFETY

The equipment shall be designed, fabricated and marked in such a manner that prescribed operation and handling will present no safety hazard to personnel.

2.14 QUALIFICATION INSPECTION

All inspections and tests shall be subject to witnessing by authorized representatives of NASA.  Such witnessing shall be conducted on a non-interference basis.  The supplier shall notify NASA 1 week before major thruster tests.

2.15 PROTECTIVE COVERS

The supplier shall provide 

1) Protective covers to prevent incidental damage to the thrust chamber and nozzle during I&T,

2) A cover to keep contamination out of the nozzle.

ALL protective covers shall be red and shall say “REMOVE BEFORE FLIGHT.”

2.16 ALIGNMENT FIXTURE

The supplier shall design and provide a fixture for measuring the alignment of the thruster’s nozzle on the spacecraft.  The fixture shall make use of mirrors for optical measurement of the nozzle orientation to within ( 0.1(.  The design shall be coordinated with NASA.

2.17 TEST PLUG

For valve testing purposes, the supplier shall provide a nozzle plug that seals against the nozzle such that valve leakage and flow testing may be performed.

3.0 QUALITY ASSURANCE PROVISIONS

3.1 GENERAL

Performance, design, and construction requirements specified in Section 2.0 and Section 3.0 shall be verified by the supplier in accordance with Statement of Work 464-PROP-LEGL-0021 according to the provisions of this section.  Verification of these requirements shall establish acceptance of the bipropellant thruster assembly.

3.1.1 RESPONSIBILITY FOR TESTS

The supplier shall be responsible for all tests required to ensure that the thruster will meet the qualification and acceptance requirements of this specification.

3.1.2 PHILOSOPHY OF TEST

3.1.2.1 VERIFICATION METHOD

The Section 2.0 and Section 3.0 requirements shall be verified in accordance with one of the following methods:

a) Not applicable

b) Inspection

c) Analysis

d) Demonstration

e) Test

3.1.2.1.1 NOT APPLICABLE

Those Section 2.0 and Section 3.0 paragraphs that are identified by title only, paragraphs that reference subparagraphs, and paragraphs that contain reference information shall be identified in this manner.

3.1.2.1.2 INSPECTION

The seller’s inspection shall include such visual and mechanical examination and testing of materials, subassemblies, parts, and accessories, including source items, during the process of manufacture as may be required to assure that the complete unit will meet all the requirements of this specification.  All parts, subassemblies or assemblies which deviate from the requirements of the applicable drawings or applicable specifications shall be submitted to NASA for acceptance or rejection.

3.1.2.1.2.1 X-RAY INSPECTION

Critical areas of each finished thruster assembly shall be subjected to visual inspection and X-ray inspection per MIL-STD-453C.  All welds shall be fabricated to the requirement of a NASA approved subcontractor specification.  Where X-ray inspection is not practical, vendor shall submit his intended inspection method for NASA concurrence.

3.1.2.1.3 ANALYSIS

The thruster design shall be supported by formal written analyses, as required by Section TBD, demonstrating the ability of the unit to meet the specified performance over its life.  The analyses shall include, but not be limited to, performance, thermal, mechanical stress, thermal cycles, valve cycles, wearout/life, FMEA, failure rate, and worst case analyses.  The analysis shall consist of applying empirical/theoretical relationships between conditions, facts, and test data to predict compliance with the specified requirement.  The use of previous test data for verification by similarity of design shall be permitted where applicable

3.1.2.1.4 DEMONSTRATION

Demonstration shall consist of making observations on a qualitative basis for compliance with the specified requirements.

3.1.2.1.5 TEST

Test shall consist of making observations or measurements on a quantitative basis for compliance with the specified requirements.

3.1.2.2 TEST REQUIREMENTS

3.1.2.2.1 GENERAL TEST AND GROUND RULES

3.1.2.2.1.1.1 TEST FACILITIES

The seller may use their own or any other NASA approved test facilities.

3.1.2.2.1.1.2 TEST EQUIPMENT

Test equipment used to assure thruster performance within the requirements of this specification shall have an accuracy of at least an order of magnitude better than that stated for test requirements.  All instrument calibrations and certifications shall occur at intervals approved by NASA.  Furthermore, pre-test and post-test calibrations of all recording equipment shall be made.  For prolonged tests, equipment calibrations shall be verified at the beginning and at the end of each work shift or at the beginning and at the end of each endurance test.

3.1.2.2.1.1.3 TOLERANCES

Unless otherwise specified, the maximum allowable tolerances on test condition measurement shall be as listed in Table 10 (TBR).

Table 10: Test Measurement Tolerances

	Temperature
	(2.0%

	Pyrometer measurement
	(1.5%

	Pressure
	(0.5%

	Flow
	(2.0%

	Vacuum level
	(5%

	Random vibration PSD
	(1.5 dB

	Random vibration RMS acceleration
	(0.5 dB

	Frequency
	(2%

	Acceleration amplitude
	(10%

	Thrust
	(1.0% of full scale


3.1.2.2.1.1.4 TEST AREA STANDARD CONDITIONS

For the purpose of this specification, standard test area condition shall be as listed in Table 11 (TBR).

Table 11: Test Area Standard Conditions

	Temperature
	21.1 ( 3.9 (C (70 ( 7 (F)

	Relative humidity
	55% or less

	Barometric pressure
	Test area ambient (except hot-fire tests and thermal vacuum tests)


3.1.2.2.1.1.5 ENVIRONMENTAL CONTROL

3.1.2.2.1.1.5.1 TEMPERATURE

The tests shall be conducted over an inlet propellant temperature range from -1.1 (C (30 (F) through 54.4 (C (130 (F) in order to demonstrate thruster characteristics (TBR).

3.1.2.2.1.1.5.2 AMBIENT PRESSURE

Firing tests shall be conducted with the thruster exposed to a pressure altitude of at least 36.58 km (120 000 ft), which shall be maintained throughout the test (TBR).

3.1.2.2.1.1.5.3 DATA ACQUISITION AND REDUCTION REQUIREMENTS

Data acquisition and reduction requirements shall be as specified in Table 12.  Data shall be recorded furnished to NASA after completion of all qualification and acceptance firings.

Table 12: Required Test Measurements

	Measurement
	Symbol
	Units
	Anticipated Range
	Overall Accuracy (() (4)
	Sampling Rate (s/sec, minimum)

	Fuel flow
	Wfuel
	g/sec
	0 – 0.300
	1.5%
	100

	Oxidizer flow
	Wox
	g/sec
	0 – 0.300
	1.5%
	100

	Chamber pressure
	Pc
	Psia
	0 – 150
	0.75%
	1000

	Thrust
	F
	Lb
	0 – 150
	1.0%
	1000

	Fuel manifold temperature
	Tm,fuel
	(F
	30 – 130
	2.0%
	≥100

	Oxidizer manifold temperature
	Tm, ox
	(F
	30 – 130
	2.0%
	≥100

	Fuel inlet temperature
	FIT
	(F
	30 – 130
	2.0%
	≥100

	Oxidizer inlet temperature
	OIT
	(F
	30 – 130
	2.0%
	≥100

	Fuel feed pressure
	FFP
	Psia
	0-400
	0.75%
	1000

	Oxidizer feed pressure
	OFP
	Psia
	0-400
	0.75%
	1000

	Cell ambient pressure
	Pa
	Psia
	0 – 0.5
	0.01 psia
	1000

	Nozzle exit area pressure
	Px
	Psia
	0 – 0.5
	0.01 psia
	1000

	Fuel quantity
	QF
	Lb
	(3)
	2.5%
	1000

	Oxidizer quantity
	QO
	Lb
	(3)
	2.5%
	1000

	Pyrometer data (1)
	Tch
	(F
	0-3000
	40.0 (F
	(3)

	Valve voltage (2)
	Ev
	Volts
	0 – 80
	0.05 V
	1000

	Valve current (2)
	Iv
	Amperes
	0 – 2
	0.01 A
	1000

	Flange Temperature
	Tf
	(F
	0 – 500
	10.0 (F
	≥100

	Chamber Temperature
	Tc
	(F
	0 – 2000
	2%
	≥100

	Fuel valve temperature
	Tv, fuel
	(F
	0 – 300
	2%
	100

	Oxidizer valve temperature
	Tv, ox
	(F
	0 – 300
	2%
	100

	Notes

	(1)
	Pyrometer to be scanning type if available.

	(2)
	Valve voltage and current for each of 2 valves.

	(3)
	Determined by measurement setup.

	(4)
	Accuracies applied to digitally acquired data.


3.1.2.2.1.1.6 TEST DATA REQUIREMENTS

All transducers shall be of adequate frequency response to permit evaluation of time dependent variables.  Transducer selection and method of measuring and recording propellant flow rate data shall be provided to NASA.  Transducer calibration shall be in accordance with MIL-STD-45662A.  Pre-test and post-test calibration shall be made of all data channels and shall be part of the test data.

3.1.2.2.1.1.7 TEST APPARATUS

Firing tests shall be performed with the thruster mounted to the test fixture with a thermal resistance equal to or greater than spacecraft mounting hardware per Section 3.4.10.3, to simulate the thermal isolation between thruster and spacecraft.

3.1.2.2.1.1.8 CLEANLINESS

Valve cleanliness shall be determined after performance testing per the requirements of Section 3.7.2.  If necessary, cleaning is permitted until allowable particulate levels have been reached.  However, the valve shall be retested per Section 4.1.2.2.1.3.3.3 after cleaning.

3.1.2.2.1.1.9 POST-FIRING INSPECTION

After hot firing tests, each thruster shall be inspected internally and externally to check for damage, defects or other abnormal indications.  Inspections shall be performed per supplier provided, NASA approved procedure.

3.1.2.2.1.2 QUALIFICATION TESTS (Q)

Qualification tests shall be a one time test that demonstrates adequate margins exist in the final product to assure that specification requirements are met.  To accomplish this, the qualification levels shall be specified as the design levels unless specifically identified otherwise in this specification.  These qualification test levels shall be established to exceed a range of environments and stresses expected in any subsequent use ranging from acceptance testing through mission application.  For vibration testing, these margins shall further assure that repeated acceptance testing, if necessary, will not jeopardize the integrity of the hardware.  The qualification tests shall validate the planned acceptance test program including test techniques, test procedures, test environments, ground support test equipment, and computer software.

3.1.2.2.1.2.1 QUALIFICATION TEST FIRINGS

Thruster performance and life testing shall be demonstrated with a hot firing program meeting the minimum requirements of Table 13.

The oxidizer and fuel valve coils shall be cross-wired in series for all performance and life testing, per Figure 1.  The supply voltage shall be TBD VDC.

All performance testing shall be performed using NASA flight type thermal mounting hardware and/or designs approved by NASA.

The qualification test firings shall have been conducted per Table 13.

The temperature of the qualification thruster hot spot shall be monitored and recorded during qualification testing.  At least one thermal start where both the thruster and propellant are temperature conditioned to their respective maximums, 71.1 (C (160 (F) and 54.4 (C (130 (F), and one start at their respective minimums, -6.7 (C (20 (F) and -1.1 (C (30 (F), are required in the hot firing program (TBR).

Table 13: Qualification Test Firings

	
	Qualification

	Throughput (kg)
	450 (minimum) (TBR)

	Maximum steady state on time (sec)
	6000 (TBR)

	Cumulative steady state burn time (sec)
	18000 (minimum) (TBR)

	Thruster assembly and test sequence

	Acceptance
	X

	Qualification vibration
	X

	Hot Firing Test Matrix*
	A+B

	Valve post qualification leakage and response
	X

	*  Thermal testing shall demonstrate thruster performance over any valve and/or thruster temperature conditions which may result from operation under any duty cycle or initial temperature conditioning


Table 14: Thruster Qualification Test Matrix A

Propellants are to be conditioned to the requirements of test Matrix A at the start of each run.  Thrusters shall demonstrate performance and operation over the supply pressure ranges as noted.

	Qualification Test Matrix A

	Test
	Function
	Pm,ox psia
	Pm, fuel psia
	Propellant temperature
	Run duration (sec)
	Number of Runs

	1
	Nom. P
	235
	235
	70 ( 25
	60
	1

	2
	High P
	260
	260
	70 ( 25
	60
	1

	3
	Hot, High P
	286
	286
	130 +15, -5
	500 (1)
	1

	3a
	Hot, High P
	286
	286
	130 +15, -5
	60 (5)
	1

	3b
	Hot, Nom. P
	250
	250
	130 +15, -5
	60 (5)
	1

	3c
	Hot, Low P
	120
	120
	130 +15, -5
	60 (5)
	1

	4
	Cold, High P
	286
	286
	30 +0, -10
	500 (2)
	1

	5
	Cold, Low P
	120
	120
	40 +1, -10
	60 (2)
	1

	6
	Thruput
	235
	235
	70 ( 25
	3000
	3 (3)

	7
	Thruput
	225
	225
	70 ( 25
	3000
	1

	8 (4)
	Blowdown
	225 to 174
	225 to 174
	70 ( 25
	300
	1

	9
	High P Thruput
	286
	286
	70 ( 25
	1000
	1

	10
	Low P
	150
	150
	60 ( 10
	60
	1

	11
	Nom, Low MR
	(6)
	235
	60 ( 10
	60
	1

	12
	Nom, High MR
	235
	(7)
	60 ( 10
	60
	1

	13
	High P, Low MR
	(6)
	286
	60 ( 10
	60
	1

	14
	High P, High MR
	286
	(7)
	60 ( 10
	60
	1

	15
	Low P, Low MR
	120
	(8)
	60 ( 10
	60
	1

	16
	Low P, High MR
	(9)
	120
	60 ( 10
	60
	1

	Notes

	(1)
	Test to start with Tv, 0, Tv, f, Tc, 1, Tc, 2, Tf, 1, and Tf, 2 at 160 + 10, - 0 (F.

	(2)
	Thruster start shall be with Tv, 0, Tv, f at 20 +10, - 0 (F and Tc, 1, Tc, 2, Tf, 1, Tf, 2 at 20 + 5, -5 (F.

	(3)
	This test may be run in two runs: one run of 6000 sec and one run of 3000 sec.  Total test time of all runs to be 9000 sec.

	(4)
	Reduce pressure by 10 psi every 1000 ( 100 seconds until 174 psia is attained maintain at this level until 6000 seconds are accumulated

	(5)
	Test to start within 100 seconds of Tf, 1, Tf, 2, or Tv, 0, Tv, f, max resulting from prior test (maximum soakback).

	(6)
	Set Pm, ox to provide mixture ratio of 1.0 ( 0.05.

	(7)
	Set Pm, fuel to provide mixture ratio of 2.4 ( 0.05.

	(8)
	Set Pm, fuel to provide mixture ratio of 1.0 ( 0.05.

	(9)
	Set Pm, ox to provide mixture ratio of 2.4 ( 0.05.


Table 15: Thruster Qualification Test Matrix B

The following tests are to be performed with flight heaters, one on each of the two thruster valves and one on the injector.  Flight type heat shield and thermal stand-offs shall be used for this thruster installation into the altitude test chamber.  Tests shall start with valves and chamber flange at 153 +10, - 0 (F (TBR), valve and chamber heaters shall be powered throughout the testing at the power required to stabilize the thruster at 153 (F when at altitude.

	Qualification Test Matrix B

	Test
	Function
	Pm, ox psia
	Pm, fuel psia
	Propellant temperature, (F
	Run Duration
	Number of Runs

	1
	Long Cycle, High P
	250
	250
	100 + 10, - 0
	700 sec
	1 (10)

	1A
	Short Cycle, High P
	250
	250
	100 + 10, - 0
	60 sec
	5 (11)

	2
	Long Cycle, Low P
	140
	140
	100 + 10, - 0
	1000 sec
	1 (10)

	2A
	Short Cycle, Low P
	140
	140
	100 + 10, - 0
	60 sec
	5 (11)

	Notes

	(10)
	Test start condition injector 153 + 10, - 0 (F

	(11)
	Re-start at maximum thruster valve soakback on first three re-starts.  Last two re-starts to be made at maximum flange soakback temperature.


3.1.2.2.1.2.2 VALVE QUALIFICAITON TESTS

Qualification testing shall consist of the test specified in Table 16.

3.1.2.2.1.2.2.1 THERMAL

Valve performance shall be demonstrated in thruster hot firing qualification testing in Paragraph 4.1.2.2.1.2.1.

3.1.2.2.1.2.2.2 OVER VOLTAGE

The valve shall be exposed without gas or liquid flow (no cooling) to 32.5 VDC per coil applied continuously for 1 minute at 21.1 (C (70 (F).

Table 16: Qualification Test Requirements for Valves
	Test
	Reference

	Valve Acceptance Tests
	Table 16

	THERMAL
	4.1.2.2.1.2.2.1

	INTERNAL LEAKAGE
	3.1.18.5

	QUALIFICATION TEST FIRINGS
	4.1.2.2.1.2.1

	Post Hot Firing INTERNAL LEAKAGE
	3.1.18.5

	Burst Test
	3.1.18.2

	OVER VOLTAGE
	4.1.2.2.1.2.2.2


3.1.2.2.1.2.3 DATA ACQUISITION AND REDUCTION REQUIREMENTS

Data acquisition and reduction requirements shall be as specified in Table 17.  Data shall be recorded on magnetic tape in standard format and furnished to NASA, per SOW TBD, after completion of all qualification and acceptance firings.

Table 17: Required Test Measurements

	Measurement
	Symbol
	Units
	Anticipated Range
	Overall Accuracy (() (4)
	Sampling Rate (s/sec, minimum)

	Fuel flow
	Wfuel
	g/sec
	0 – 136.1
	1.5%
	100

	Oxidizer flow
	Wox
	g/sec
	0 – 136.1
	1.5%
	100

	Chamber pressure
	Pc
	psia
	0 – 150
	0.75%
	1000

	Thrust
	F
	N
	0 – 667.2
	1.0%
	1000

	Fuel manifold temperature
	Tm,fuel
	(C
	-1.1 – 54.4
	2.0%
	≥100

	Oxidizer manifold temperature
	Tm, ox
	(C
	-1.1 – 54.4
	2.0%
	≥100

	Fuel inlet temperature
	FIT
	(C
	-1.1 – 54.4
	2.0%
	≥100

	Oxidizer inlet temperature
	OIT
	(C
	-1.1 – 54.4
	2.0%
	≥100

	Fuel feed pressure
	FFP
	Psia
	0-400
	0.75%
	1000

	Oxidizer feed pressure
	OFP
	Psia
	0-400
	0.75%
	1000

	Cell ambient pressure
	Pa
	Psia
	0 – 0.5
	0.01 psia
	1000

	Nozzle exit area pressure
	Px
	Psia
	0 – 0.5
	0.01 psia
	1000

	Fuel quantity
	QF
	kg
	(3)
	2.5%
	1000

	Oxidizer quantity
	QO
	kg
	(3)
	2.5%
	1000

	Pyrometer data (1)
	Tch
	(C
	0-1648.9
	40.0 (F
	(3)

	Valve voltage (2)
	Ev
	Volts
	0 – 80
	0.05 V
	1000

	Valve current (2)
	Iv
	Amps
	0 – 2
	0.01 A
	1000

	Flange Temperature
	Tf
	(C
	0 – 260
	10.0 (F
	≥100

	Chamber Temperature
	Tc
	(C
	0 – 1093.3
	2%
	≥100

	Fuel valve temperature
	Tv, fuel
	(C
	0 – 148.9
	2%
	100

	Oxidizer valve temperature
	Tv, ox
	(C
	0 – 148.9
	2%
	100

	Notes

	(1)
	Pyrometer to be scanning type if available.

	(2)
	Valve voltage and current for each of 2 valves.

	(3)
	Determined by measurement setup.

	(4)
	Accuracies applied to digitally acquired data.


3.1.2.2.1.3 FLIGHT ACCEPTANCE TEST (F)

Acceptance tests shall be intended to demonstrate the flight worthiness of each thruster.  Acceptance tests shall demonstrate acceptable performance over the specified range of mission requirements.  The acceptance tests shall measure performance parameters and shall reveal inadequacies in the manufacturing process such as workmanship or material.  The performance parameters measurements should establish a baseline that can be used to assure that there are no data trends established in successive tests within specification limits that could result in unacceptable performance in flight.

3.1.2.2.1.3.1 ACCEPTANCE INSPECTION AND TEST

The following acceptance inspections and tests shall be performed by the supplier on each thruster that is delivered to NASA.  The supplier shall submit for NASA approval an acceptance test procedure prior to initiation of acceptance testing.

3.1.2.2.1.3.2 ACCEPTANCE INSPECTION

The thruster shall be inspected for drawing compliance and workmanship.  The thruster shall be examined to verify conformance with the requirements of this specification and with the requirements detailed on NASA drawing TBD.  Parts and assemblies shall be shown to have conformed to drawings and specifications at time of manufacture.

3.1.2.2.1.3.3 THRUSTER ACCEPTANCE TESTS

The supplier shall perform acceptance tests on each flight thruster per Table 18 and 
Table 19
.

3.1.2.2.1.3.3.1 VIBRATION TESTS

All thrusters, except the first flight thruster, shall be vibrated to the requirements of section TBD before performance testing.  The first flight thruster shall be vibrated to the requirements of section TBD before performance testing.

3.1.2.2.1.3.3.2 PERFORMANCE FIRING TESTS

The test firings specified in Table 20 shall be conducted at an ambient temperature of 21.0 ( 4.0 (C (70 ( 10 (F) and with the thruster exposed to a pressure altitude of at least 36.58 km (120 000 ft.), which shall be maintained throughout the test.  These conditions define an ambient start (TBR).

Table 18: Thruster Acceptance Test Program

	Item
	Description
	Reference

	1
	Valve Acceptance Tests
	
Table 19


	2
	Inspection of product
	4.1.3.2.1.3.2

	3
	MASS PROPERTIES
	3.2.1

	4
	PROOF AND BURST PRESSURE
	3.2.2

	5
	INTERNAL LEAKAGE
	3.1.18.5

	6
	Vibration Exposure
	4.1.3.2.1.3.3.1

	7
	INTERNAL LEAKAGE
	3.1.18.5

	8
	Performance Firing
	Table 11 (4.1.3.2.1.3.3.2)

	9
	Assembly leak test
	(4.1.3.2.1.3.3.3, 3.2.1.13.3, 3.2.1.13.4)


Table 19: Valve Acceptance Tests

	1
	Physical Examination

	2
	Weight

	3
	Performance

a) Proof pressure

b) Insulation Resistance

c) External Leakage

d) Internal Leakage

e) Pull-in Voltage

f) Drop-out Voltage

g) Response

h) Force Margin

i) Cleanliness

	Note
	The valve performance tests specified may be performed in any order desired, with the exception of the internal leakage test.  The internal leakage test shall be the final valve acceptance test performed.


Table 20: Acceptance Test Firings

	Reason for Test
	Number of Runs
	Inlet Pressure (psia)
	Steady State duration (1) (sec)

	High P
	2
	300
	60

	Burn In
	1
	275
	1200

	Nom. P
	1
	275
	60

	Low P
	1
	250
	60

	Lowest P
	2
	225
	60

	Notes

	(1)
	The temperature of any thruster hot spot shall be measured with an optical pyrometer and recorded.


3.1.2.2.1.3.3.3 POST-PERFORMANCE LEAKAGE

Each thruster assembly shall be leak tested to determine both internal (valve) leakage, per Section 3.1.18.5, and external (thruster) leakage, per Section 3.1.18.4.

3.1.2.2.1.3.4 COMPONENT ACCEPTANCE TESTS

Acceptance testing of components shall be in accordance with the supplier’s acceptance test procedure as approved by NASA.

VERIFICATION MATRIX

3.1.3 VERIFICATION REQUIREMENTS

All requirements of this specification shall be met by the method(s) specified in section 4.1.2.1.

3.1.4 VERIFICATION MATRIX

The following abbreviations apply to the test method and test category used in the verification matrix.

1) Test Method

a) I-Inspection

b) A-analysis

c) D-demonstration

d) T-Test

e) NA-Not Applicable

3.1.5 CONSTRAINTS DOCUMENT

The supplier shall provide a constraints document.  The purpose of the constraints document is to communicate conditions and/or actions that may damage the thruster, for example valve temperatures, valve dry cycles, thruput, etc.

Table 21: Verification Cross Reference Index

	Requirement
	Paragraph Title
	Method

	
	
	N/A
	I
	A
	D
	T

	2.0
	GENERAL REQUIREMENTS 
	X
	
	
	
	

	2.1
	INTERFACE DEFINITION
	X
	
	
	
	

	2.1.1 
	PROPELLANTS
	
	X
	
	
	

	2.1.2
	TEST FLUIDS
	
	
	
	
	

	2.1.3
	ELECTRICAL INTERFACE
	
	
	X
	
	

	2.1.3.1
	IGNITION PROOF
	
	
	X
	
	

	2.1.3.2
	VOLTAGE RANGE
	
	
	
	
	

	2.1.4
	MECHANICAL INTERFACE
	
	X
	
	
	

	2.1.5
	THERMAL INTERFACE
	
	
	X
	
	

	2.2
	MAJOR COMPONENTS LIST
	X
	
	
	
	

	3.0
	THRUSTER CHARACTERISTICS 
	X
	
	
	
	

	3.1
	PERFORMANCE CHARACTERISTICS
	X
	
	
	
	

	3.1.1
	MISSION LIFE
	
	
	X
	
	

	3.1.2
	PROPELLANT TEMPERATURE 
	
	
	
	
	X

	3.1.3
	INLET PRESSURE
	
	
	
	
	

	3.1.4
	MIXTURE RATIO
	
	
	
	
	

	3.1.5
	THRUST
	
	
	
	
	

	3.1.6
	THRUST REPEATABILITY
	
	
	
	
	

	3.1.7
	OPERATION CYCLE
	
	
	
	
	X

	3.1.8 
	FIRING DURATION
	
	
	
	
	

	3.1.9
	IMPULSE UNCERTAINTY
	
	
	
	
	

	3.1.10
	THERMAL CYCLES
	
	
	
	
	

	3.1.11
	SPECIFIC IMPULSE
	
	
	
	
	X

	3.1.12
	MIXTURE RATIO
	
	
	
	
	X

	3.1.13 
	VALVE INLET PRESSURE
	
	
	
	
	

	3.1.14
	ROUGHNESS
	
	
	
	
	X

	3.1.15
	GAS INGESTION
	
	
	
	
	X

	3.1.16 
	HELIUM SATURATED PROPELLANT
	
	
	
	
	

	3.1.17
	ASSEMBLY EXTERNAL LEAKAGE
	
	
	
	
	X

	3.1.18
	PROPELLANT VALVE CHARACTERISTICS
	
	
	
	
	X

	3.1.18.1
	VALVE PROOF PRESSURE 
	
	
	
	
	X

	3.1.18.3
	INSULATION RESISTANCE
	
	
	
	
	X

	3.1.18.4
	EXTERNAL LEAKAGE
	
	
	
	
	X

	3.1.18.5
	INTERNAL LEAKAGE
	
	
	
	
	X

	3.1.18.6
	PULL-IN VOLTAGE
	
	
	
	
	X

	3.1.18.7
	DROP-OUT VOLTAGE
	
	
	
	
	X

	3.1.18.8
	OPENING AND CLOSING RESPONSE
	
	
	
	
	X

	3.1.18.9
	CLEANLINESS
	
	
	
	
	X

	3.1.18.10
	WIRES
	
	
	
	
	

	3.2
	PHYSICAL CHRACTERISTICS
	X
	
	
	
	

	3.2.1
	MASS PROPERTIES
	
	
	
	
	X

	3.2.2
	PROOF AND BURST PRESSURE
	
	
	
	
	X

	3.2.3
	PROPELLANT FILTRATION
	
	X
	
	
	

	3.2.4
	ALIGNMENT
	
	
	X
	
	

	3.4
	ENVIRONMENTAL CONDITIONS
	X
	
	
	
	

	3.4.1 
	LOADS
	
	
	
	
	

	3.4.2
	GROUND HANDLING LOADS
	
	
	
	
	

	3.4.3
	SINE VIBRATION
	
	
	
	
	

	3.4.4
	SHOCK
	
	
	
	
	

	3.4.5
	MINIMUM NATURAL FREQUENCY
	
	
	
	
	

	3.4.6
	ACOUSTIC ENVIRONMENT
	
	
	
	
	

	3.4.7
	RANDOM VIBRATION ENVIRONMENTS
	
	
	
	
	

	3.4.8
	VENTING REQUIREMENTS
	
	
	
	
	

	3.4.9
	TEST FACTORS
	
	
	
	
	

	3.4.10.1
	THERMAL DEFINITIONS
	X
	
	
	
	

	3.4.10.1.1
	PREDICTED MOUNTING SURFACE TEMPERATURES*
	
	
	X
	
	

	3.4.10.1.2
	ACCEPTANCE TEMPERATURE* 
	
	
	X
	
	

	3.4.10.1.3
	QUALIFICATION TEMPERATURE*
	
	
	X
	
	

	3.4.10.1.4
	SURVIVAL TEMPERATURE*
	
	
	X
	
	

	3.4.10.1.4.1
	OPERATING SURVIVAL TEMPERATURE*
	
	
	
	
	X

	3.4.10.1.4.2
	NON-OPERATING SURVIVAL TEMPERATURE*
	
	
	X
	
	

	3.4.10.2 
	THERMAL SENSORS 
	
	
	
	
	

	3.4.10.3
	THERMAL TESTS
	
	
	
	
	X

	3.4.10.4.1
	TEMPERATURE EXTREMES
	
	
	
	
	X

	3.4.10.4.2
	HEATERS
	
	
	
	
	X

	3.4.10.4.3
	THERMAL BLANKETS
	
	
	
	
	X

	3.4.10.4.4
	HEAT SHIELD
	
	
	
	
	

	3.4.11
	AMBIENT PRESSURE REQUIREMENTS
	X
	
	
	
	

	3.4.12
	RADIATION REQUIREMENTS*
	
	
	
	
	

	3.4.12.1
	TOTAL DOSE RADIATION*
	
	
	
	
	

	3.4.12.1.1
	TEFLON*
	
	
	
	
	

	3.4.12.2 
	ELECTRICAL RESISTIVITY AND GROUNDING*
	
	
	
	
	

	3.4.12.2.1
	THRUSTER SURFACE RESISTIVITY*
	
	
	
	
	

	3.4.12.2.2
	GROUNDING*
	
	
	
	
	

	3.4.13
	OUTGASSING
	
	X
	
	
	

	3.4.14
	HUMIDITY
	
	
	X
	
	

	3.5
	TRANSPORTABILITY
	
	X
	
	
	

	3.5.1
	TEMPERATURE
	
	
	X
	
	

	3.5.2
	ALTITUDE
	
	
	X
	
	

	3.5.3
	HUMIDITY
	
	
	X
	
	

	3.6
	DESIGN AND CONSTRUCTION
	
	
	X
	
	

	3.7
	MATERIALS, PROCESSES, AND PARTS
	X
	
	
	
	

	3.7.1
	MATERIALS COMPATIBILITY
	
	X
	
	
	

	3.7.1.1 
	IRON NITRATE FORMATION
	
	
	
	
	

	3.7.2
	CLEANING
	
	X
	
	
	

	3.7.3
	MOISTURE AND FUNGUS RESISTANCE
	
	X
	
	
	

	3.7.4 
	DESIGN CHARACTERISTECS
	
	
	
	
	

	3.7.4.1
	CONFIGURATION
	
	
	
	
	

	3.8
	NAME PLATES AND MARKINGS
	
	X
	
	
	

	3.9
	WORKMANSHIP
	
	X
	
	
	

	3.10
	INTERCHANGEABILITY
	
	
	X
	
	

	3.10.1
	VALVE INTERCHANGEABILITY
	
	
	X
	
	

	3.11
	SAFETY
	
	
	X
	
	

	3.12
	QUALIFICATION INSPECTION
	
	X
	
	
	

	3.13
	PROTECTIVE COVERS
	
	
	
	
	

	3.14
	ALIGNMENT FIXTURE
	
	
	
	
	

	3.15
	TEST PLUG
	
	
	
	
	

	*

	Requirement shall be demonstrated by NASA
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