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1.0 Introduction

1.1 General Information

The Magnetospheric Multiscale (MMS) mission is the fourth mission of the Solar Terrestrial Probe (STP) program of the National Aeronautics and Space Administration (NASA).  The MMS mission will use four identically instrumented observatories to perform the first definitive study of magnetic reconnection in space and will test critical hypotheses about reconnection.  Magnetic reconnection is the primary process by which energy is transferred from the solar wind to the Earth’s magnetosphere and is also fundamental to the explosive release of energy during substorms and solar flares.

 The MMS mission will study magnetic reconnection in the Earth’s magnetosphere.  The four MMS observatories will be required to fly in a tetrahedral formation in order to unambiguously determine the orientation of the magnetic reconnection layer.

1.2 Scope

This specification describes the electrical, mechanical, environmental, and verification testing requirements for a space-qualified monopropellant hydrazine thruster for a Goddard Space Flight Center (GSFC) payload, the Magnetospheric Multiscale (MMS) Mission.

2.0 Applicable Documents

The following documents and drawings in effect on the day this specification was signed shall apply to the fabrication and to the electrical, mechanical, and environmental requirements of the axial thruster to the extent specified herein.  In the event of conflict between this specification and any referenced document, this specification will govern, with the exception of the Magnetospheric Multiscale Axial Thruster Statement of Work (461-PS-SOW-0015), in which case the Statement of Work (SOW) takes precedence.

The following is a list of the applicable specifications and publications.

Table 2‑1  Applicable Documents

	Section
	Document Number
	Title
	Revision/Date

	Many
	461-PS-SOW-0015
	MMS Axial Thruster Statement of Work
	11/24/2009

	Many
	461-PS-LIST-0028
	MMS Axial Thruster Deliverable Items List and Schedule
	11/24/2009

	4.1.1
	MIL-PRF-26536E
	Performance Specification Propellant, Hydrazine
	Rev. E/ Sept. 1997

	4.1.6.3
	S-311-P-079
	Procurement Specification for Thermofoil Heater
	Rev. E/ Feb. 1996

	4.1.6.4
	S-311-641
	Switches, Thermostatic, General Requirements for
	Rev. B/May 2005

	4.1.6.5
	S-311-P-18
	Thermistor, (Thermally Sensitive Resistor), Insulated and Uninsulated, Negative Temperature Coefficient, Specification for
	Rev. G/ May 1995

	4.1.7
	ASTM-A511
	Standard Specification for Seamless Stainless Steel Mechanical Tubing
	Jan. 2008

	7.1.2.2.1
	ASTM-E-595
	Standard Test Method for Total Mass Loss and Collected Volatile Condensable Materials from Outgassing in a Vacuum Environment
	

	4.1.7
	AMS-2243H
	Tolerances Corrosion and Heat-Resistant Steel Tubing
	Rev. H/May 2006

	6.1
	AFSPCMAN 91-710
	Range Safety User Requirements
	07/01/2004

	8.2.3.3
	EEE-INST-002
	Instructions for EEE Parts Selection, Screening, Qualification, and Derating
	May 2003

	7.1.1.3
	JSC-SN-C-0005C
	Contamination Control Requirements for Space Shuttle Program
	

	7.1.1.4
	IEST-STD-CC1246D
	Product Cleanliness Levels And Contamination Control Program
	2002

	8.1
	MIL-DTL-5541
	Chemical Conversion Coatings on Aluminum
	Rev. F

	8.1
	AMS 2488
	Anodic Treatment - Titanium and Titanium Alloys Solution Ph 13 Or Higher
	06/01/2000

	8.2.3
	NASA-STD-8739.3
	Soldered Electrical Connections
	06/06/2008

	8.2.3
	NASA-STD-8739.4
	Crimping, Interconnecting Cables, Harnesses, and Wiring
	07/25/2008


3.0 Contract Description

3.1 Axial thruster Description

The axial thruster is a 4.5 N class monopropellant hydrazine thruster at 274 psia.  The thrusters will be used for nutation control and attitude control, and provide thrust on a plane perpendicular to the plane of the spacecraft. 

This specification applies to the thrusters, the associated GSE, and the paperwork for the MMS mission.  Each of the four (4) spacecraft to be built will require four (4) thrusters of this class and one (1) additional thruster will be the flight spare.  Please refer to the Statement of Work (SOW, 461-PS-SOW-0015) and the Deliverable Items List and Schedule (DILS, 461-PS-LIST-0028) for a complete list of all the hardware, verification testing, test reports, design reports, and analyses reports that should be delivered with the thrusters.

Included in this specification are specific requirements for the thrust and specific impulse, under a variety of conditions and under the expected duty cycles, throughout the mission life, using the specified propellant, high-purity grade hydrazine per MIL-PRF-26536E with Amendment 1.  Other principle requirements include the ability to have the angle and repeatability of the thrust vector, the mass and power allocations, the inclusion of a filter and the inclusion of heaters and thermostats on the valve.  Also specified are the expected thermal and vibration environments, as well as the electrical inputs throughout which the thruster must operate and survive.

3.2 Ground Support Equipment Description

The following GSE will be provided with the axial thrusters IAW the Statement of Work (461-PS-SOW-0015) and the Deliverable Items List and Schedule (461-PS-LIST-0028):

· Red protective covers to prevent incidental damage to the nozzle during I&T

· An alignment 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 ±0.1o. The design shall be coordinated with NASA. The vendor shall deliver four (4) nozzle plugs used for alignment. 

· The vendor shall deliver two (2) test plugs for valve testing purposes that seals against the nozzle such that valve leakage and flow testing may be performed.

4.0 Functional/Performance Requirements

The axial thruster shall be designed to withstand the operational and non-operational environments specified in the following section without degradation to mission goals and performance requirements. 

4.1 Axial thruster Flight Unit Functional/Performance Requirements

4.1.1 Total Propellant Throughput

Each axial thruster shall be qualified for a throughput of 47 kg of high-purity grade hydrazine, per MIL-PRF-26536E with Amendment 1, without degradation in performance below the specified levels in Section 4.1.2.  

Rationale: This is based on that the usable propellant for axial thrusters (124.4 kg of total usable propellant 410 kg) is evenly distributed to four (4) axial thrusters, with 50% margin 

4.1.2 Steady-State Thrust and Specific Impulse (Isp) 
The steady state thrust and specific impulse shall comply with Table 4-1.  

Table 4‑1: Steady State Performance Requirements

	Inlet Pressure (psia)
	Minimum Thrust (N)
	Maximum Thrust (N)
	Minimum Isp (s)

	325
	4.00
	4.54
	227

	300
	3.65
	4.31
	226

	250
	3.20
	3.65
	225

	200
	2.67
	3.11
	223

	150
	1.96
	2.67
	221

	100
	1.51
	1.78
	218


Rationale: These parameters allow the thruster to meet the performance expected by flight dynamics
4.1.3 Duty Cycles 
The axial thruster duty cycles shall range from 20 ms ON to continuous steady-state firings.
Rationale: Derived from the MMS Propulsion Subsystem Spec, 461-PS-SPEC-0035
4.1.4 Impulse Bit (Ibit)

The minimum impulse bit of the axial thruster shall be at least 0.2 N-s for 20 ms ON-time. 

4.1.5 Pulsed Specific Impulse
The average pulsed specific impulse of all of the axial thrusters shall be greater than 200 seconds for all pulsed operating conditions tested in ATP.  
Rationale: Derived from the MMS Propulsion Subsystem Axial Thruster for PDR on MIS
4.1.6 Thruster Uniformity

Each thruster shall have predictable thrust levels within ±5% (±3σ) of the pulse average.

Each thruster shall vary no more than ±5% compared to the average of all of the thrusters at the same pressure and at the same point in its expected throughput range.

This allows for sufficient control over attitude for paired thruster operations.

Rationale: Derived from the MMS Propulsion Subsystem Spec, 461-PS-SPEC-0035
4.1.7 Thruster Sub-Components

4.1.7.1 Inlet Filter

The size of the filter shall be 20 µm, absolute. This allows sufficient margin for trapping large particulates that may cause damage to the valve seat.

The filter capacity shall be at least 0.4 mg of AC Coarse Test Dust (ACCTD). This allows sufficient capacity to not reduce thruster performance.

Rationale: MMS Propulsion Filtration Analysis, 461-PS-ANYS-0026
4.1.7.2 Valves

Each thruster shall have two valves in series which fail-closed in the event of a power loss to prevent leakage. This provides sufficient level of safety and redundancy for the thrusters.

Rationale: Derived from the MMS Propulsion Subsystem Spec, 461-PS-SPEC-0035
4.1.7.3 Valve Heaters 

There shall be one dual-element heater per thruster (per GSFC specification S-311-P-079). Wire heaters are allowed as long as the qualification meets the S-311-P-079 requirements.  This allows for series-redundant thermostatic control (Primary A, Primary B, Secondary A, and Secondary B).  Each valve heater element shall consume less than 1.5W (±5%) of power at 28 VDC.

Rationale: Derived from the MMS Mission PDR Propulsion, 461-PROJ-RVW-0052 #31
4.1.7.4 Valve Thermostats

There shall be four (4) thermostats mounted on the axial thruster valves per GSFC specification S-311-641.  This setup (two primary and two redundant thermostats) provides series-redundant thermostatic control for the primary and secondary heater circuits. 

The setpoints of the thermostats shall be per Table 4-1, where the tolerance is ±2oC (which is allowed by the specification for non-standard tolerances). 

Table 4‑2 Setpoints for the Thermostats

	
	ON Setpoint

(oC)
	OFF Setpoint

(oC)

	Primary
	12±2
	17±2

	Secondary
	10±2
	15±2


Rationale: Per MMS Thermal Subsystem HW Spec, 461-TCS-SPEC-0057
4.1.7.5 Valve Thermistors

There shall be two thermistors per thruster valve that have a resistance of 2252Ω at 25oC. (GSFC part #: S-311-P18-02-A-50).  They shall be qualified in accordance with GSFC specification S-311-P-18.

4.1.7.6 Catalyst Bed Heaters

Each catalyst bed shall have a primary and redundant heater with a power of less than 5.0 W at 28 VDC. 


Each catalyst bed heaters shall reach operational catalyst bed temperature within 45 minutes of activation from the worst-case minimum temperature.

Rationale: MMS Mission PDR Propulsion, 461-PROJ-RVW-0052 #31
4.1.7.7 Catalyst Bed PRT

The temperature sensor for the catalyst bed shall have a resistance of 500Ω at 0°C and comply with the Wire Specification listed in Section 8.2.3.3.1 of this document.  There shall be two PRTs per thruster catalyst bed.

Rationale: Per MMS Thermal Subsystem HW Spec, 461-TCS-SPEC-0057
4.1.8 Fluid Interface

The propellant inlet shall be 304L stainless steel tubing (per ASTM-A511 or AMS-QQ-S-763) with an outer diameter 0.25”±0.003”, a wall thickness of 0.028”±0.003”, and with a burst pressure of at least 2100 psia.  The tolerances stated here are in accordance with AMS-2243H.

4.1.9 Inlet Pressure

4.1.9.1 Operational Pressure

The thruster shall operate with any inlet pressure greater than 100 psia and less than the maximum expected operating pressure (MEOP) of 325 psia. 

Rationale: Derived from the MMS Propulsion Subsystem Spec, 461-PS-SPEC-0035
4.1.9.2 Proof Pressure

The closed thruster shall withstand a proof pressure of 788 psia without any permanent deformation of the materials in the thruster.

The thruster shall be capable of reaching this proof pressure without any degradation to the valve or its performance.

Rationale: (MEOP + 200 (Back-relief Pressure)) x 1.5; refer to AFSPCMAN 91-710
4.1.9.3 Burst Pressure

The burst pressure of the thrusters shall be 1313 psia.

Rationale: (MEOP + 200 (Back-relief Pressure)) x 2.5; refer to AFSPCMAN
4.1.9.4 Pressure Surges

The inlet to the valve shall be capable of seeing pressure surges up to proof pressure from 15 psia in less than 2 ms with the valves closed.

The thruster shall work according to all specifications after exposure to the surge environment.

Rationale: 15 psia is the pad pressure
4.1.10 Valve Leakage

Valve leakage shall be defined as leakage through a single closed valve seat and out the nozzle.  Valve leakage shall be less than 5 standard cubic centimeters per hour (scch) of gaseous helium through each closed valve seat at 25 psig and at MEOP.

Rationale: Required level maintains system performance throughout the mission per the MMS Leakage Analysis, 461-PS-ANYS-0027 
4.1.11 Valve Leakage during Vibration

Valve leakage through a single valve during the random vibration testing shall be less than 5 scch of gaseous helium at MEOP.

Rationale: Required level maintains system performance throughout the mission per the MMS Leakage Analysis, 461-PS-ANYS-0027
4.1.12 External Leakage

All other leakage will be defined as external leakage.  External leakage shall be less than 10-6 sccs of gaseous helium at MEOP.

Rationale: Required level maintains system performance throughout the mission per the MMS Leakage Analysis, 461-PS-ANYS-0027
4.1.13 Propellant Temperature

The propellant temperature at the thruster inlet shall be between 8oC and 50oC.
Rationale: Derived from the Thermal System Requirements Document, 461-TCS-RQMT-0053
4.1.14 Cycles

4.1.14.1 Thermal Cycles 
A single thermal cycle is defined as a temperature excursion from below the thruster’s minimum operational temperature to the maximum thruster operational temperature and back down below the minimum operational temperature.  The axial thruster shall be qualified for 460 thermal cycles.  These thermal cycles represent a factor of two (2) based on the number of expected maneuvers for the mission.

The thruster shall be qualified to 460 cycles.
Rationale: 2 x Expected # of Maneuvers (Precession: Once Every 2 Weeks, ACS Control in dV: Happen at Every Maneuver, Average Constraint Violation Time: Five (5) Days) 

4.1.14.2 Valve Cycles 
All thruster valves shall be qualified for 150,000 cycles.
Rationale: (Allocated Axial dV) / Acceleration / (Nominal Pulse Duration) + 30% Margin
4.1.15 Mechanical Interface

See Section 5.4 of this document.

4.1.16 Gas Ingestion

The axial thruster must be capable of ingesting 0.108 g of GHe at 270 psia before operation without any harm to the catalyst bed, the thruster, or any degradation in performance during subsequent normal firings.

Rationale: Per MMS Propulsion Subsystem Bubble Analysis, 461-PS-ANYS-0035
4.2 Resource AllocationS

4.2.1 Mass Allocation

The axial thruster shall have a flight mass of less than or equal to 0.33 kg.  This includes the harness mass.

Rationale: Derived from the MMS Propulsion Subsystem mass allocation for PDR on MIS
4.2.2 Nominal Power Allocation

N/A

4.2.3 Peak Power Allocation

4.2.3.1 Axial Thruster Valve
The valves for the axial thruster shall have a peak (instantaneous) power consumption of less than or equal to 10.5W at 34VDC.

Rationale: EVD Max Voltage Requirement Is 35V with 1 V Drop Expected
4.2.3.2 Catalyst Bed Heater

The catalyst bed heater(s) for the axial thruster shall have a peak (instantaneous) power consumption of less than or equal to 5.0 W total at 34 VDC.

Rationale: PSE Max Voltage Requirement Is 35V with 1 V Drop Expected
4.2.3.3 Valve Heater

The valve heater for the axial thruster shall have a peak (instantaneous) power consumption of a total of 1.5 W at 34 VDC.

Rationale: PSE Max Voltage Requirement Is 35V with 1 V Drop Expected
4.2.4 Deployment Power Allocation

N/A

4.2.5 Telemetry

N/A

4.3 Power

4.3.1 Primary (Unregulated) Power Input Requirements

4.3.1.1 Operating Voltage Range

The axial thruster shall be designed to operate over the bus voltage range of +24 to +34 VDC at the primary power inputs.

Rationale: EVD Voltage Requirement Is 27-35V and a 1-3V drop in the EVD Is Expected
4.3.1.2 Abnormal Voltages  

The axial thruster shall survive without performance degradation after exposure to an anomalous voltage range of 0 to +40 VDC for up to 500 ms.

4.3.1.3 Voltage Ripple

N/A

4.3.1.4 Voltage Transients

N/A

4.3.1.5 Sudden Removal of Power

See Section 4.1.7.2 of this document.
4.3.1.6 Polarity Reversal Protection

N/A

4.3.1.7 Subsystem Over-Current Protection

N/A
4.3.1.8 Primary Power Return Ground

N/A
4.3.1.9 Axial Thruster Power Wire Redundancy

N/A
4.3.1.10 Redundant Power Supplies

N/A

4.3.2 Load Induced Noise Requirements

N/A
4.3.3 Secondary (Regulated) Power Input Requirements

N/A
4.4 Electrical Grounding

4.4.1 Primary Power DC Isolation

4.4.1.1 Primary Power DC Isolation from Signal Ground

N/A

4.4.1.2 Primary Power DC Isolation from Component Chassis

The axial thruster primary power and primary power returns shall be isolated from the component chassis by a DC resistance of greater than or equal to 10 MΩ.

Rationale: Derived from the MMS Propulsion Subsystem Spec, 461-PS-SPEC-0035
4.4.2 Axial Thruster Internally Generated Secondary Power Return

N/A

4.4.3 Axial Thruster Internally Generated Secondary to Primary DC Isolation

N/A

4.4.4 Axial Thruster Internally Generated Secondary to Primary AC Isolation

N/A
4.4.5 Mechanical Contact Impedance

The DC resistance of the mechanical contact between two conductive mating surfaces (internal to the component, and at the spacecraft interface) shall be less than or equal to 2.5 mΩ DC resistance.

Rationale: Derived from the MMS Propulsion Subsystem Spec, 461-PS-SPEC-0035 
4.4.6 Mating Method

The primary mating method for a component shall be metal-to-metal contact between component mounting feet (or base plate) and the spacecraft structure with thermal isolation.

Rationale: Derived from the MMS Propulsion Subsystem Spec, 461-PS-SPEC-0035
4.4.7 Ground Strap, Non-Conductive Surface

N/A

4.4.8 Ground Straps, Hinged Joints

N/A

4.4.9 Ground Straps, Resistance across Hinged Joints

N/A

4.4.10 Connector and Back-Shell DC Resistance

N/A

4.5 Signal And Data Interfaces
4.5.1 Active Analog Telemetry

N/A

4.5.2 Passive Analog Telemetry

N/A
4.5.3 Digital Telemetry

N/A
4.5.4 Data and Clock Signals

N/A

4.5.5 +28 VDC Pulse Commands

4.5.5.1 +28 VDC Pulse Command Interface

N/A

4.5.5.2 Rise and Fall Times

N/A
4.5.5.3 Pulse Generation
N/A
4.5.5.4 Noise Coupling

N/A

4.5.5.5 Wire Pairing

N/A

4.5.5.6 Twisted Pairs

Each positive wire shall be twisted with the associated return wire.  All outputs should be kept as close as possible to their return.
Rationale: Derived from the MMS Electrical Systems Specification, 461-SYS-SPEC-0013
4.5.6 RF Signals

N/A

4.6 Operating Modes

N/A
4.7 Command and Data Services

N/A

4.8 Flight Software

N/A

4.9 NEA/EED Design

N/A

5.0 Physical Requirements

5.1 Interface Documentation

N/A
5.2 Mass Properties

5.2.1 Component Masses

See Section 4.2.1
5.2.2 Center of Mass Location

The center of mass shall be determined to within ±1 mm relative to a reference point on the hardware.

Rationale: Derived from the MMS Spacecraft Systems Specification, 461-SYS-SPEC-0014
5.2.3 Center of Mass Accuracy

N/A

5.2.4 Moments of Inertia

N/A
5.2.5 Products of Inertia

N/A

5.2.6 Determination of Moments and Products of Inertia

N/A
5.3 Physical Envelope

N/A
5.4 Mounting

The vendor shall interface with the flight system via tubing, according to Figure 5-1.  The length of the thruster from the base of the spacecraft mounting interface to the end of the nozzle shall be less than 4.0 in. 

The mounting flange, envelope and tubing interfaces shall be in accordance with the mechanical Interface Control Drawing (ICD).
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Figure 5-1 Thruster Tube Interface

For thruster tube interface dimensions, refer to Section 4.1.8.

Rationale: MMS Propulsion Subsystem MICD, 461-PS-ICD-0023 

5.5 Fields of View

N/A

5.6 Alignment

5.6.1 Alignment Location/Orientation Accuracy

5.6.1.1 Thruster Alignment

The axial thruster thrust vector shall be perpendicular to the mounting surface of the thruster to within 0.31°, before and after environment testing.
Rationale: MMS Propulsion Subsystem MICD, 461-PS-ICD-0023; 
5.6.2 Alignment Knowledge Accuracy

N/A
5.6.3 Alignment Stability

N/A
5.6.4 Alignment Method

N/A
5.6.5 Alignment Measurement Tooling/Features

The interchangeable alignment plugs shall be made such that they can be used for any of the delivered thrusters.

Optical reference surfaces shall be at least 0.6 x 0.6 inches.

Optical reference surfaces shall be capable of producing an auto collimation indication.

6.0 Environmental Requirements
Environmental design requirements for the axial thruster are specified in this section.  The MMS spacecraft components will be capable of meeting their performance requirements after exposure to the environments specified in this section.

6.1 Mechanical Factors of Safety 
The axial thruster shall demonstrate positive Margins of Safety under limit loads for all yield and ultimate failures using the Factors of Safety (FS) defined in Table 6‑1 (see NASA-STD-5001A for more information on other materials [e.g. glass]). Margin of Safety (MS) is defined as follows:  

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

Table 6‑1  Factors of Safety
	Type of Hardware1
	Static/Sine
	Random/Acoustic2

	Tested Metallic Structure Yield
	1.25
	1.6

	Tested Metallic Structure Ultimate
	1.4
	1.8

	Stability Ultimate
	1.4
	1.8

	Bonded Inserts/Joints Ultimate
	1.5
	1.9

	Untested Flight Structure Yield- metallic only
	2.0
	

	Untested Flight Structure Ultimate - metallic only
	2.6
	


1 – Factors of safety for pressurized systems to be compliant with AFSPCMAN 91-710, “Range Safety User Requirements.”

2 – Factors shown should be applied to statistically derived peak response based on RMS level.  As a minimum, the peak response shall be calculated as a 3-sigma value.
Rationale: Derived from the MMS Environmental Requirements Document, 461-SYS-RQMT-0023
6.2 Quasi-Static Acceleration

Quasi-static acceleration represents the combination of steady-state accelerations and the low frequency mechanically transmitted dynamic accelerations that occur during launch.
The axial thruster shall demonstrate its ability to meet its performance requirements after being subjected to the net CG limit loads shown in Table 6‑2.  

Linear interpolation should be used between breakpoints to determine the appropriate limit load as a function of axial thruster weight.  Note that these design limit loads are intended to cover only the low frequency launch environment and must be used in conjunction with the random vibration environments to assess structural margins.

Table 6‑2  Axial Thruster Limit Loads
	Axial Thruster Mass 

(kg)
	Limit Load

(g, any direction)

	0.5 or less
	35.9

	1
	35.0


Rationale: Derived from the MMS Environmental Requirements Document, 461-SYS-RQMT-0023

6.3 Frequency Requirement

6.3.1 Fundamental Launch Frequencies

The axial thruster shall have a fundamental frequency greater than 75 Hz when hard mounted at its SC interface.

Rationale: Derived from the MMS Environmental Requirements Document, 461-SYS-RQMT-0023
6.3.2 On-Orbit Frequencies

N/A

6.4 Vibration

6.4.1 Sinusoidal Vibration

The axial thruster shall demonstrate its ability to meet its performance requirements after being subjected to the sine vibration environment in Table 6‑3, applied at the MMS to axial thruster interface. See Section 5.5.1 of the MMS Axial Thruster Statement of Work, 461-PS-SOW-0015, for definitions of Protoflight, Qual, and Acceptance.

Table 6‑3  Axial Thruster Sine Vibration Environment
	Frequency
	Protoflight/Qual Level
	Acceptance Level

	5 - 50 Hz
	12.5 g’s

(4 oct/min protoflight and

2 oct/min prototype hardware)
	10 g’s

(4 oct/min)


Levels may be notched to not exceed 1.25 times the design limit load.  These levels will be updated as coupled-loads analysis (CLA) data becomes available.  Axial thruster shall test for this environment up to 50 Hz and be analyzed from 50 to 100 Hz. 

Rationale: Derived from the MMS Environmental Requirements Document, 461-SYS-RQMT-0023
6.4.2 Random Vibration

The axial thruster shall demonstrate its ability to meet its performance requirements after being subjected to the random vibration environment in Table 6‑4, applied at the MMS to axial thruster interface.

Table 6‑4  Axial 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

	Duration (minutes)
	1 (protoflight), 2 (Qual)
	    1


Rationale: Derived from the MMS Environmental Requirements Document, 461-SYS-RQMT-0023

6.5 Shock

The axial thruster shall be designed to meet its performance requirements after being subjected to the shock environment in Table 6‑5, applied at the axial thruster interface. 

Table 6‑5  Limit Level Shock Response Spectrum

	Frequency (Hz)
	Level (Q=10)

	100

100 to 441

441 to 8000
	87 g

+ 8.7 dB/Octave

739 g

	8000 to 10000

10000
	+ 7.8 dB/Octave

985 g


Rationale: Derived from the MMS Environmental Requirements Document, 461-SYS-RQMT-0023
6.6 Acoustics

N/A

6.7 Transportation

N/A
6.8 Pressure

6.8.1 Operating Pressure Range

N/A

6.8.2 Maximum Depressurization Rate

N/A

6.9 On-Orbit Dynamic Environment

N/A

6.10 Humidity

The axial thruster shall be able to meet performance requirements after exposure to relative humidity levels of 35% to 70%.

Rationale: Derived from the MMS Environmental Requirements Document, 461-SYS-RQMT-0023
6.11 Thermal Requirements

6.11.1 Valve Temperature Limits

When valves are closed, the axial thruster shall be capable of survival within the valve temperatures shown in Table 6-6 without damage or permanent performance degradation.
Table 6‑6  Valve Temperature Limits

	
	Minimum Temperature (ºC)
	Maximum Temperature (ºC)

	Valves Open
	+10
	+40

	Valves Closed
	+10
	+100

	Qualification
	+4
	+100


The maximum heat flux from the axial thruster into the S/C at the thruster flange shall not exceed 2.0 W for the cold-bias case.  For the hot-bias case (non-firing) the heat flux into the S/C at the thruster flange shall not exceed 6.5 W.  
6.11.2 Ground Test Environment

N/A

6.11.3 Allocation of Spacecraft Monitored Temperature Sensors

N/A
6.12 Charge Particle Radiation Requirements

N/A

7.0 Cleanliness

7.1 Surface Contamination 

7.1.1 Surface Contamination Levels At Delivery

7.1.1.1 Particulate Contamination

N/A
7.1.1.2 Molecular Contamination

N/A

7.1.1.3 External Cleanliness

All hardware surfaces shall be verified to be “visibly clean, highly sensitive” per JSC-SN-C-0005C, prior to delivery to NASA/GSFC.  This is accomplished by maintaining all hardware in a double bag for storage.

7.1.1.4 Internal Cleanliness

The propulsion components, lines, and fittings shall be cleaned, and verified internally clean, to level 100A per IEST-STD-CC1246 prior to integration in the system.
7.1.2 Surface Contamination Generation

7.1.2.1 Particulate Generation

N/A
7.1.2.2 Molecular Generation

7.1.2.2.1 Material Selection
The axial thruster materials shall have a total mass loss (TML) less than 1.00% and a collected volatile condensable mass (CVCM) less than 0.10%, as specified in ASTM E-595 unless a materials usage agreement has been generated and approved by NASA/GSFC. 

7.1.2.2.2 Assembly Outgassing

When measured in a vacuum of 10-6 torr at 50 °C, the axial thruster outgassing shall not exceed 2-10 g/sec per kg of unit under test of mass that is condensable on a Quartz Crystal Monitor (QCM) that is operated at -20 °C.

Rationale: the MMS Observatory CCP, 461-SYS-PLAN-0050 (TBR)
7.2 Electrostatic Cleanliness

N/A
7.2.1 Approved Exposed Materials

N/A

7.2.2 Exposed Conductive Surfaces
N/A
7.2.2.1 Conductive Surface Ground Path

N/A
7.2.2.2 Conductive Surface Resistivity
N/A
7.2.2.2.1 Conductive Surface Resistivity Magnitude
All exposed solid surfaces materials shall have a surface resistivity of less than 62.5 x (N/A) - Rground Megohms per square where A is the exposed area in square centimeters and N is the number of connections to the next grounded material, and Rground is the resistance between the surface ground points and the spacecraft interface.
Rationale: Derived from the MMS Electrical Systems Specification, 461-SYS-SPEC-0013 
7.2.2.2.2 Conductive Surface Resistivity Grounding
N/A

7.2.2.2.3 Conductive Surface Resistivity of Coatings on Dielectric Surface with Point Grounds

N/A

7.2.2.3 Conductive Bulk Resistivity

N/A
7.2.2.4 Solar Panels 

N/A
7.2.2.5 Thermal Blankets

N/A
7.2.2.6 Optical Solar Reflectors Specific Requirements
N/A
7.2.2.7 Exposed Conductive Tapes Specific Requirements
N/A
7.2.2.8 Exposed Harness Specific Requirements
N/A

7.2.3 Exposed Insulators

N/A
7.2.4 Exposed Apertures

N/A

7.2.5 External Surface Ground Wires

N/A
7.3 Magnetic Cleanliness

7.3.1 Minimizing Permanent Fields
See Section 6.8.1.5 of the MMS Axial Thruster Statement of Work, 461-PS-SOW-0015.
7.3.2 Minimizing Stray Fields

7.3.2.1 Minimizing Current Loops
Each positive wire shall be twisted with its return in accordance with Section 8.2.3.3.5 of this document.
7.3.2.2 Compensating Current Loops

The dimensions of current loops shall be calculated in accordance with Section 6.6.1 of the Magnetospheric Multiscale Project Axial Thruster Statement of Work, 461-PS-SOW-0015. 
7.3.2.3 Minimizing Stray Currents

N/A

7.3.3 Magnetic Field Strength

The DC magnetic field generated from the unpowered axial thruster shall not exceed 17.5 nT at 1 meter away or a magnetic moment of 0.088 A-m2.  Refer to Section 5.7.1.6 in the MMS Axial Thruster SOW, 461-PS-SOW-0015.
8.0 Design & Construction requirements

8.1 Parts, Materials & Processes (PMP)
8.1.1 EEE Parts

N/A
8.1.2 Materials

Aluminum parts shall be finished with iridite per MIL-DTL-5541, Class 3.  

Titanium surfaces shall be finished per AMS 2488.  

All stainless steel parts should be passivated.

8.1.3 Software Assurance

N/A
8.2 Electrical

8.2.1 Test Sensors

N/A
8.2.2 Ground Strap Requirements

N/A

8.2.3 Harness Requirements

8.2.3.1 Delivered Electrical Connections

The thruster shall be delivered with at least 1 foot of flying lead harness length for the entire bundle (and no connector).

8.2.3.2 Thermal Circuit Connections

The thermostats and valve heater shall be wired together as shown in Figure 8-1 for series-redundant thermostatic control (Primary A, Primary B, Secondary A, and Secondary B).
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Figure 8‑1:  Thermostat and Heater Wiring

Rationale: Per the MMS Propulsion Subsystem EICD, 461-PS-ICD-0022 
8.2.3.3 Harness Wires
8.2.3.3.1 Wire Specifications

The thruster wire shall be Crosslinked ETFE (Tefzel) wire per Section W1 of EEE-INST-002.
8.2.3.3.2 Wiring Design
N/A
8.2.3.3.3 Return Wire

N/A
8.2.3.3.4 Wire Twisting of Associated Return
N/A
8.2.3.3.5 Twists

The minimum number of wire twists shall be as shown in Table 8‑1.  Twisting should be as symmetrical as possible.  The plus and negative return wires shall not be twisted with an electric drill.

Table 8‑1  Minimum Number of Wire Twists

	Wire Size
	Twists Per Foot

	
	Two Conductors
	Three Conductors
	Four or More

	#16
	10
	7
	5

	# 18
	12
	8
	6

	# 20
	16
	12
	8

	#22 or Smaller
	18
	16
	10


Rationale: Per the MMS Electrical Systems Specification, 461-SYS-SPEC-0013
8.2.3.3.6 Wire Sizes

8.2.3.3.6.1 Sizing

N/A
8.2.3.3.6.2 Minimum Wire Size

No wire smaller than AWG #26 shall be used without prior approval from NASA/GSFC COTR.

PRT and thermistors wire shall be no smaller than 28 AWG.

Rationale: Per the MMS Electrical Systems Specification, 461-SYS-SPEC-0013
8.2.3.3.7 Wire Derating

The current carrying capacity of the wires shall be derated for continuous operation at the required current levels in a vacuum, as defined in Section W1 of EEE-INST-002.

8.2.3.3.8 Redundant Wire Derating

N/A
8.2.3.3.9 Wire Composition

Wire conductors should be copper or a copper alloy. High strength copper alloys may be used for wire sizes AWG #24 or smaller.  The wires may be tinned or plated with suitable materials except nickel or other magnetic materials.
Rationale: Per the MMS Electrical Systems Specification, 461-SYS-SPEC-0013
8.2.3.4 Connector Selection

N/A
8.2.3.5 Signal Segregation

N/A
8.2.3.6 Grouping of Twisted Wires

The twisting should begin as close to the termination as practical without causing undue stress on the connector.
Rationale: Per the MMS Electrical Systems Specification, 461-SYS-SPEC-0013
8.2.3.7 Wire Shielding
N/A
8.2.3.8 Coaxial Cable

N/A
8.2.3.9 Harness Support

N/A
8.2.3.10 Harness Fabrication

N/A
8.2.3.11 Test Harness

N/A
8.2.3.12 Test and Flight Signal Isolation
N/A
8.2.3.13 Axial Thruster Test Interfaces

N/A
8.2.4 Mitigation of Internal Charging

8.2.4.1 Mitigation Strategies for Internal Charging

N/A
8.2.4.2 Floating Conductors

Floating conductors, if present, shall have a bleed path of less than 10 MΩ to the component structure. This requirement is not applicable to small floating conductors (1 inch2 or less) or short (1 inch or less) unterminated traces or wires that are inside of enclosures with 2.5 mm Aluminum equivalent shielding..

Rationale: Per the MMS Electrical Systems Specification, 461-SYS-SPEC-0013
8.2.4.3 Dielectric Structures

N/A
8.3 Safety

N/A
8.4 Electromagnetic Compatibility

N/A
8.5 Identification and Marking

Each unit shall be permanently marked with the part number and a unique sequential serial number in the area designated on the interface control drawing in a manner to be approved by the GSFC COTR.  All markings shall use waterproof ink.

Rationale: Derived from the MMS Propulsion Subsystem Specification, 461-PS-SPEC-0035
8.6 WorkmanshiP

8.6.1 Workmanship Standards

N/A
8.6.2 Welding Procedures

All weld procedures and weld inspection procedures shall be approved by NASA/GSFC.  Test records such as dye penetrant, x-rays, etc. shall all be retained.
8.6.3 Connector
N/A

8.6.4 Safe/Arm Plugs

N/A
8.7 Interchangeability

Each axial thruster assembly shall be directly interchangeable physically and functionally with other items of the same part number.
8.8 Reliability
8.8.1 Mission Life

The axial thruster shall meet all performance specifications throughout 1 year of ground testing and 28 months of operation in space.

Rationale: Derived from the MMS Propulsion Subsystem Specification, 461-PS-SPEC-0035
8.8.2 Shelf Life

The axial thruster shall not suffer any degradation in performance when stored for five (5) years either on the S/C or in bonded storage.

Rationale: Derived from the MMS Propulsion Subsystem Specification, 461-PS-SPEC-0035
8.9 Ground Handling

N/A
9.0 Logistics

9.1 I&T Deliverables

N/A
9.2 Ground Support Equipment

The nozzle covers shall be red in color and have metal fasteners if used.  The metal fasteners shall not contact the nozzle.

Rationale: Ground Support Equipment per Section 3.2
9.3 Transportation Equipment

N/A
10.0 Verification Requirements

This section has been moved to Section 5.0 of the Magnetospheric Multiscale Axial Thruster Statement of Work (461-PS-SOW-0015). 

Appendix A  Abbreviations and Acronyms

	Abbreviation/ Acronym
	Definition

	A
	Amperes

	ACCTD
	Air Cleaner Coarse Test Dust

	AC
	Alternating Current

	°C
	Degrees Celsius

	CCB
	Configuration Control Board

	CCR
	Configuration Change Request

	CG
	Center of Gravity

	CM
	Configuration Management

	CMO
	Configuration Management Office

	CMOS
	Complementary Metal Oxide Semiconductor

	COTR
	Contracting Officer's Technical Representative                                                                                                                                                                                                          

	CVCM
	Collected Volatile Condensable Mass

	Δv
	Change in velocity

	DC
	Direct Current

	DILS
	Deliverable Items List and Schedule

	EED
	ElectroExplosive Actuators

	EEE
	Electrical, Electronic, and Electromechanical

	ELDR
	Enhanced Low Dose Rate

	EOL
	End of Life

	ESD
	Electrostatic Discharge

	FS
	Factor of Safety

	GSE
	Ground Support Equipment

	GSFC
	Goddard Space Flight Center

	IAW
	In Accordance With

	Ibit
	Impulse Bit

	ICD
	Interface Control Drawing

	I&T
	Integration and Test

	Isp
	Specific Impulse

	kg
	kilogram

	MMS
	Magnetospheric Multiscale

	µm
	microns, micrometers

	MΩ
	Megaohms

	MEOP
	Maximum Expected Operating Pressure

	MS
	Margin of Safety

	ms
	milliseconds

	N
	Newtons

	NASA
	National Aeronautics and Space Administration

	psia
	Pounds per Square Inch, Absolute

	psig
	Pounds per Square Inch, Gauge

	QCM
	Quartz Crystal Monitor

	scch
	Standard Cubic Centimeters per Hour

	sccs
	Standard Cubic Centimeters per Second

	TBD
	To Be Determined

	TBR
	To Be Revised

	s
	seconds

	S/C
	Spacecraft

	SCoRe
	Signature Controlled Request

	SOW
	Statement of Work

	STP
	Solar Terrestrial Probe

	TBD
	To Be Defined

	TBR
	To Be Reviewed

	TID
	Total Ionizing Dose

	TML
	Total Mass Loss

	VDC
	Voltage, Direct Current

	W
	Watts

	Abbreviation/ Acronym
	Definition

	A
	Amperes

	ACCTD
	Air Cleaner Coarse Test Dust

	AC
	Alternating Current

	AWG
	American Wire Gauge

	°C
	Degrees Celsius

	CCB
	Configuration Control Board

	CCR
	Configuration Change Request

	CG
	Center of Gravity

	CLA
	Coupled-Loads Analysis

	CM
	Configuration Management

	CMO
	Configuration Management Office

	COTR
	Contracting Officer's Technical Representative                                                                                                                                                                                                          

	CVCM
	Collected Volatile Condensable Mass

	DC
	Direct Current

	DILS
	Deliverable Items List and Schedule

	EEE
	Electrical, Electronic, and Electromechanical

	EOL
	End of Life

	ESD
	Electrostatic Discharge

	FS
	Factor of Safety

	GHe
	Gaseous Helium

	GSE
	Ground Support Equipment

	GSFC
	Goddard Space Flight Center

	Hz
	Hertz

	Ibit
	Impulse Bit

	ICD
	Interface Control Drawing

	I&T
	Integration and Test

	Isp
	Specific Impulse

	kg
	kilogram

	MIS
	Management Information System

	MMS
	Magnetospheric Multiscale

	µm
	microns, micrometers

	MΩ
	Megaohms

	MEOP
	Maximum Expected Operating Pressure

	MGSE
	Mechanical Ground Support Equipment

	MS
	Margin of Safety

	ms
	milliseconds

	N
	Newtons

	NASA
	National Aeronautics and Space Administration

	%
	Percentage

	psia
	Pounds per Square Inch, Absolute

	psig
	Pounds per Square Inch, Gauge

	QCM
	Quartz Crystal Monitor

	scch
	Standard Cubic Centimeters per Hour

	sccs
	Standard Cubic Centimeters per Second

	TBD
	To Be Determined

	TBR
	To Be Revised

	s
	seconds

	S/C
	Spacecraft

	σ
	Standard Deviation

	SOW
	Statement of Work

	STP
	Solar Terrestrial Probe

	TBD
	To Be Defined

	TBR
	To Be Reviewed

	TID
	Total Ionizing Dose

	TML
	Total Mass Loss

	VDC
	Voltage, Direct Current

	W
	Watts
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