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The objective of the SPST Spaceliner-100 Task Force on Saceliner-100 propulsion (SL-100) is to develop plans, harvest good ideas/approaches, recommend technology development advancement and the subsequent infusion of new key technologies to radically increase safety (By 10,000 times), reduce cost (By 100) and operations cycle time for all new space missions requiring multiple in-space functions and operations at orbits higher than minimum earth parking LEO.
The objective of the Functional Requirements sub-team is to develop a set of functional requirements for the SL-100 technology identification effort along with weighted evaluation criteria for evaluating propulsion systems technologies of the future using the AHP workshop process, anchoring on existing SPST processes and criteria while using an influence diagram algorithm to help guide the selection and provide the understanding needed to reach the objective.
                                                                                     SL-100 Propulsion Task Force


                                                                         Summary SPST Approachxe "Summary SPST Approach"
	


Introduction

About the Design and Programmatic Features, and the SPST

Customer demands for future space transportation systems include much greater affordability, responsiveness, dependability and dramatically lower life cycle costs including acquisition costs and research and development costs and risks.  The purpose of this “Document” is to support and aid the process used to prioritized, high level set of design and programmatic features against which future in-space transportation systems and technologies may be evaluated to determine their degree of improvement over current systems and their ability to satisfy these customer demands.  The document is to be used by concept developers, a technology developer, a program manager, technology evaluators or by designers at a total vehicle architecture level.

This document was developed by the Space Propulsion Synergy Team (SPST) as part of its support to the NASA’s Office of Aero-Space Technology (OAT) and its Strategic Goals for Access to Space for In-space Propulsion Technology.  The Space Propulsion Synergy Team (SPST) is a broad based group of diverse individuals from NASA, industry and academia, which has addressed in past and current efforts the direction of future space transportation systems and technology.  The involvement of key backgrounds and areas of insight in the SPST has been an integral part of understanding and prioritizing key attributes for improvement.

During the past several years that the SPST, previously identified as the SPSG, has been active, they have developed and applied an effective process for comparative assessment of candidate space transportation systems and technologies.  The process utilizes the strengths inherent in a team with diversified backgrounds and expertise; and the basic principles of a highly credible approach known as Quality Function Deployment (QFD).  This approach assures that there is a direct link between the space transportation system capability/integral payload and characteristics/attributes, and those required by the “customer”.

Most important, this approach also includes the development and definition of “measurable criteria” to be utilized in assessing the degree to which a system concept or a technology enhances the system characteristics/attributes desired by the customer.  These “measurable criteria” are presented in this document with their intended definitions and constitute the principle aid in the definition and design of any advanced in-space transportation system/integral payload propulsion system or their technologies.

However, it was realized that the system concept with the most attractive attributes and hence the greatest long term payoffs may not be within reach when programmatic constraints are too large.  National space policies, international agreements, schedule, budget, availability and maturity of technology are a few of the examples of these “programmatic constraints”.  Therefore, the SPSG devised a dual assessment and prioritization system that  balances these two driving forces.  A graphic visualization of the process is shown below.  This approach enables decision makers to make decisions based on knowledge of both the long term strategic payoffs, “desired attributes” and the individual projects “programmatic constraints”.  The later are subject to short term changes, but once the long term strategic payoffs, “desired attributes” are established, they  remain quite stable.
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The stability of the “desired attributes” or long term benefits, in a transportation system has been thoroughly demonstrated over the past several years by the SPST and other organizations/groups.  The SPST (SPSG) has developed and prioritized the desired attributes in a space transportation system several times, each time with a different group of individuals with consistent results.

Also, these sessions were in support of several different advanced space transportation programs.  They included a follow-on exercise for the Access to Space studies and support of the RLV project definition and technology plan.  Both of these activities utilized the process previously developed and exercised by the SPSG.  The definition and prioritization of the required system attributes that resulted from each of these exercises were very consistent with those previously developed and were also consistent with these currently formulated for the SL-100 effort.

There have been other activities using the same basic process, notably several initiated by the USAF, but including industry and NASA participation.  These activities also resulted in the identification and prioritization of required/desired space transportation system “attributes” that were very similar to those presented in this document.

This dual prioritization approach is addressed in further detail in the next section of this document as are the definitions of the programmatic constraints.

Although the focus of the information provided in this document has been within the context of the ISP and SL-100 Propulsion Technology projects, the applicability is to any future Space Transportation Systems seeking to improve over a current system.

The features or criteria around which this document is organized must be considered as a whole.  If a future space transportation system improves or not on any one particular feature is not as important in determining merit as whether it improves or not on the majority of the significant features.  A full understanding of future systems in regards to this document is considered crucial to understanding a sense of direction for improvement as well as an understanding of the relative merits of systems or technologies competing for further development, acquisition and eventually operation

Critical Information for Decision Making

	


In determining what information and data is most crucial to the decisions involved in defining, designing, and providing an affordable in-space propulsion system for the future we need to first identify that market, the customers, and clearly understand what they want in, and demand of, a space transportation system.  However, in addition to the “customers” who will eventually pay for the services of a space transportation system, there are several other organizations / individuals who will be major players or “stakeholders” who must be fully considered and satisfied if a proposed space transportation system enterprise is to be successfully marketed and profitably operated.  Including the paying customers, the stakeholders are:

1. The financial investor who will provide the capital for the development, acquisition and initial operation of the transportation system.  He will demand a reasonable return on investment.  It is possible that the investment may be divided into these two parts:

· Capital for the design, development, and marketing of the transportation vehicles to be utilized in the operation of a space transportation system, for example a “United Spacelines”.

· Capital for the operator to acquire vehicles, facilities, and support infrastructure to start operations of a “United Spacelines.”

2. The User or Payload Customer who will pay the operator for the transportation services of cargo and personnel in space.

3. The Developer and Producer of the space transportation vehicle which will be procured and utilized in the operation of a space transportation system.  This includes the critical selection of the vehicle concepts which best satisfies all of the transportation system desired attributes and the design, development, certification, and production of the vehicle.

4. The Transportation System Operator of a “United Spacelines” who will acquire, establish and operate the transportation system as a profitable, business enterprise. This transportation system operator is a customer of the vehicle developer and producer. The federal, state and local governments representing the general public, each play several important roles which must be addressed by both the system developer and operator.

· The role to be played by the federal government is still evolving; but it is expected to be patterned after the role the federal government has developed with the airline transportation industry.  The major elements are:

· National policies to foster affordable, safe, reliable space transportation.

· Provide development and demonstration of advanced technologies.

· Assure public safety which is manifested in “spaceport” certification, launch permits, reentry control, and eventually space vehicle certification.

· Negotiate, ratify, and enforce international agreements and treaties of space transportation operations.

· Environmental control - ground, air and space.

· The state governments are interested in the potential economic benefits, development of new jobs, and the safety and environmental consequences of spaceport operations in their or neighboring states.  They may be financial and political supporters or adversaries, and may be involved in support infrastructure, financing and development as needed.

· The role of local governments, again using the model of airline transportation systems is expected to have the following elements: 

· Investment and operations for fees of a spaceport similar to the relationship of a municipal airport and airlines.

· Tax structure and incentives.

· Support infrastructure financing and development of roadways, power supply, communications, etc.

· Motivated by economic growth.

· Constrained by environmental and safety concerns.  The general public, taxpayers, will be concerned with many of the issues and decisions involved in establishing and operating a spaceport and need to be brought into the decision process as early as possible.

The purpose of outlining the major organizations and the role they will play in establishing and operating an advanced system of the future is to help the reader understand how and why this document was developed and how it may be helpful to designers and decision makers.

In developing this “Support Document” the “paying customer” and each of the other four stakeholders needs and demands were considered as requirements to be satisfied in the best manner possible.  Particularly, the Commercial Space Transportation Study8 has recently examined potential markets and associated needs to spur these markets.  In the process used to accomplish this, the SPST divided the overall requirements into three categories:

· Functional performance of the transportation system such as capability in terms of payload or destination.

· Desired attributes of the transportation system (essentially demands of the customers) such as safety, affordability, dependability, or flexibility.

· Programmatic constraints of the transportation system such as cost, schedule, or risks associated with the design, development and implementation of the system including infrastructure.

The following chart focused on affordability shows the relationship of these categories and places them in two groups. The one group (desired attributes & functional performance) is described here as recurring cost or operational effectiveness and the other group (programmatic constraints) is described as non-recurring cost or programmatics. This group is further broken down into program acquisition (commitment) and technology R&D (long lead investment). The technology cycle is required when the technology readiness and risk from performance and operability goals compliance are not satisfied. Therefore, the key to achieving the objective of space transportation systems affordability is brought about when and only when the program acquisition criteria are properly met (technology margins, options, readiness, and full compliance of performance and operability goals can be achieved).
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Benefits (Technical) and Programmatics (Constraints) Attributes

Benefits (Technical)
	Affordable / Low Life Cycle Cost

    Min. Cost Impact on Launch Sys.        

    Low Recurring Cost

          Low Cost Sensitivity to Flight Growth           

          Operation and Support

          Initial Acquisition

          Vehicle/System Replacement 

Dependable
    Highly Reliable

    Intact Vehicle Recovery

    Mission Success

    Operate on Command

    Robustness

    Design Certainty 

Environmental Compatibility

    Minimum Impact on Space Environ.

    Minimum Effect on Atmosphere

    Minimum Environ. Impact all Sites

Public Support
    Benefit GNP

    Social Perception
	Responsive

    Flexible                                 Operating
    Capacity                               Attributes
    Operable

          Process Verification

          Auto. Sys. Health Verification

          Auto. Sys. Corrective Action

          Ease of Vehicle/System Integration              
          Maintainable

          Simple

          Launch on Demand        How do we   
          Easily Supportable       improve in all
          Resiliency                     Attributes  ?                         

Safety

    Vehicle Safety
    Personnel Safety  

    Public Safety
    Equipment and Facility Safety


Programmatics (Constraints)

	During the Technology R&D Phase:


	During the Program Acquisition Phase:

	    Affordable / Low Life Cycle Cost

          Cost to Develop and Mature

          Technology

    Benefit Focused

    Schedule

    Risk

    Dual Use Potential


	    Affordable / Low Life Cycle Cost

          Cost to Acquire Operational 

          System

    Schedule                           Programmatics
    Risk                                       Attributes
    Technology Options

    Investor Incentive




Technology Evaluation Benefits (Technical) Attributes and Associated Design Criteria

	Benefits (Technical)
	
	

	Affordable / Low Life Cycle Cost
	
	

	No. 49 # of unique stages (flight and ground) (-)

	483
	5.3 %

	No. 75  # of active on-board space sys. req'd for propulsion ( - )
	454
	4.9 %

	No. 78 On-board Propellant Storage & Management Difficulty in Space (-)
	453
	4.9 %

	No. 38 Technology readiness levels (+)

	425
	4.6 %

	No. 59 Mass Fraction required (-)
	387
	4.2 %

	No. 54 Ave. Isp on refer. trajectory (+)
	310
	3.4 %

	No. 70  # of umbs. req'd to Launch Vehicle ( - )
	276
	3.0 %

	No. 58 # of engines (-)

	274
	3.0 %

	No. 79 Resistance to Space Environment (+)
	268
	2.9 %

	No. 82 Integral structure with propulsion sys. (+)
	239
	2.6 %

	No. 85 Transportation trip time (-)

	211
	2.3 %

	
	
	

	Dependable
	
	

	No. 10 # of active components required to function including flight operations (-)
	527
	5.7 %

	No. 87 Design Variability (-)
	464
	5.0 %

	No. 14 # of different fluids in system (-)

	404
	4.4 %

	No. 60 # of active engine systems required to function (-)

	247
	2.7 %

	No. 48 # of modes or cycles (-)

	227
	2.5 %

	No. 16 Margin, mass fraction (+)
	215
	2.3 %

	No. 18 Margin, thrust level/engine chamber press (+)
	211
	2.3 %

	No. 64 # of engine restarts required (-)

	201
	2.2 %

	
	
	

	Responsive
	
	

	No. 37 # of different propulsion systems (-)

	582
	6.3 %

	No. 66 System Margin (+)
	508
	5.5 %

	No. 33 % of propulsion system automated (+)
	488
	5.3 %

	No. 53 # of ground power systems (-)
	226
	2.5 %

	
	
	

	Environmental Compatibility
	
	

	
	
	

	Safety
	
	

	No. 5 # of toxic fluids (-)

	495
	5.4 %

	No. 6 # of propulsion sub-systems with fault tolerance (+)
	398
	4.3 %

	No. 4 Amount of energy release from unplanned reaction of propellant (-)
	219
	2.4 %

	
	
	

	Public Support
	
	

	
	
	


Technology Evaluation Programmatics Attributes Measurable Criteria Typical Paretos

· Program Acquisition Phase

	PA-# major new technology development items (engines, airframes, TPS, etc)
	20 %

	PA-technology readiness at program acquisition milestone: TRL 6 + margin
	16 %

	R&D-time required to establish infrastructure (schedule of R&D phase)
	12 %

	PA-total system DDT&E concept development and implementation cost
	12 %

	PA-infrastructure cost: initial system implementation (capital investment)
	12 %

	PA-technology capability margin (performance as fraction of ultimate)
	11 %

	PA-# of other options available
	10 %

	PA-# items requiring major ground test articles & demonstration (ex: new engines)
	7 %

	· Technology R & D Phase
	

	TRD-# technology breakthroughs required to develop and demonstrate
	14 %

	TRD-estimated time to reach TRL 6 from start of R&D
	13 %

	TRD-# operational effectiveness attributes addressed for improvement
	13 %

	TRD-Current TRL
	11 %

	TRD-# full scale ground or flight demonstrations required
	11 %

	TRD-cost to reach TRL -6
	10 %

	TRD-# operational effectiveness attributes previously demonstrated
	9 %

	TRD-# related technology databases available
	7 %

	TRD-# of new facilities required costing over $2M
	7 %

	TRD-total annual funding by item at peak dollar requirements
	4 %

	TRD-# multi-use applications including space transportation
	3 %


IN-SPACE PROPULSION CRITERIA DEFINITIONS

	


The following are built upon the work of the Space Propulsion Synergy Group circa 1993, the Space Propulsion Synergy Team circa 1995 and the results of the SPST / HRST workshop of March 12-14th, 1996 and subsequent SPST / HRST & ISP work.

BENEFIT (TECHNICAL) ATTRIBUTES

Affordable / Low Life Cycle Cost:

Min Cost Impact on Launch Sys: Impact of In-Space system on launch system and it’s infrastructure including weight, volume dimensions, delta velocity required, interfaces, power, and any unique requirements.    

Low recurring cost: Acceptance testing, flight control, recovery, refurbishment, and turn around.  Check-out and launch or commit to new mission, logistics including spares, supporting infrastructure, assembly and consumables.  One aspect of affordability and low life cycle cost.

Low cost sensitivity to flight growth: Greater than 50% growth possible without       significant marginal cost increase.

Operation and support: Manpower and productivity.  Costs to continue the use of the system.

Initial acquisition: Payback affecting recurring cost of operations.  Costs to begin providing the service.

Vehicle/system replacement: Recurring cost of replacement from parts to whole vehicle.

Dependable: Ability of hardware to perform when needed (before launch commit); “First time, every time”.

Highly Reliable: Ability of hardware and software to properly function without failure when needed during all phases of operation. 

Intact Vehicle Recovery & Mission Success: Probability of completing the primary mission or recovering vehicle/payload after launch commit.

Operate on Command: Ability to launch or commit to new mission and its propulsion functions within a prescribed time frame as determined by customers. 

The Space System or Sub-system performs the desired operation/function upon receiving a specific command (signal).

Robustness:  Much more margin is available than is required to operate safely.

Design Certainty: Decrease the standard deviation around the operating point and/or the capability of any component, subsystem, or system; e.g., Increased testing, better materials characterization, more accurate analysis, better subsystem interface design and better process verification.

Responsive:  Ability to provide timely space transportation services as specified by customers.

Flexible (configuration): Capability for timely response to meet changing hardware and/or evolving customer requirements such as future growth.

Capacity:  Ability to meet multiple customers planned requirements such as time, payload size, and weight, number of launches, launch rate and payload destination now.
Operable:  Minimum launch site activity with maximum launch site readiness.

Process Verification: Ability to verify that the processes (manufacturing, test, and operational etc.) produce a product that meets specifications.


Auto. System Health Verification: Ability to assess vehicle health using an existing database and real time measurements to indicate to the operator the current status of operating subsystems.

Auto. System Corrective Action: Monitors the Auto. System health verification system for anomalous conditions and automatically commands corrective actions required.                            

Ease of vehicle integration: Minimal number and complexity of fluid, electrical and structural interfaces, vehicle elements and processes.

Maintainable:  Minimum amount of maintenance requirements and easy, simple corrective maintenance.  Also called process reliability.

    Simple:  Minimum amount or operator activity with low skill level requirement.

Launch on demand: Ability to launch within a given time frame in response to an unscheduled requirement.

Easily supportable: Minimum amount of support activities and infrastructure.  This includes launch, manufacturing, test, logistics, flight operations and sustaining engineering.  Requiring one time certification only.

    Resiliency:  Surge, launch operability to recover

Safety:  Minimum risk of injury or damage to personnel or equipment.  

Vehicle safety: Probability of damage to the launch vehicle, in-space transportation system, or payload during flight, ground and in-space operations.

Personnel Safety: Risk of injury to personnel during flight, ground and in-space operations.

Public Safety: Potential of injury to the public on land, air or sea.  

Equipment and Facility Safety: Probability of damage to the ground and in-space facilities and associated equipment during ground, flight and in-space operations.

Environmental Compatibility: Compatible with environmental laws including noise.

Minimum Impact on Space Environment: In-Space operations are compatible with the National and International space environment laws/regulations and minimize space debris/contamination as appropriate (payload impacts). 
Minimum Effect on Atmosphere: Compatible with National and State environmental atmospheric laws/regulations. Minimize impact.

Minimum Impact all Sites: Compatible with National and State environmental laws/regulations. Minimize impact.

Public support: It is perceived to be worth what is spent on it.

Benefit GNP: Positive impact to the National economy, such as through benefit to the commercial market.

Social perception: Inspiring to the next generation and having a public image that results in support. 

BENEFIT (TECHNICAL) CRITERIA

	1) # of polluting or toxic materials (-) (Environmental)
	Recognizing the increased difficulty of manufacturing and operating a system with polluting or toxic materials involved, the environmentally conscious designer will minimize the number of polluting or toxic materials and will benefit from a lower life cycle cost, if performance objectives can be met with alternate materials.



	2) # acres permanently affected (-) (Environmental)
	Includes environmental impact at manufacturing, test, launch and recovery sites.  Affect would include soil or water  contamination, plant life impact or other industrial impacts. Recognizing that the system life cycle cost will have to include the environmental closure costs.



	3) # of keep-out zones (-) (Safety)
	Areas which must be guarded/patrolled for system security or public/personnel safety. Examples include: Ordinance hookup, hypergolic propellant servicing, pressurizing bottles to operating pressure (6000 psi.) or cryogenic servicing at fast fill flow-rates. 

  


	4) Amount of energy release from unplanned reaction of propellant (-) (Safety)
	A significant factor in the safety/security and operational handling costs associated with a system is the Quantity / Distance parameters (e.g. Class 1.3 solid propellants are safer and less costly to handle than Class 1.1 propellants, because the threat of detonation is less).  Propellant systems designed for minimum energy release in a unplanned event will lower safety and handling costs, compared to higher energy propellants.




	5) # of toxic fluids (-) (Safety)
	Includes toxic fluids for the entire system (flight or ground) such as a main propellant, an auxiliary propellant system or power.  Also includes coolants or waterproofing fluids.  Each different fluid counts once.  Examples: MMH, DMES, and four types of freons.

Shuttle (with approximately 8) as baseline = 0 with deletions or fewer ranked higher (1,3,9) i.e. more benefit.



	6) # of propulsion sub-systems with fault tolerance (+) (Safety)
	The greater the fault tolerance of the sub-systems, the greater the robustness, and probability of success of a mission. Examples include margin (same part, out of nominal) or redundancy. 



	7) # of confined spaces on vehicles (-) (Safety)
	A compartment, intertank, or aeroshell. An example of a confined space is the Shuttle aft compartment. Bulkheads may increase this number by creating additional confined spaces. Groups of smaller tanks typically increase this number.  Do not count interfaces here.  Covered elsewhere.



	8) Amount of response time to initiate safe abort (-) (Safety)


	System should require minimal time to detect and initiate the abort command to allow vehicle safe recovery. Indications from Crit. 1 failure modes should have priority.



	9) % of trajectory time available for abort (+) (Safety)


	Self Explanatory

	10) # of active components required to function including flight operations (-) (Dependable)
	Now includes function, not just safety.  Example: Turbopumps, onboard re-circulation pumps for conditioning, cyclic valves, etc.




	11) # of components with demonstrated high reliability (+) (Dependable)
	Difficult to measure at the vehicle concept level. # of components with MTBF which significantly exceed system requirements. Low reliability hardware drive turnaround time up and results in less dependable system.



	12) # of systems requiring monitoring due to hazards (-) (Dependable)
	Includes closed compartments for hazardous gas buildup. Tank temperatures and pressures.



	13)  % of propulsion subsystems necessary to change from hazard condition to safe state which are monitored (+) (Dependable)


	Goal is 100%.



	14) # of different fluids in system (-) (Dependable)
	The fluids count only once even if on different systems.  Different grades of the same basic fluid count as different fluids.  Examples:  LOX, LH2, RP1, MMH, Nitrogen Tetroxide, fuel cell grade LOX, freons (different types increase this number), water.  Gases included as well:  GHe, GN2 unless derived from an existing fluid already counted.

Shuttle count as a baseline with score = 0 and deletions or fewer ranked higher (1,3,9) i.e. more benefit.



	15) $/day of delay (-) DELETED
	Self Explanatory



	16) Margin, mass fraction (+) Dependable
	Assume margin is used to increase dependability and not traded at a later point for performance increase.



	17) Margin, Ave. Specific impulse (+) (Dependable)


	Assume margin is used for increased  dependability not traded at a later point for performance.




	18) Margin, thrust level / engine chamber press(+) (Dependable)


	Assume margin is used for increased dependability not traded at a later point for performance.



	19) # of potential leakage / connection sources (-) (Dependable)
	Fluid and electrical interfaces.  Major interfaces count here.  Assumptions about zero interface joining methods (welding or other) reduce this value.  Elimination of systems (such as stages, no POGO or GHe Inject or Hydraulics or major avionics systems) reduce this number.  

For scoring, 0 = Shuttle like, 9 = most drastic reduction.



	20) # new unique approaches (+) (Public Support)
	As seen from the public perspective as inspiring



	21) Recurring facility capitalization cost (-) (Affordable)
	Recurring pay-back of capital investment charged to users. (Like a landing fee at an airport) 



	22) Hardware cost (-) (Affordable)
	Self explanatory 



	23) # of manufacturing, test and operations facilities (recurring) (-) (Affordable) 
	Those unique and dedicated facilities necessary for continuing support of the operation.



	24) Mean time between major overhaul (+) (Affordable)


	Number of flights/missions between major depot type overhaul.

	25) Hours to refurbish propulsion system(-) Affordable
	Total labor hours summed over system design life, i.e. avg. Hours per flight 



	26) Hours for turnaround (between launches or commit to new mission) (-) (Affordable)
	Actual time for each individual vehicle from mission completion to next mission initiation.  

For scoring, 0 = Shuttle like, 9 = days, not weeks.




	27) # of inspections needed (-) (Affordable)
	Inspections needed include things like electrical wiring damage, flow discontinuities in TPS & Propulsion devices, structural degradation (corrosion), etc.



	28) # of checkouts required (-) (Affordable)
	# of separate functional verifications requiring procedural driven operations.



	29) # of purges required (flight and ground) (-) (Affordable)
	Includes not only compartment inerting but also all functions requiring purges.  Examples:  Interfaces such as umbilicals, vehicle compartments such as intertanks and boat tails, and operating and safety purges such as turbopump interseals and cryo valve interseal purges.

Shuttle as baseline = 0 with deletions or fewer ranked higher (1,3,9) i.e. more benefit.



	30) # of major element to element interfaces requiring engineering control (-) (Affordable)


	Ref. Shuttle ICD’s.  Examples:  Vehicle to each ground station (e.g. launch platform, test stands, turnaround facilities, etc.), also stage to stage, engine to stage and stage to space servicing facility (Space Based).



	31) % of payload margin (+) (Responsive)
	Assume margin is used for increased payload flexibility not traded at a later point for performance.



	32) # of attainable destinations (+)

(Responsive)
	Different orbits/inclinations/missions, Earth, Lunar, and/or Planetary.



	33) % of propulsion system automated (+) (Responsive)
	This criteria is inclusive of both flight and turnaround operations/checkout/maintenance.




	34) # of systems with built in test/built in test equipment (BIT/BITE) (+) (Responsive)
	Includes all systems not just electronics.  Count fluid and structural systems if technology plans include smart components/systems.  

Shuttle as baseline = 0 with additions or more ranked higher (1,3,9) i.e. more benefit.



	35) # of active systems required to maintain a safe vehicle (-) (Responsive)
	Includes moving parts particularly critical to safety such as cyclic flow control valves on board during flight or systems used during loading such as GHe Inject.



	36) # of physically difficult to access areas (-) (Responsive)


	Based on the planned or unplanned requirement for access.  Examples:  A requirement for pad towers, structure or platforms in a bay or a close-out area (engine heat shields) or a confined space, e.g. Shuttle aft. compartment. 



	37) # of different propulsion systems (-) Responsive)
	A highly integrated system (hardware tankage, feeds, engines, controls, flow-path) counts as one propulsion system.  A combined but not integrated system counts each as one.  Ground assists count as one.  Example:  A maglev assist concept with separate rocket and air-breather and a separate OMS would be four; an upper stage with separate RCS and Main propulsion would be two.



	38) Technology readiness levels (+) (Affordable)
	A low TRL = a low score.

Shuttle like technology not necessarily at TRL 9, especially if TRL accounts for operability.



	39) # of criticality 1 failure modes (-) (Dependable)
	# of failure modes that result in possible loss of vehicle or mission.




	40)# of hands on activities req'd (-) (Responsive)


	# of non-automated nor remote tasks requiring personnel action both for planned and unplanned operations.



	41) # of parts (different, backup, complex) (-) (Manufacturing)
	Total parts count should be reduced in order to reduce to engineering and logistics cost.



	42) # of processing steps to manufacture (-) (Manufacturing)


	Goal is to require as few as possible major manufacturing process steps. 

	43) Amount of needed real time inspection or repair (-) (Manufacturing)


	Goal is to minimize the need for inspection and repair. Example: alignments, x-ray, etc., and trade inspections against total cost to minimize total cost.

 

	44) # of hazardous processes (-) (Manufacturing)
	Processes that involve explosives or energetic materials, propellants, toxic fluids, high pressure gases, asphyxiant gases and corrosives.  



	45) # of tools required (-) (Manufacturing)


	Goal is to require as few as possible unique tools for manufacturing, assembly, and testing.

	46) # of cleanliness requirements (-) (Manufacturing) 
	Goal is to require very few or no precision cleaning requirements during the manufacturing

and assembly process.



	47) cost of transportation / requirements (-) (Manufacturing)


	Goal is to require as few as possible major or unique transportation equipment in support of manufacturing process.



	48) # of modes or cycles (-) (Dependable) 
	Not fluids or stages.  Example:  Dual fuel modes or rocket to ramjet to scramjet and back to rocket modes.




	49) # of unique stages (flight and ground) (-) (Affordable)
	Assists such as catapults typically count as 1 stage.  Count upper stages.

For scoring, 0 = many, 9 = aircraft like.



	50)  # of man-hours on system required to address low/high cycle fatigue issues (-) Responsive


	Goal is Certification instead of requiring between flight/mission inspection and analysis and subsystem cycle tracking.



	51) mean time between overhaul as % of $ cost of system (+) DELETED


	MTBO/$ ; want high MTBO for high $;  low MTBO is acceptable for low $.  Want a high rate of MTBO to $ from one system versus another (high slope). 



	52) # of expendables (fluid, parts, software) (-) (Affordable)


	Logistics for manufacturing, servicing and flight operations.

	53) # of facility power systems (-) (Responsive) 
	Example: 28, 270, 5 volt DC and 440 cycle AC from ground or space facility to vehicle.



	54) Ave. Isp on refer. trajectory (+) (Affordable)
	Calculation.  Positive for large increases which reduce required mass fraction and may allow more operable, robust  systems to be on board.  

Also allows reduced stage mass resulting in reduced life cycle cost.



	55) Ideal delta-V on ref. trajectory (-) (Affordable)


	Calculation. Different propulsion systems may require different delta velocities to perform the same mission. Examples are: thrust to weight vs. gravity losses or pure rocket vs. Electric propulsion

   

	56)  Maximum Q Mach no. Product (-) Deleted


	Self Explanatory

	57)  # of elapsed hours required to refurbish launch site between each launch (-) (Responsive)


	Planned work includes validation of the vehicle to ground interfaces upon reuse.




	58) # of engines (-) (Affordable)
	Fewer number of engines would indicate lower number of interfaces, variables in the reliability matrices, and smaller parts counts, all which lower life cycle costs (recurring and non-recurring phases).



	59) Mass Fraction required (-) (Responsive)


	Goal is for a lower mass fraction required to allow for a more operable/dependable system, or payload flexibility responsiveness.



	60) # of active engine systems required to function (-) (Dependable)
	The fewer active engine systems required, the fewer critical paths there are to fail, thus a more dependable system.



	61) # of alternate dedicated emergency abort sites required. (-) (Responsive)
	Life cycle cost must include upkeep (labor and equipment) and support infrastructure associated with alternate abort sites. Abort sites are subject to un-availability. 



	62) # of active ground or in-space systems required for servicing (-) (Affordable)
	Life cycle cost are impacted greatly with equipment and labor required to support the infrastructure for servicing in-space systems. Goal is to keep this to a minimum number.



	63) # of aero-control surfaces (-) (Responsive)
	The fewer active aero-control surfaces/devices  required, the fewer critical paths there are to fail, thus a more dependable system not requiring turnaround activities.



	64) # of engine restarts required (-) (Dependable)
	In-space restart requires active systems to function and adding critical failure modes to the system resulting in reduced dependability.



	65) # of major systems required to ferry or return to launch site (plus logistics support) (-) (Responsive)
	Goal is to self-ferry and not require separate ferry transportation system (Aircraft, Barge, etc.)




	66) Systems Margin (+) (Affordable)
	The overall design capacity in excess of advertised performance objectives to allow for mission flexibility, added dependability, and increased robustness.



	67)  lbs. Of fluid req’d for waste mgmt. @ end of life (-) Deleted


	Satellite must be removed when spent to provide space for replacement and not result in space debris.



	68)  lbs. of propellant req’d for RCS function (-) Deleted


	Propellant required for single propulsive function (RCS).

	69)  lbs. of propellant req’d for Delta V (-) Deleted


	Propellant required for single propulsive function (Delta V) required for orbit change or for de-orbit.



	70) # of umbilicals required to interface with the launch vehicle (-) (Affordable)
	Each umbilical introduces a large integration task, i.e., Design to and mating requirements, failure points and contamination sources and a large operations infrastructure to support. 



	71) Pounds of integrated wet and dry mass of the In-Space propulsion system. (-) (Affordable)
	Drives the size of the Launch Vehicle required to deliver the payload/upper-stage to space, also, increasing the total mass increases manufacturing, logistics, and engineering costs.  



	72) # of in-space support systems required for the propulsion system (-) (Affordable)
	Support items not on board the In-Space vehicle or the launcher, but, must be on orbit for vehicle to function and for servicing. 


	73)  Propulsion electrical power required as a % of total vehicle power (-) (Affordable) 


	Electrical propulsion systems may require a large quantity of power, but, goal is to minimize the % of this power to the total vehicle power.




	74) pounds of airborne support system required (-) (Affordable)
	Equipment charged to payload on the launch vehicle necessary to support the mission of the payload; however, left with the launch vehicle. This equipment is required to service the payload during ascent or to deploy the payload or the In-space vehicle from the launch vehicle.



	75) # of active on-board space systems required for propulsion (-) (Affordable)
	These are active systems on the In-space vehicle providing service to the propulsion system. Example: Electrical power and distribution, health monitoring/assessment and providing corrective action commands, gas systems providing purge or valve actuation power, and environmental monitoring for safety and corrective action. 



	76) Mission success Margin (+) (Diff. To measure?) Deleted
	Self explanatory



	77) Fuel Cost $/lb. (-)Deleted
	Self explanatory



	78) on-board propellant storage & management difficulty in space (-) (Affordable)
	Complexity within the vehicle element (does not include refueling systems), e.g., thermal input into propellant, propellant quantity gauging, liquid gas separation and feed for start-up. 



	79) resistance to space environment (+) (Affordable)
	Goal is to not be susceptible to space environment caused failures or replacements.



	80) impacts to payload compatibility (EMI, thermal, & exhaust) (-) (Affordable)
	Goal is not to create impacts to payloads because of propulsion system performance characteristics.



	81) required propulsion system volume (-) (Affordable)
	Large sizes could limit use of smaller launch vehicles that are adequate for mass requirements and result in higher launch costs.




	82) integral structure with propulsion system (+) (Affordable)
	Propulsion system tankage and vehicle share the same structure which avoids confined spaces that could become hazardous from propellant leakage resulting in the need for purge and detection systems.



	83) thrust control range (+) (Affordable)
	Goal is for large thrust control range (throttling) to provide application flexibility for single propulsion system for many different satellite masses and meet acceleration constraints including landing operations.                 



	84) minimum impulse bit (-) (Affordable)
	Desire is for a very small impulse bit to meet small mass satellite control requirements.



	85) transportation trip time (-) (Affordable)
	Elapsed time of orbit transfer as influenced by the In-space propulsion systems performance characteristics.  



	86) In Space Propulsion propellant transfer operation difficulty (re-supply) (-) (Affordable)
	Refueling complexity, e.g., gas displacement, non-propulsive venting, quantity gauging, automatic mate/de-mate of umbilicals, joint leakage, liquid/gas separation and management, and energy required for transfer.



	87) Design Certainty (-)
	Decrease the standard deviation around the operating point and/or the capability of any component, subsystem, or system; e.g., Increased testing, better materials characterization, more accurate analysis, better subsystem interface design and better process verification.




PROGRAM (CONSTRAINT) ATTRIBUTES AND CRITERIA DEFINITIONS
TECHNOLOGY R&D ATTRIBUTE AND CRITERIA DEFINITIONS

The "Technology R&D" category of program constraint criteria is the first major non-recurring cost step leading to "Program Acquisition".  An aircraft production analogy would be the technology R&D in composite materials / structures, CRT flight instruments, and upgraded turbojet engines required to enable a new state-of-the-art transport such as the Boeing 777.  Technology R&D must be identified and established as doable "upfront" before a manufacturing decision (program acquisition) is committed.  The following section discusses eleven Technology R&D Criteria to be assessed on the related matrix chart in regard to the listed five attributes.

TECHNOLOGY R&D ATTRIBUTES:  The attributes are Cost, Benefit Focused, Schedule, Risk and Dual-Use Potential.

Cost and Schedule are considered self-explanatory. The element of Risk addresses the concern as to the degree (score 0, 1, 3, 9) of likelihood the criteria being scored will promote (-) or minimize (+) the risk of failure to mature the technology application and/or its associated program (vehicle-system concept).

An example of Risk is the current TRL level of the technology (Criterion 5).  A technology already at TRL-6 has considerably less risk (+) of technical failure or performance degradation than a new, totally undemonstrated counterpart.

Dual-use Potential refers to additional potential applications of the technology in other space or non-space transportation applications.  The application can be considered in two ways: 1) If the application already exists in a commercial or military/ government system and is being adapted to space; or 2) the technology has potential application in industry after development for space transport.  The technology can be a "gift" either "from" or "to" the space transport industry, increasing utilization of the technology and potentially reducing net cost to all.

Benefit Focused indicates that the specific technology will be traceable to, and when matured, have a positive impact on one or more of the desired transportation system attributes.

SCORING GUIDELINES:  The following are guidelines for utilization (scoring) of the respective criteria shown in the program constraint matrix charts.  In general, a scoring assessment of the relative degree of correlation is assigned for each item as 0, 1, 3, or 9.  The + and - indicate polarity of "goodness"; + is considered asset, and - is detriment.  A '0' indicates the criteria has no effect or interrelated correlation on or with the attribute under consideration.  A '9' of course, indicates a maximum degree of effect or

correlation between the criterion and the attribute.  The effect can be either negative or positive.  Comparison of the relative program-level importance of  the criterion (how it scores in comparison to other criteria) is to be avoided as this aspect is addressed by the "Weight (Scoring)" column of the matrix.

TECHNOLOGY R&D CRITERIA

1.  Cost to reach TRL-6 (-).

    Total estimated R&D cost for technology to reach TRL-6. The measure is cost.  Score guidelines for total cost are shown below the Program Constraint Criteria matrix chart.  The scores will be assessed in accord with the guideline during the actual concept evaluation.

2. Total annual funding required by item at peak budget requirement (-).

    Goal of this item is to handicap the score of technologies requiring a larger portion of program annual budget.  The measure is estimated cost. These scores will also be assessed in accord with the guideline during the actual concept evaluation.

3.  Number of new facilities or technologies required that cost more than $2M (-).

    This item serves as further quantifier of technology R&D that may likely contribute to an unacceptable level of overall program affordability.

4. Estimated time to reach TRL-6 from  start of R&D (-).

    This factor is scored in context of overall program schedule requirements.  Measure is years.

5. Current TRL-? at start of development (+).

    Measure is the TRL number 1 through 9, scored as follows:

    TRL-1, 2, or 3:     Score 1 (only small correlation with attributes)

    TRL-4, 5, or 6: Score 3 (moderate correlation with attributes)

    TRL-7, 8, or 9: Score 9 (very strong correlation)

6. Number of operational-effectiveness attributes previously demonstrated (+).

    The technology under evaluation incorporates characteristics believed to have previously, and  successfully, demonstrated (in a relevant environment) one or more of the operational systems-effectiveness criteria developed by NASA/ Industry operations and propulsion synergy teams.

The criteria and scoring guidelines are as follows:

Category - Dependable: Reliable; Robust; Operate on Command (3 attributes).

Category - Responsive: Mission flexibility; Vigorous launch rate.  (2 attributes).

Category - Operable: Simple; Supportable; Maintainable (3 attributes).

Scoring guidelines for this criterion are:

Score 0:  The technology under consideration has previously demonstrated none of the above attributes.

Score 1: The technology has fulfilled any 1 or 2 attributes.

Score 3: The technology has fulfilled 3 or more attributes, but is limited in scope to any 2 Categories.

Score 9: The technology has fulfilled 4 or more attributes, in any combination of all 3 Categories.

7.  Number of operational effectiveness attributes addressed for improvement (+).  

The technology under evaluation incorporates characteristics believed to be capable of   successfully demonstrating (in a relevant environment) one or more of the operational systems-effectiveness criteria developed by NASA/ Industry operations and propulsion synergy teams.

The criteria and scoring guidelines are as follows:

Category - Dependable: Reliable; Robust; Operate on Command (3 attributes).

Category - Responsive: Mission flexibility; Vigorous launch rate.  (2 attributes).

Category - Operable: Simple; Supportable; Maintainable (3 attributes).

Scoring guidelines for this criterion are:

Score 0:  The technology under consideration is capable of demonstrating none of the above attributes.

Score 1: The technology can fulfill any 1 or 2 attributes.

Score 3: The technology can fulfill 3 or more attributes, but is limited in scope to any 2 Categories.

Score 9: The technology can fulfill 4 or more attributes, in any combination of all 3 Categories.

8.  Number of technology breakthroughs in physics, materials, performance, etc.

necessary to bring technology to TRL-6 (-).

    How many basic physics/materials/performance technical breakthroughs must be developed and demonstrated?  Those technologies requiring a greater quantity of "proofs" can be expected to entertain a greater degree of schedule and program risk.

9.  Number of full-scale ground or flight test demonstrations required to validate technology (-).

    During the "develop and demonstrate" segment of the technology R&D, how easy

(least costly in terms of facilities, GSE, materials, technical support, headcount, etc.) can the technology be demonstrated?

CFD simulations, for example, are much simpler, cheaper, quicker, than wind tunnel

and/or flight test, and would score higher than the more complex alternatives.

10.  Number of related technology data bases available? (+).

    In assessing levels of risk in the categories of budget, performance, operability, and schedule, those technologies reasonably well related to documented R&D of previous programs should encounter a minimum, predictable level of program risk.  Measure is subjective:  How good is data base? Has this been done before or is it all new?

11.  Number of multi-use applications (+).

    Can the technology be applied to other vehicles or programs in Space or other than space transportation, e.g., aircraft, trains, automotive (commercial and/or military)?  How many?  Use the perceived quantity to assess relative "score".

PROGRAM ACQUISITION ATTRIBUTE AND CRITERIA DEFINITIONS

"Program  Acquisition" is the final non-recurring-cost, major program  activity, leading to fabrication and delivery of the desired "affordable" space transportation system.  An aircraft production analogy would be the data gathering and decision-making process leading to major capital (non-recurring) investment in factory facilities, tooling, and operations-support infrastructure necessary to support "program acquisition".

This activity is highly motivated by evaluation of 1) total non-recurring  cost figures, 2) the spectrum of technology readiness, and 3) the assessed risk factors shown in the respective "attributes vs. criteria" chart.  The following are guidelines for utilization (scoring) of the respective criteria shown in the program constraint matrix charts.  In general, a scoring assessment of the relative degree of correlation is assigned for each item as 0, 1, 3, or 9.  The + and - indicate polarity of "goodness"; + is considered asset, and - is detriment.  A '0' indicates the scoreable criterion has no effect or interrelated correlation on or with the attribute under consideration.  A '9' of course, indicates a maximum degree of effect or correlation between the criterion and the attribute.  The effect can be either negative or positive.  The following section discusses eight Program Acquisition Criteria to be assessed on the related matrix chart in regard to the listed attributes.

PROGRAM ACQUISITION ATTRIBUTES:  The attributes are Cost; Schedule; Risk;

Technology Options; and Investor Incentive.

Cost and Schedule are considered self-explanatory. The element of risk is focused on "program acquisition".  An example is the risk associated with quantity of other technology options available (Criterion 6).  If the technology/ concept has a significant number of alternative options, the "risk" of program-acquisition failure is minimized.

SCORING GUIDELINES:  The following are guidelines for utilization (scoring) of the respective criteria shown in the program constraint matrix charts.  In general, a scoring assessment of the relative degree of correlation is assigned for each item as 0, 1, 3, or 9.  The + and - indicate polarity of "goodness"; + is considered asset, and - is detriment.  A '0' indicates the criteria has no effect or interrelated correlation on or with the attribute under consideration.  A '9' of course, indicates a maximum degree of effect or

correlation between the criterion and the attribute.  The effect can be either negative or positive.  Comparison of the relative program-level importance of  the criterion (how it scores in comparison to other criteria) is to be avoided as this aspect is addressed by the "Weight (Scoring)" column of the matrix.

PROGRAM ACQUISITION CRITERIA

1.  Total system DDT&E concept development and implementation cost (-).

This is a prime cost estimate factor (not including infrastructure) which will ultimately weigh heavily in go-no-go program acquisition decisions.  Measure is cost.  Score guidelines for total cost are shown below the Program Constraint Criteria  matrix chart.  The scores should be assessed in accord with the guideline.

2.  Infrastructure cost for initial system implementation (capital investment.) Measure is cost (-).

    This cost represents a major non-recurring financial investment for system support facilities, equipment, and other amortized physical-plant properties.  The scores should be assessed in accord with the guideline.

3.  Time required to establish infrastructure (schedule of R&D phase) (-).  Those concepts promising a relatively short period of years for start and accomplishment of the R&D phase are far more attractive than those requiring many years to complete.  Measure is years.

4.  Estimated technology readiness at program acquisition milestone: TRL-6 plus any additional maturation margin that may be developed (+).

    During the technology evaluation phase, (preparatory to making the major program acquisition decision) all technologies key to the system must be assessed for an aggregate level of readiness for the total system.  A technology that may reach TRL-8 is more desirable than one with likelihood of reaching only TRL-6.

5.  Technology capability margin in excess of the required operating level (performance as fraction of ultimate capability) (+).

    The resulting fraction can enable an adequate assessment of technical performance margin deemed essential for a robust "affordable" system.  An example is an engine that can perform the mission at 90% maximum rated chamber pressure, rather than 106% etc.

6.  Quantity of other technology options available (+).

    How many alternatives to the subject technology are known or perceived to provide a similar or equivalent level of performance?  How many backups are available?

7.  Quantity of major new technology development items (engines, airframes, TPS,

etc.) (-).

    The system requiring the greatest quantity of newly-developed major components can be expected to have a much higher risk to schedule and cost.

8.  Quantity of items requiring major ground test articles, new test facilities, and demonstration (e.g. new engine) (-).

    Major ground test programs are extremely consuming of time and resources.  The technology meeting a majority of all other requirements, and possessing the least test requirements, can be expected to have a definite cost and schedule advantage.

IN-SPACE TRANSPORTATION SYSTEMS APPLICATIONS OPTIONS
Reusable Systems:

Reusable Ground Based:  The transportation system (vehicle) is capable of performing repetitive in-space operations. It returns to ground base after completing each mission for preparation and servicing (including any required maintenance) for the next flight mission. Its range of service is both Earth Orbit and Planetary Orbits.

Reusable Space Based:  The transportation system (vehicle) is capable of performing repetitive in-space operations. After completing its mission (delivery of its payload) it remains in earth orbit; and is serviced for the in-space operation by another space transportation system launched from the ground. Its range of service is both Earth Orbit and Planetary Orbits.

Earth Self Re-Entry:  The space based vehicle has the capability of re-entry to earth upon command for depot maintenance or for cargo delivery to earth.

Orbit Capture and Return:  The space based vehicle must be captured by another space transportation system vehicle launched from earth for this purpose. It is then returned to earth aboard the capture vehicle, which has re-entry capability. The purpose of earth re-turn trip would be primarily depot maintenance of the in-space transportation system.

Expendable Systems:  The in-space transportation system is expended following the completion of its mission. The propulsion systems of satellites are also considered in this class of application. The range of service for this class is considered unlimited, but, defined as follows:

Earth Orbit:  Any one of several earth orbital transfers, including change of orbital diameter and inclination. For example, transfer from Leo to Geo.

Solar Orbit:  Any one of several orbital transfers/trajectories required for a Lunar or Planetary mission/missions.

Beyond Solar:  Any of several missions that require transportation outside the Solar system 

(Interstellar).
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