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I.  INTRODUCTION

SL100 Background

At a meeting of the Space Propulsion Synergy Team (SPST), in October of 1999, Mr. Garry Lyles, Manager of the MSFC Advanced Space Transportation Office, formally requested the support of the SPST in the development of a Spaceliner 100 (SL100) Technology Plan.

The purpose of this report is to provide a summary of the SPST support of SL100, which culminated in a propulsion technologies assessment and prioritization workshop conducted at MSFC on April 5, 6, and 7.  The results of this workshop and the follow-up analysis are part of this report.   Also included, is a review of the “lessons learned” that were solicited from the workshop participants.

Spaceliner 100 is not a program for developing a specific vehicle concept from design through manufacture and flight, but rather Spaceliner 100 (SL100) is a technology blueprint, a roadmap, that will guide identification and creation of technologies that don’t exist today, but will be required to enable a third generation RLV.  The RLV/Gen 3 will enable new markets, provide a platform for new destinations, and will be 100 times less expensive and 10,000 times safer.

Given the lack of growth in world wide launch rate levels, it is clear that new approaches and visionary thinking are required if we are to design and develop a space transportation system that meets the objective of engendering space growth and commercializing space transportation services.  It is also abundantly clear that these new era space transportation systems will require major, if not “leapfrog”, advancements in many technologies.

In response to NASA’s request, the SPST team agreed to provide technical and programmatic support to NASA in formulating a “Spaceliner 100 Technology Program”.   The SPST offers a broad cross-section of expertise and experience.  It’s membership consists of senior level, volunteer representatives from across government, industry, and academia.  The experience and knowledge base of this team, including the processes and tools developed during support of other NASA space transportation studies, including Access to Space, Highly Reusable Space Transportation (HRST) and In-Space Propulsion (ISP), provides an excellent resource for support of the development of an SL100 Technologies Plan.

SPST Organization and Operation

The organizational structure and current membership of the SPST is shown in Figure 1. 
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The mode of operation of the SPST in responding to a request from a “customer” is shown in Figure 2.

FIGURE 2

In response to a “customer’s” request the SPST Steering Committee, with consensus from the membership, defines the task and organizes the voluntary manpower that will be required.  Consistent with the this mode of operation, a diversified, experienced task force was formed to carry out the support of the SL100 technology program planning, as shown in Figure 3.   

The overall management and coordination of the support task force was assigned to Walt Dankhoff, the Executive Secretary of the SPST.  During the first half of the life of the SL100 Technologies Support Task Force the Chemical Propulsion Information Agency (CPIA) was responsible for providing administrative services for the SPST, including the technical and administrative service of the Executive Secretary.  However, beginning February 1, 2000 the administrative services, including that of the Executive Secretary, were provided by SAIC as one part of an existing contract with MSFC.

In order to provide a good operating interface between the “customer”, the MSFC/ASTP Office, and the SPST task force leaders, Garry Lyles named Uwe Hueter to act as the “ASTP customer”.  This turned out to be a very workable interface and significantly contributed to the success of the SPST’s support of SL100 technologies planning.

The Task Force consisted of four teams.   Each team had a balanced membership of representatives from across Government (NASA and USAF), Industry and Academia.  The responsibilities and functions of each of these teams is addressed in the section describing the “Work Flow Plan”.

However, it is important to point out how this essentially volunteer team has successfully carried out the subject activity and several others, in the past few years.  The approach was to take maximum advantage of the advancement in communication and keep travel to a minimum.  It is interesting to note that a very high percent of the communication and work were accomplished via telephone conferences (telecon) and e-mail exchanges.  The telecon capability, which is provided at no cost by the MSFC teleconferencing center, has been a major plus.  Each of the four teams shown in Figure 3 held weekly telecons.  In addition, biweekly telecons including the SPST Steering Committee, team leaders and other members, were held to review progress and coordinate activities. 
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II.    SPST SUPPORT PLAN

Scope and Focus of SPST Support 

It is important to note that NASA’s overall strategy envisions several generations of reusable launch vehicles covering a period from CY 2000 to CY 2030; with the RLV/Gen 3 being one of them.

The current Space Transportation Architecture (STA) Studies, primarily address the first two generation’s of RLVs.  The first generation is today’s Shuttle (partially reusable), with perhaps major upgrades.  The 2nd Generation is the first fully reusable (RLV) architecture.  The 3rd Generation RLV, to be operational by the year 2025-2030 has the challenging goals of (10,000 times safer and 100 times lower costs).  The purpose of the SL100 Technology Program is to provide the technical base for development of an RLV/Gen 3, with confidence in successfully meeting the goals of this transportation system.  It is recognized that revolutionary technologies in all categories will be required to meet the challenging goals of the 3rd Generation RLVs.

Although the SPST team support was focused on propulsion systems, the approach was to consider propulsion systems in the broadest sense, i.e. from propellant supply systems to exhaust nozzles and not just the “engine”.  The ground infrastructure and operations, which are largely driven by the type of propulsion system and propellants, was also included in the scope of support.

The basic task of the SPST was to identify, define, and prioritize the propulsion systems technologies that are critical to enabling the development and operation of a space transportation service capable of meeting the “challenging goals” that are embedded in RLV/Gen 3.  However, it was necessary for the SPST Task Force to first broadly address this task at a transportation system level as explained in the following section.

“Work Flow Plan”

The “work flow plan” used in carrying out the task of SPST Support of SL100 Technologies Planning is depicted in Figure 4.
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FIGURE 4
The overall requirements, or major goals, of an RLV/Gen 3 transportation service were provided by the “customer”, NASA/MSFC Advanced Space Transportation Program Office.  They were (1) a transportation service 10,000 times safer and (2) 100 times lower costs than the current space shuttle system.

The Functional Requirements Team1 expanded, and further defined, the basic functional requirements of an RLV/Gen 3 transportation service.  This expansion included transportation service capabilities and customers.  In addition they defined other major attributes, including responsiveness, dependability, and environmental compatibility as “functional requirements”.

This team also provided a vital input to the Assessment and Prioritization Workshop.  Team 1 “identified and weighted” the measurable technical design criteria and programmatic assessment factors.  Fortunately, the previous SPST activities, using the same process, provided a sound building blocks for the development of the criteria to assess the candidate SL100 technologies.  

In parallel, Team 2 was identifying the transportation system “architectures” that were considered to have the potential of meeting these requirements.  The output of both of these activities were utilized in identifying and defining the candidate propulsion system technologies.  It should be noted that in this phase of the SPST support the focus was on propulsion systems for earth to LEO transportation vehicles, sometimes referred to as “space trucks”.

Once this team had identified and categorized the candidate technologies they were responsible for the development of a “white paper” on each.  In some cases a team member had the background and expertise to prepare the “white paper”.  However, in many cases, it was necessary to seek a commitment from an engineer outside the team to prepare the “white paper”.

The last step in the “Work Flow” process was the actual assessment and prioritization.  This was conducted in a “hands-on workshop” on April 5th - 7th at MSFC.  Dr. Pat Odom, SAIC, the team leader, was responsible for the planning and facilitation of this highly successful workshop.  As will be explained in Section IV of this report, a major part of the preparation for a workshop was the selection and organization of two teams of evaluators, one technical, the other programmatic.

The process utilized in this workshop, as well as in previous workshops, was a successful marriage of two processes.  The first being the QFD based process evolved and utilized by the SPST, which is addressed in Reference 1, 2 and 3; the second process in this marriage is the AHP (Analytical Hierarchy Process), broadly used by SAIC.  The combination of these processes produced a credible assessment and prioritization of the candidate technologies.  The results of the workshop have been provided to the “customer”.  In addition, specific analyses of the data, such as sensitivity analysis, are being carried out, as requested by the “customer”, Uwe Hueter.

Please note that the results and conclusions presented herein do not represent official NASA positions on the priorities of particular space propulsion technologies.  Rather, they are the “output” of the collaborative process utilized by the SPST in the SL100 Technologies Workshop.  The results of the workshop are, therefore, an “input” to NASA/MSFC for utilization in their FY 2001 budget planning process.

It should be emphasized that an additional, extremely valuable product of the subject task was the maturing of the SPST/AHP process that took place.  Each time this process is exercised there are “lessons learned” that, when applied, result in a more efficient and credible process, including the workshops”.  For example, if this process is utilized to support the development of a “cost effective” technology plan for the RLV/Gen 2, it will require fewer man hours and a somewhat shortened time span.

Schedule

The schedule for this task was primarily dictated by the NASA budget planning cycle.  This meant that all of the results had to be available before the end of April 2000.  The SL100 Technologies Assessment and Prioritization Workshop, scheduled for the last week of April, had to be moved up to the first week of April, see Figure 5. 

[image: image7.wmf]SpaceLiner-100 Propulsion Task Force

 

SpaceLiner 100 Key Attribute

Influence Relationships

Inherent Reliability

Dependable

Safety

Cost

Operable

Responsive

Recurring

Cost

Spaceliner

Goals

(Lyles

Algorithm)

71.4% Influence

45.4%

35.0%

49.9%

55.0%

45.0%

Uses Lyles Algorithm

to show weighted

influence of Inherent

Reliability on achieving

Spaceliner goals

(28.6% Other Factors)

(54.6% Other)

(65.0% Other)

(51.1% Other)

Life Cycle Cost

Non-Recurring

Cost

Management Visibility of Influence Achieved when using Weighted Design Criteria

 for Technology Prioritization ( The How’s to achieve the What’s Desired )


FIGURE 5

This move was necessary in order to schedule workshops for the other categories of SL100 technologies that MSFC/ASTP required.

Moving the date of the workshop put a schedule squeeze on the completion of this task, including the completion of the technology “white papers”, which were critical to the success of the workshop.   The Technology Team, led by Dan Levack, Boeing/Rocketdyne, and the authors of the “white papers”, did an outstanding job in responding to this schedule challenge.  More on this subject is included in Section V.
III.
FUNCTIONAL REQUIREMENTS (TEAM 1)

Objective

The primary purpose of this team was to define and prioritize the “functional requirements” of a space transportation system that has the potential of meeting the challenging goals NASA defined for an RLV/Gen 3 system.  As previously noted, the RLV/Gen 3 goal is to have an “operational” transportation service by 2025-2030 which is 10,000 times “safer” and 100 times lower in operational costs than the current space shuttle SST.  In short, a space transportation service that operates like an airline transportation service.  These “functional requirements” are “whats” the customer wants in an advanced space transportation service.

As shown in Figure 4, this team was also responsible for defining and prioritizing the “hows” i.e. how can a transportation system provide “what” the customer wants.   The “hows” were identified by defining measurable criteria (technical/design and programmatic factors) that would support/correlate with the desired “attributes”.  These were required inputs to the “workshop” for defining, assessing, and prioritizing candidate technologies for an RLV/Gen 3.

An added task was to address the MSFC existing algorithm/diagram for “Systems Approach to Safety, Reliability, and Cost”, to further develop this algorithm/diagram, and take ownership for it. The attributes and criteria used in technology evaluation workshop were to be anchored to this algorithm/diagram. 

Approach/Process

The basic “Strategic Directions for RLV GEN3” shown in Figure 6 were anchored in the National Space Policies and Space Transportation Strategies:  and were also responsive to Commercial, National Defense, and Civil space transportation service needs.  

STRATEGIC DIRECTION FOR RLV/GEN 3 (SPACELINER 100)

Basic Functional Requirements:

· Assuring reliable and affordable access to space through U.S. transportation capabilities is fundamental to achieving national space goals.
· Must improve reliability, operability and responsiveness to be in concert with achieving the Safety and Cost goals for 3drd Generation Space Transportation.
· Safety:  Paramount
· Cost:  $100 per pound to Orbit equivalent
· Service:  Capable of supporting all Earth Orbit transportation requirements, including all orbits from LEO to GEO
· Customers:  Must support Space Transportation needs of Commercial, Civil, DOD, and National Security.
FIGURE 6
A summary of the RLV/Gen3 functional requirements are presented in Figure 7.  

RLV/GEN 3  (SPACELINER 100)

Functional Requirements Summary

TRANSPORTATION SERVICE CAPABILITY





-  Earth Orbit Capabilities:

LEO 40,000 pounds @ 28.6









Degrees-100 NM




-  Cross-Range



See Reference #3

SAFETY

-  Paramount

-  Loss of vehicle:


1/10,000 or 0.9999 Rel.

-  Loss of crew or passengers:

1 in 1,000,000 flights

-  Cross-range:



See Reference #3

-  Public Safety:


30 in 1,000,000 flights

AFFORDABILITY




-  Cost:




$100 per pound to Orbit

-  Integration of systems with like functions:  See Reference #3

-  # of interfaces, and independent sub-system:  See Reference #3

RESPONSIVENESS

-  Ground turnaround time:  1 day maximum

-  Operations/Environment Maintainability:

Automated health management

Ready accessibility

Min. use of pollutive or toxics




-  Range Control:


Automated system




-  Fleet Service Capability:

1,000 flights per year









200 flights per vehicle per year

DEPENDABILITY
-  Reliability /Safety:


See Reference #3

-  Dynamic propulsive events/operating modes:  See Reference #3

-  Critical failure modes and fault tolerant:  See Reference #3

-  Use of closed compartments and active safing:  See Reference #3

-  Vehicle Life:


10,000 flights per vehicle

-  Depot Maintenance:


Every 1,000 flights

ENVIRONMENTAL









See Reference #3

FIGURE 7
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The team used inputs from NASA/MSFC in deriving these “functional requirements”.  They have been categorized by first the transportation service “capability” and then the major “attributes” or “characteristics” that are required of an RLV/Gen 3.  In expanding upon these basic “functional requirements” this team relied heavily on the “outputs” from previous SPST tasks.  The previously identified customer desired “attributes”, that is, “what the customer wants” in a space transportation system (see Figure 8) were found to be directly applicable with a few additions.  It should be noted that there are two categories of attributes.  Those in the upper part of Figure 8 are the “attributes” that are desired in an “operating space transportation system, and reflect recurring costs.  The attributes in the lower portion of this chart are those desired in the R&D and acquisition phase of a space transportation system.  This phase is characterized as non-recurring costs, and is referred to in the “SPST process” as “programmatic”.

FIGURE 8

Next, this team, using a collaborative process, evaluated the current operating space transportation systems (i.e., Space Shuttle and expendable launch vehicles) relative to these attributes, Figure 7.  This was done using a scoring of 1 to 5.  The higher number indicates a greater ability of the transportation system to meet the “attribute” requirements.

A critical next step was for the team, again in a collaborative process, to determine the level of improvement required in each “attribute”.  However, before proceeding it was necessary to have the customer, in this case ASTP, provide a weighting of the “attributes”.  Acting in the role of the customer, Uwe Hueter, provided the required assessment.  The final score, as shown in Figure 9, was determined by adding the customer’s ranking of importance of the attribute plus the “need to improve” number (ratio).

It is beyond the scope of this report to present the details of the identification and prioritization of the design criteria and the programmatic factors.  However, they may be found in References 3 and 4.  An example of the correlation (scoring) of the defined design criteria (“hows”) with desired system attributes (“affordable” and “dependable”) is shown in Figure 10.  These criteria, with their prioritized weights, were utilized in the assessment workshop.
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Low Recurring Cost


Low Cost Sens. To Flt. Growth


Operation and Support


Initial Acquisition


Vehicle/System Replacement












Raw

%










Score

Weight

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

Highly Reliable

Intact Vehicle Recovery

Mission Success

Operate on Command

Robustness

Design Certainty










Raw

%









Score

Weight

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 of 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%

FIGURE 10

The praeto (prioritized list) of the programmatic factors utilized in the workshop assessment process is shown in Figure 11.
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 RBCC Single-Stage-to-Orbit Launch Vehicle

Class:

Reusability:

Mission:

Payload:

TO/Landing Mode:

Propulsion Type:

Propellants:

Design Organization:

Contact:

SSTO ETO Launch Vehicle

Highly Reusable

KSC to 100 

nmi circ

.

20 

klb 

(option up to 40 

klb

)

HTO/HL

ESJ RBCC (5)

LOX/LH2

Georgia Tech SSDL

Dr. John Olds (404-894-6289)

Major Enabling 

Technologies:

Major Enhancing 

Technologies:

LOX/LH2 ESJ RBCC engines

SHARP/UHTC TPS materials

Reusable composite propellant tanks

Autonomous flight controls

Metal matrix composite structures

Integrated O2/H2 OMS/RCS systems

VHM/BIT/BITE

Lightweight power/avionics/ECLSS

Electromechanical actuators

Hyperion

 is a highly reusable SSTO designed to lower the cost of

access to space to around $125 - $250/

lb 

of direct recurring cost.

Mission flexibility and safety are increased using by

 multimode

RBCC engines capable of sustained atmospheric flight. Two LH2

ducted fans provide power for limited landing area maneuvers.

Hyperion

 has long-life engines and airframe (like an aircraft) that

reduce fleet size for high flight rate mission models and reduce

inventory/spares costs. Turnaround time is estimated to be on the

order of 2 weeks. When sized for a 20 

klb 

payload to LEO (Atlas-

class), gross weight is around 800,000 

lb

,. dry weight is around

123,000 

lb

., and length is around 179 ft.


FIGURE 11

A critical part of the whole process was to establish a well-balanced team of knowledgeable personnel from every aspect of space transportation systems (management, concept development, design and analysis, component/sub-system testing, and operational testing).  To achieve the objectives the team also must include representatives from the Government (Civil & DoD), Industry (engine and airframe providers), and Academia.  Each individual must be open-minded toward the value of everyone’s unique knowledge base, as they are equally important in this process.  

This team successfully carried out their responsibilities by meeting, primarily by telecon, weekly for two (2) hours over a total period of approximately six (6) months.  The experience has been that once knowledge is shared and the issues debated, a consensus becomes attainable.  The team’s products are of much higher value than the output of any single individual.  This process also serves to accumulate knowledge, as well as to share knowledge, which can then be utilized in making critical decisions regarding the future of space transportation.

The team completed this process and supported the SL100 Technologies Assessment and Prioritization Workshop. This workshop was successful in providing the customer with a prioritized list of cost-effective technologies to be used in the SL100 budget planning.

[image: image11.wmf]A Specific Synerjet Powered Spaceliner Vehicle Type Description and Its Heritage

 Spaceliner Type

:  VTOL SSTO, SESJ Engine Complement

  

(10-12 power modules)

•

 

Vehicle Configuration

:  Extensively Axisymmetric, slender conical forbody, truncated conical

afterbody, wrap-around engine placement at maximum body-diameter station, with

split-flexing aerostrake precompression surfaces.  Small highly swept delta-wing with

tip-fin controllers.  Cryogenic hydrogen and oxygen propellants.

•

 

Concept’s Technical Heritage

:  (Latest Reference called out above)

»

  

First Definitive Assessment:

 1966 in NAS7-377 study, concept detailed but no closure on

mass properties and payload performance (study had TSTO emphasis)

»

 

Detailed Assessment:

  1986 in ACA/MMDA Air Force study of “Air Augmented Rocket

Propulsion Concepts” assessment, with five synerjet engine types.

»

 

Specific Design Description:

  1996 Kaiser Marquardt (KM) sponsored design/operations

study by Olds/Foster

»

 

Competitive Concept Evaluation:

  1994-96 Under NASA’s HRST study, the subject

SSTO-VTOL system concept was one of six (out of twenty), which were the

“winning” concepts

RBCC-Powered SSTO VTVL Spaceliner Concept

Latest Reference:

W.J.D. Escher, SAIC Paper SAE985526 September 1998

     Note:  Mass Values in KLBM.  Dry Weight Margin = 15%.

40 klbm PL, KSC

25 klbm PL

Mission

: 

easterly, 100 n mi

KSC to ISS

Dry Mass

184.8

163.2

GTOW (GLOW) Mass

1,042

920.1

     Payload (PL) Mass

     40

   25

PL/GTOW

3.84 %

 2.72 %

Propellant Mass Fraction

0.762

0.768

     Oxygen/Hydrogen (O/F)

 2.35

 2.42

     Subsonic Loiter (Descent)

30 min.

30 min.

     Vertical Let-Down

42 sec.

42 sec.

This team also succeeded in working the added challenge of maturing the Algorithm for the “System Approach to Dependable, Responsive, Safe, and Affordable Space Transportation” and anchoring the Workshop AHP evaluation criteria to this algorithm. A major part of this activity was the development of the influence relationships of the key SL100 “attributes” and their correlation with the algorithm, see Figure 12.  

FIGURE 12

The results of this task were reviewed with Steve Cook and Uwe Hueter of MSFC/ASTP. It was also acknowledged that we would continue to work with this algorithm to better anchor it to actual RLV experience database. This may take some time, as the database is not readily accessible or organized as needed to identify discriminators.

Products: 

As previously noted, the primary purpose of the subject task was to define and prioritize those Spaceliner 100 (SL100) technologies that will enable the development of transportation service that meets the challenging goals of an RLV/Gen 3 system.  These functional requirements play a primary role in developing the inputs including the required assessment criteria (technical/design and programmatic) that are required to conduct a successful SL100 technologies workshop.

However, it should be emphasized that a major product which is beneficial to the whole space transportation industry is the maturing of the “process” that supports sound strategic decisions, including technology program planning.  Each time the SPST/AHP process is exercised, there are “lessons learned” that, when applied, result in a more efficient, credible process.

In carrying out their responsibilities, this team produced a large number of working documents and tools, as listed below:

· SL-100 3rd Generation RLV Functional Requirements Documents with a defined Pareto of weighted Technical Criteria and a defined Pareto of weighted Programmatic Criteria for each Acquisition and R & D Phases. From 87 defined technical criteria, 51 were selected as good discriminators at the conceptual level and reduced to a Pareto list of 26 for use in the AHP evaluation tool.

· SPST SL-100 & In-Space Propulsion Technology Evaluation & Criteria Definitions Reference Book

· Technical Benefit Attribute development and weighting spreadsheet model (Automated Pareto and Diagram)

· Technical Benefit Attribute to Measurable Design Criteria development and weighting matrix spreadsheet model (Automated Pareto and Diagram)

· Programmatics Factors weighting and Criteria matrix development for both Acquisition and R & D Phases (Automated Independent Pareto and Diagram for each)

· SPST SL-100 Propulsion Technology Workshop Evaluation Criteria set for the AHP tool

· Technology Concept White-paper development Instructions Addendum D (Design Criteria Pareto with weights, Good Discriminating Criteria identified and Programmatic Criteria Pareto with weights for both Acquisition and R & D Phases 

· Executive Overview Briefing of the Algorithm for “Systems Approach to Dependable, Responsive, Safe, and Affordable Space Transportation” supporting the SL-100 Functional Requirements for 3rd Generation RLV

· Briefing of the development of the Algorithm for “Systems Approach to Dependable, Responsive, Safe, and Affordable Space Transportation” supporting the SL-100 Functional Requirements for 3rd Generation RLV

· Briefing of the “Technology Evaluation Process” with emphasis on the Criteria development and understanding provided at the Propulsion Evaluation, Assessment, and Prioritization Workshop in Huntsville, AL, April 5, 2000  

IV.  SPACE TRANSPORTATION ARCHITECTURES (TEAM 2)

Objectives

As previously noted the basic task of the SPST was to identify, define and prioritize propulsion system technologies that are critical to enabling the development and operation of a space transportation service capable of meeting the “challenging goals” that are embedded in NASA’s Gen 3 safety and cost goals.  However, it was necessary for the SPST task force to first broadly address this task at the transportation system level.  Therefore, a transportation system Architecture Team was formed to:  (1) identify and define space transportation system architectures that have the potential of satisfying the RLV/Gen 3 functional requirements, and (2) identify and define the major system elements within these architectural concepts.  The overall purpose is to provide the means of identifying the key propulsion related technologies to enable the development of an RLV/Gen 3 system.

Approach/Process

To accomplish these objectives an Architectures Team (No. 2) was formed within the SL100 Support Task Force.  This team was staffed with senior level Industry, Government (NASA/USAF), and Academia volunteers who represented a broad cross-section of technical breath and expertise, see Figure 3 in Section I – Introduction of this report.

The basic approach emphasized by this team was as follows:

1. To identify and conceptually define space transportation system architectures which have the potential of addressing the functional requirements that were defined by Team No. 1.

2. To identify and define the major elements that constitute these space transportation architectures.

3. Determine and define the relationship of these elements one to another and to the overall transportation architecture (to the degree possible within the limited resources and time).

In view of the advanced and challenging nature of the RLV/Gen 3 transportation system requirements; and the limited availability of previous related system analysis and engineering studies, the approach of this team had to be:

· At a top system level

· Very conceptual

The approach was to broadly address the system architectures required for the country (USA) to reach NASA defined, low cost access to space goals while increasing human space transportation safety.  The Transportation Architecture Team was tasked with identifying the major elements of space transportation system architectures needed to get payloads (cargo & human) to and from Low Earth Orbit (LEO)) and beyond.  These elements include several types of space transportation vehicles, as well as the required ground operational support infrastructure.  The potential transportation service architectural concepts and payloads beyond LEO were included because they may have requirements that will impact the design of the earth to LEO vehicles (sometimes referred to as space trucks).

Also recognizing that the objective of this task was to identify and prioritize “propulsion” and “propulsion related” technologies, the focus of this team was on the roles that “propulsion” played in defining the various space transportation system vehicles.  Therefore, for this specific activity the focus was on propulsion systems for earth to LEO transportation vehicles i.e. “space trucks”.

System elements applicable to the Gen3 RLVs were identified in terms of the overall vehicle concept configuration, staging, takeoff/landing approach, launch assist, number of propulsion stages, and propellants for both “earth to orbit” and “orbit to orbit” concepts.  These concepts were then compared to the functional requirements and subjectively ranked to systematically screen the concepts.  The objective of this  assessment was to reveal how basic systems/techniques would support the functional requirements.

Identification of the attributes/functional requirements to be used was a difficult task considering that they must be at a high enough level to allow a relative screening that does not drop a potential technology that may contribute to the goals of the overall system.  The consensus was to assess the system elements/concepts against the attributes/functional requirements previously developed by Team 1, which are listed below:

1)   Transportation Service Capability

a) Earth Orbit Capabilities: 40klb to LEO @ 28.6deg-100NM

b) Cross-Range

2)  Safety

a) Paramount

b) Loss of Vehicle: 1/10,000 or 0.9999 Reliability

c) Loss of Crew or Passengers: 1 in 1,000,000 flights

d) Cross-Range

e) Public Safety: loss of 30 in 1,000,000 flights (on the ground)

3)  Affordability

a) Cost: $100 per pound to Low-Earth-Orbit

b) Integration of Systems with Like Functions

c) Number of Interfaces & Independent Subsystem

4) Responsiveness

a) Ground Turnaround Time: 1 day max.

b) Operations/Environment Maintenance: Automated Health Management, Ready Accessibility, Minimum use of pollutive or toxics

c) Range Control: Automated System

d) Fleet Service Capability

5) Dependability

a) Reliability / Safety

b) Dynamic Propulsive Events / Operating Modes

c) Use of Closed Compartment & Active Safing

d) Vehicle Life: 10,000 flights per vehicle

e) Depot Maintenance, Every 1,000 flights

6) Environment

a) Minimum Impact on Space Environment

b) Minimum Effect on Atmosphere

Minimum Impact on Launch Sites
Discussion of Results

Generic concepts of transportation architecture, system elements were identified and presented in the form of “quad charts”, as shown in Figures 13-21 of this Section.  These generic system concepts were grouped by mission categories as follows:


Earth-to-Sub-Orbital

-    Stargazer TSTO


-    Starsaber TSTO


Earth-to-Orbit

· Argus RBCC with Maglifter SSTO 


· Hyperion RBCC, SSTO  


· Spaceliner RBCC, SSTO 
 

· Bimese Rocket TSTO (Lox, Kerosene)  


· Bimese Rocket TSTO (LOX, LH2)  
 

Space Transfer

· Solar Electric STV  
 

· Nuclear Thermal STV  
 

· Solar Thermal STV  
 

· Tether Transfer System
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 Two-Stage-to-Orbit Kerosene-Fueled Launch Vehicle

Class:

Reusability:

Mission:

Payload:

TO/Landing Mode:

Propulsion Type:

Propellants:

Design Organization:

Contact:

TSTO ETO Launch Vehicle

Full 

KSC to 100 

nmi circ

., 28.5

�

 

inc

.

40 

klb

VTO/HL

Bell-nozzle, rocket engines (8)

LOX/Kerosene

NASA

 LaRC

, VAB

Roger 

Lepsch 

(757) 864-4520

 Major Baseline 

Technologies:

Major Enhancing 

Technologies:

Highly operable LOX/HC rocket engines

Ceramic TPS materials

Al-

Li

 propellant tanks

Graphite composite structures

Autonomous flight controls

Propellant cross-feed system

Separable crew transfer vehicle (not shown)

Long life LOX/HC rocket engines

Integrated structures/TPS

Graphite composite propellant tanks

IVHM/BIT/BITE

High performance HC propellants

Integral crew cabin/escape module

The

 

Bimese

 TSTO RLV uses two identical reusable wing-body

stages to lower the cost of access to space primarily by reducing

up-front development costs. Relative to a single-stage, the overall

Bimese

 system is smaller (lower gross mass and length). The stage

serving as a booster feeds propellant to the engines on both stages

until its propellant is consumed at Mach 3 to 3.5, then glides back

to the landing site. The orbiter stage continues to orbit with the

payload, then performs an

 unpowered

 entry and landing.

This version of the

 

Bimese

 is propelled by 4 staged-combustion

kerosene engines on each stage.  When sized for a 40 

klb

 payload

to LEO the 

mated configuration

 gross weight is around 2.8 

Mlb

.,

dry weight is 254,000 

lb

. including a 15% weight growth

allocation, and length is around 137 ft.
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UNITED STATES
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 All-Rocket Two-Stage-to-Orbit Launch Vehicle

Class:

Reusability:

Mission:

Payload:

TO/Landing Mode:

Propulsion Type:

Propellants:

Design Organization:

Contact:

TSTO ETO Launch Vehicle

Highly Reusable (glide-back booster)

KSC to 100 

nmi

. 

circ

.

60 

klb

VTO/HL

Adv

. FFSC Rocket (5 per stage)

LOX/LH2

NASA Langley VAB

Dr. Ted 

Talay 

(757-864-4502)

Major Enabling 

Technologies:

Major Enhancing 

Technologies:

High T/W

e

 FFSC Rocket Engines

Autonomous flight controls

Lightweight metallic structures (Al-

Li

)

Integrated O2/H2 OMS/RCS systems

VHM/BIT/BITE

Lightweight power/avionics/ECLSS

Electromechanical actuators

The 

Bimese

 

TSTO RLV uses two identical reusable wing-body

stages to lower the cost of access to space. Relative to a single-

stage, the overall 

Bimese

 

system is smaller (lower gross mass

and length). The stage serving as a booster cross-feeds propellant

to both stages until its propellant is consumed at Mach 3.2, then

glides back to the landing site. The orbiter stage continues to

orbit with the payload, then performs an 

unpowered 

entry and

landing.

Bimese 

propulsion is provided by 5 full-flow staged combustion

engines on each stage.  When sized for a 60 

klb 

payload to LEO

the gross weight of the 

mated configuration

 is around 2.1 

Mlb

lb

,. dry weight is around 363,000 

lb

., and length is around 163 ft.


[image: image14.wmf]Solar Electric Space Transfer Vehicle

Class:

Reusability:

Mission:

Payload:

TO/Landing Mode:

Propulsion Type:

Propellants:

Design Organization:

Contact:

Major Enabling 

Technologies:

Major Enhancing 

Technologies:

Space Transfer Vehicle

Highly Reusable (option for expendable)

LEO to GEO ferry

128 MT

N/A

SEP (Hall Effect or Electrostatic)

Krypton (option for Xenon)

Georgia Tech SSDL

Dr. John Olds (404-894-6289)

Long life ion/Hall thrusters

Reusable, solar concentrators

Autonomous flight controls

Lightweight structures

Low cost, abundant propellants

Lightweight PMAD/avionics

Reusable in-space tug designed to deploy space solar power

satellites.  The project goal is to lower the price of in-space

transportation to around $400/kg.  Relative to chemical

propulsion, SEP has high 

Isp

, resulting in low propellant costs

per flight.

Turnaround time is estimated to be on the order of 360 days.

When sized for a 128 MT payload, gross mass is around 159

MT. Dry mass is around 13 MT.

[image: image15.wmf]Nuclear Thermal Rocket Space Transfer Vehicle

Class:

Reusability:

Mission:

Payload:

TO/Landing Mode:

Propulsion Type:

Propellants:

Design Organization:

Contact:

Major Enabling 

Technologies:

Major Enhancing 

Technologies:

Space Transfer Vehicle

Highly Reusable 

LEO to GEO ferry (roundtrip)

225 MT

N/A

NTR

LH2

Georgia Tech SSDL

Dr. John Olds (404-894-6289)

Highly reusable in-space tug designed to deploy space solar

power satellites.  The project goal is to lower the price of in-

space transportation to around $400/kg.  NTR has both high

thrust and high 

Isp 

(~950 sec) and long life airframe which

dramatically reduce fleet size for high flight rate mission model.

Turnaround time is estimated to be on the order of 2 days. When

sized for a 225 MT payload, gross mass is around 440 MT. Dry

mass is around 43 MT.

Nuclear thermal engine

Autonomous flight controls

Lightweight structures

Lightweight cryogenic fuel tanks

Lightweight PMAD/avionics


[image: image16.wmf]Solar Thermal Rocket Space Transfer Vehicle

Class:

Reusability:

Mission:

Payload:

TO/Landing Mode:

Propulsion Type:

Propellants:

Design Organization:

Contact:

Space Transfer Vehicle

Highly Reusable 

LEO to GEO ferry (roundtrip)

20 MT (option for 40 MT)

N/A

STR

LH2 (option for LOX augmentation)

Georgia Tech SSDL

Dr. John Olds (404-894-6289)

Major Enabling 

Technologies:

Major Enhancing 

Technologies:

Solar thermal engine

Graphite/Rhenium heat exchanger

Reusable, solar concentrators

Autonomous flight controls

Lightweight structures

Lightweight cryogenic fuel tanks

Lightweight PMAD/avionics

Highly reusable in-space tug designed to deploy space solar

power satellites.  The project goal is to lower the price of in-

space transportation to around $400/kg.  Relative to solar electric

propulsion, STR has higher thrust engines and longer life

airframe that reduce fleet size for high flight rate mission model.

Turnaround time is estimated to be on the order of 60 days.

When sized for a 20 MT payload, gross mass is around 80 MT.

dry mass is around 18.5 MT.
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Propulsion
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Contact:
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Major
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Space Transfer

System
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LEO to GEO

toss

68 MT

N/A
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Krypton (SEP)

reboost
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Georgia Tech
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Dr. John Olds (404-894-

6289)

High tensile strength

tether

Tether/payload
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Lightweight
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Lightweight
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Highly reusable in-space tug designed to deploy space
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at GEO is accomplished by

an

expendable upper stage.  The project goal is to lower the

price of

in-space transportation to around $400/kg.  Spinning

tether

provides nearly propellant-less deployment through

momentum

exchange.

Turnaround time is estimated to be on the order of 7 days.

When

sized for a 68 MT payload, gross mass is around 387

MT. Dry

mass is around 318 MT. Tether is 60 km in

length.
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TRANSPORTATION SERVICE CAPABILITY

Earth Orb Capabilities:  

LEO

 40,000 pounds @ 28.6 Degrees-100 
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Cross-Range:  See text

SAFETY

Paramount

Loss of Vehicle:  1/10,000 or 0.9999 Rel.

Loss of Crew or Passengers: 1 in 1,000,000 flights
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NA

LOX/H2

NA

5

3

5

5

5

3

Rocket Based Comb Cycle 1

SSTO

HTOHL

N

RBCC

NA

LOX/H2

NA

5

5

5

5

5

5

Rocket Based Comb Cycle 2

SSTO

HTOHL

Y

RBCC

NA

LOX/RP

NA

5

5

5

5

5

5

Rocket Based Comb Cycle 3

SSTO

HTOHL
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RBCC

NA

LOX/H2

NA

5

5

5

5

5

5

Rocket Based Comb Cycle 4
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HTOHL

Y

RBCC

NA

LOX/RP

NA

5

5

5

5
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5

Rocket Based Comb Cycle 5      (Herst study)
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VTOHL

N
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NA

LOX/H2
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5

5

5

5

5
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Rocket Based Comb Cycle 6

TSTO

HTOHL
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TBD
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TBD
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5
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Rocket Based Comb Cycle 7

TSTO

HTOHL
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TBD

LOX/RP

TBD
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Rocket Based Comb Cycle 8
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LOX/H2
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5
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SSTO
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N
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NA
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5

5

5

5

5

Turbine Based w/Rocket Comb Cycle

SSTO
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N

TBCC+Rocket

NA
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5

5

5

5

5

5
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N
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?
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?

5

5
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5
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N
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?
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5

5

5
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5
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Y
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?
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?

5
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5
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5

5
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Y
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?

LOX/RP
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5
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5

5

5
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?

LOX/RP

?
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5
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FIGURE 21


These generic system concepts were evaluated against the attributes/functional requirements that are listed above.  The weighting was based on the “generic systems” concept’s contribution to or correlation with, each of the attributes/functional requirements.  As shown in Figure 22, there are three levels of weighting which are shown by color code:


GREEN
-
Primary contribution


YELLOW
-
Secondary contribution


RED

-
No contribution

It will be noted that the consensus of this structured evaluation was that all of these generic system concepts were “primary contributions” to the achievement of the functional requirement of an RLV/Gen 3.  There were only a few scores for secondary contribution, notably those related to the major attribute “Dependability”, and to the specific functional requirement “Dynamic Propulsion Events Operating Modes”.

The message is that investment in the technologies associated with these concepts would benefit most of the functional requirements associated with an RLV/Gen 3 transportation system.  However, this does not mean that one can conclude that any of these generic system concepts will result in a space transportation system that meets the goals of RLV/Gen 3.  But, it is encouraging to note that these system concepts are considered to have the potential of being primary contributors to essential all of the attributes/functional requirements.  This is an encouraging observation; for there is a general consensus that all of the system attributes must be embedded in a space transportation system, if it is to attain the safety and cost goals.  This point is made in a more visible form in the “space transportation algorithm” that has been understudied by the SPST Task Force.

Conclusions

The results of the Architecture Team produced vehicles for the Gen3 Reusable Launch Vehicles in the time frame 2025-2030. The following classes of vehicle features were identified.

1. Propulsion elements such as chemical rocket engines, pulsed detonation rocket engines, rocket based combined cycles and turbine based combined cycle engine systems.

2. Single and two stage to orbit ETO trucks employing vertical or horizontal takeoff, horizontal or vertical landing, LOX/H2 and/or LOX/Hydrocarbon propellants; and launch assist (e.g., MagLev) or no launch assist.

3. There were no exotic propulsion systems evaluated in this study (ie, propellantless, beamed energy, etc) at the request of NASA’s Advanced Space Transportation Program (ASTP)Office
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Earth te Orbit
Rocket 1 [TSTO [VTOHL | N |Liquid Rocket |Liquid Rocket |LOX/H2 [LOX/H2 5 3 5 5 5 3 5 3 5 3 5 5 5 5 5 3 5 5 5 5 5 5 5
Rocket 2 [TSTO [VTOHL | N _|Liquid Rocket |Liquid Rocket |LOX/RP_|LOX/H2 5 3 5 5 5 3 5 3 5 3 5 5 5 5 5 3 5 5 5 5 5 3 5
Rocket 3 [TSTO [WTOHL | N |Liquid Rocket |Liquid Rocket |LOX/RP_[LOX/RP. 5 3 5 5 5 3 5 3 5 3 5 5 5 5 5 3 5 5 5 5 5 3 5
Rocket 4 [TSTO [VTOWL | N |Liquid Rocket |Liquid Rocket |LOX/H2 |[LOX/H2 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
Rocket 5 SSTO [VTOHL | N [Liguid Rocket |NA LOX/H2 [NA 5 3 5 5 5 3 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
Rocket 6 SSTO [WVTOVL | N [Liguid Rocket |NA LOX/H2 [NA 5 3 5 5 5 3 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
5 3 5 5 5 3 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
Pulsed Detonation Rocket 1 [TSTO [WTOHL | N |Liquid Rocket |Liquid Rocket |LOX/LH2 [LOX/LH2 5 3 5 5 5 3 5 3 5 3 5 5 5 5 5 3 5 5 5 5 5 3 5
Pulsed Detonation Rocket 2 [TSTO [VTOHL | N_|Liquid Rocket |Liquid Rocket |LOX/RP_|LOX/LH2 5 3 5 5 5 3 5 3 5 3 5 5 5 5 5 3 5 5 5 5 5 3 5
Pulsed Detonation Rocket 3 [TSTO [WTOHL | N |Liquid Rocket |Liquid Rocket |LOX/RP_[LOX/RP. 5 3 5 5 5 3 5 3 5 3 5 5 5 5 5 3 5 5 5 5 5 3 5
Pulsed Detonation Rocket 4 SSTO [WVTOHL | N [Liguid Rocket |NA LOX/LH2 |NA 5 3 5 5 5 3 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
Aircraft Launch SSTO [WVTOHL | Y [Liguid Rocket |NA LOX/H2 [NA 5 3 5 5 5 3 5 3 5 3 5 5 5 5 5 3 5 5 5 5 5 5 5
Rocket Based Comb Cycle 1 SSTO |HTOHL | N |RBCC NA LOX/H2 [NA 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 3 5 5 5 5 5 5 5
Rocket Based Comb Cycle 2 SSTO |HTOHL | ¥ |RBCC NA LOX/RP_|NA 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 3 5 5 5 5 5 3 5
Rocket Based Comb Cycle 3 SSTO |HTOHL | ¥ |RBCC NA LOX/H2 [NA 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 3 5 5 5 5 5 5 5
Rocket Based Comb Cycle 4 STO |HTOHL | ¥ |RBCC NA LOX/RP_|NA 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 3 5 5 5 5 5 3 5
Rocket Based Comb Cycle 5 (Herst study) SSTO |VTOHL | N |RBCC NA LOX/H2 [NA 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 3 5 5 5 5 5 5 5
Rocket Based Comb Cycle 6 [TSTO |HTOHL | N |RBCC ITBD. LOX/H2 |TBD 5 5 5 5 5 5 5 3 5 3 5 5 5 5 5 3 5 5 5 5 5 5 5
Rocket Based Comb Cycle 7 [TSTO |HTOHL | N |RBCC ITBD. LOX/RP_|TBD 5 5 5 5 5 5 5 3 5 3 5 5 5 5 5 3 5 5 5 5 5 3 5
Rocket Based Comb Cycle 8 [TSTO |HTOHL | ¥ |RBCC ITBD. LOX/H2 |TBD 5 5 5 5 5 5 5 3 5 3 5 5 5 5 5 3 5 5 5 5 5 5 5
Rocket Based Comb Cycle 9 [TSTO |HTOHL | ¥ |RBCC ITBD. LOX/RP_|TBD 5 5 ‘ 5 5 5 5 5 ‘ 3 5 3 ‘ 5 5 5 5 ‘ 5 3 5 5 5 5 ‘ 5 3 5
Turbine Based w/Rocket Comb Cycle 1 SSTO |HTOHL | N |[TECC + Rocket|NA LOX/H2 |[NA 5 5 5|5 |5|8]|5 518 |5 5 5 505 5| 3|5|5|5]5 5158 |5
Turbine Based w/Rocket Comb Cycle 2 SSTO |HTOHL | N |[TECC + Rocket|NA LOX/RP |[NA 5 5 5|5 |5|8]|5 518 |5 5 5 505 5| 3|5|5|5]5 5| 3|8
Turbine Based w/Rocket Comb Cycle 3 SSTO |HTOHL | ¥ |TBCC + Rocket|NA LOX/H2 |[NA 5 5 5|5 |5|8]|5 518 |5 5 5 505 5| 3|5|5|5]5 5158 |5
Turbine Based w/Rocket Comb Cycle 4 SSTO |HTOHL | ¥ |TBCC + Rocket|NA LOX/RP |[NA 5 5 5|5 |5|8]|5 518 |5 5 5 505 5| 3|5|5|5]5 5| 3|8
Turbine Based w/Rocket Comb Cycle 5 SSTO |VTOHL | N |[TECC + Rocket|NA LOX/H2 |[NA 5 5 5|5 |5|8]|5 518 |5 5 5 505 5| 3|5|5|5]5 518 |5
Turbine Based w/Rocket Comb Cycle SSTO |VTOVL | N |[TBCC+Racket [NA LOX/H2 5 5 5|5 |5|8]|5 5158|585 5 5 505 5| 3|5|5|5]5 518 |5
Turbine Based Comb Cycle 1 ITSTO |[HTOHL | N |TBCC ? LOX/H2 |7 5 5 5 5 5 5 5 3 5 3 5 5 5 5 5 3 5 5 5 5 5 5 5
Turbine Based Comb Cycle 2 ITSTO |[HTOHL | N |TBCC ? LOX/RP |7 5 5 5 5 5 5 5 3 5 3 5 5 5 5 5 3 5 5 5 5 5 3 5
Turbine Based Comb Cycle 3 ITSTO |[HTOHL | Y |TBCC ? LOX/H2 |7 5 5 5 5 5 5 5 3 5 3 5 5 5 5 5 3 5 5 5 5 5 5 5
Turbine Based Comb Cycle 4 ITSTO |[HTOHL | Y |TBCC ? LOX/RP |7 5 5 5 5 5 5 5 3 5 3 5 5 5 5 5 3 5 5 5 5 5 3 5
Turbine Based Comb Cycle ITSTO [VTOWL | Y |TBCC ? LOX/RP |7 5 5 5 5 5 5 5 3 5 3 5 5 5 5 5 3 5 5 5 5 5 3 5
SPECIFIC ARCH CONCEPTS - EARTH TO ORBIT
Argus with Maglifter STO [HTO! Y _|SERJRBCC 2 5 5 5 5 5 5 5 5 5 5 5 5 5 5 3 5 5 3
Hyperion SSTO STO [HTO! ESJ RECC 2 5 5 5 5 5 5 5 5 5 5 5 5 5 5 3 5 5 3
Stargazer TSTO TO O ’ESJ RBCC 12 |LOX/RP 5 5 5 5 5 5 5 5 5 5 5 5 5 5 3 5 5 3
Starsaber TSTO TO O ESJ RECC 12 |LOX/LH2 5 5 5 5 5 5 5 5 5 5 5 5 5 5 3 5 5 3
Mexus SSTO (RBCC_Spaceliner) TO L 2 5 5 5 5 5 5 5 5 5 5 5 5 5 5 3 5 5 3
Bimese TSTO RLY TO OHL. \L\qu\d Rocket [Liguid Rocket 12 |LOX/LH2 3 3 5 5 5 5 5 5 5 5 5 5 5 5 3 5 5 3
Bimese TSTO RLY TO OHL. \L\qu\d Rocket [Liguid Rocket P [LOX/RP. 3 3 5 5 5 5 5 5 5 5 5 5 5 5 3 5 5 3
SPECIFIC CONCEPTS - ORBIT TO ORBIT \
Solar Electric STV Hall Effect Krypton or Xenon 5 5 5 5 5 5 5 5 5 5 5 5 5
Muclear Thermal STV NTR LH2 \ 5 5 5 5 5 5 5 5 5 3 5 5 5
Solar Thermal STV STR LH2 \ 5 5 5 5 5 5 5 5 5 3 5 5 5
Tether Transfer System [ Tether SEP reboost 5 5 5 5 5 5 5 5 5 3 5 5 5





V.  TECHNOLOGIES (TEAM 3)

Objective

The primary objective of the Technology Team was to identify and define propulsion and “propulsion related” technologies that are candidates for inclusion in the SL100 technology budget for FY 2001 and beyond.  More specifically these technologies would first become candidates in the SL100 Technology Assessment and Prioritization Workshop.

Approach

The RLV/Gen 3 Functional Requirements, and especially the design criteria and programmatic factors, are essentially the main drivers in identifying key SL100 candidate technologies.  This team chose to use three available sources in identifying the candidate technologies.  First the technologies identified by NASA during the summer of 1999, as candidates for an advanced space transportation system, were collected. From these were abstracted those that were "propulsion" or "propulsion related". This process reduced the list of technologies from 48 to 21.  Interactions with Team 2 (Architectures) and discussions within Team 3 led to the inclusion of two additional technologies - Thrust Augmentation and Bridge to Space (Tether second stage).  The net result was that 23 technologies were presented at the AHP workshop. They were grouped into three categories: Enabling/Generic Technologies, Flight Systems, and Ground Systems, which are defined as follows.

· Enabling/Generic Technologies

As the title implies this category of technologies has the potential of applying to several “flight systems” or in some cases “ground systems”.  A good example of a technology that fits in this category is propulsion Integrated Vehicle Health Management (IVHM).

· Flight Systems

The “flight system technologies” are basically propulsion systems that are candidates for a number of space transportation vehicles.  Each type of propulsion system is treated as a complete technology in itself.  However, it is obvious that there are many lower level technologies associated with sub-systems, components, etc.

· Ground Systems
This category of technologies was particularly established in recognition of the fact that efficient ground operations are paramount to attaining the challenging goals of an RLV/Gen 3 transportation service.  Each of the technologies included in this category contributes to ground operation efficiency.  However, it is recognized that many other advancements in technologies related to all aspects of ground operations are needed to meet the RLV/Gen 3 goals.

This team was not only responsible for identifying and assimilating candidate technologies, as shown in Figure 23, but they were also responsible for the preparation of a “white paper” on each of the candidate technologies.  In some cases it was a Technology Team member that had the experience and expertise needed to prepare a “white paper”.  However, as was the case for many other technologies, it was necessary to request support from individuals/organizations outside of the team.  In order to have consistency in the format and content of these technology “white papers” each author was provided with a templet to use as a guide.  The templet required the following items:

· Technology Category

· Summary Description

· Spaceliner Architecture/System/Subsystem Application(s)

· Investments Required to Mature the Technology for Spaceliner

· Potential Benefits of the Technology to Spaceliner

In addition, the authors were provided with the major products of the Functional Requirements (Team #1).  These included the prioritized criteria (technical/design and programmatic factors) that would be used in the Technology Assessment and Prioritization Workshop.  The authors were also provided with a document (see Reference #2) that defined each assessment criteria.  In this manner the authors were made aware of the assessment criteria (prioritized) that would be utilized in the Workshop; and could take this knowledge into account in preparing their “white papers”.

These “white papers” were made available prior to the workshop.  Each author was also required to provide an “on-site briefing” or telecon briefing.  We are indebted to each of the authors (shown in Figure A) for their expertise and time they devoted to the preparation of the technology “white papers” and the presentations made at the SL100 workshop.

In addition to the input of candidate technologies, the AHP assessment and prioritization process required the identification of a “pivot technology”.   This “pivot technology”, which was also provided by this team was then used as a basis of comparison in the assessment process. The utilization of a “pivot technology” is described further in Chapter VI.

PREPARATION AND BRIEFING OF TECHNOLOGY “WHITE PAPERS”
Enabling/Generic Technologies:

· Aerodynamic performance and control through drag modulation (Ray Chase/ANSER)
· High performance hydrocarbon fuels (Joe Ciminski) – by phone

· Thrust augmentation (Mike Blair/Thiokol)
· Propulsion IVHM (June Zakrajsek/GRC) – by phone

· Numerical propulsion system simulations (NPSS) for space transportation propulsion (Karl Owen/GRC) – by phone

· High (better than densified density hydrogen)  (Bryan Palaszewski /GRC) – by phone

· Advanced cryotank structures (Earl Pansano/Lockheed Martin)
· Long life, light weight propulsion materials and structures (Dan Levack/Boeing-Rocketdyne)
· Bridge to space (tether second stage) (Tom Mottinger/Lockheed Martin) – by phone

· Green, operable RCS (Eric Hurlbert/Primex and Stacy Christofferson/Primex) by phone 

Two different concepts

Flight Systems:

· Baseline/Pivot Technology for Main Propulsion and OMS/RCS (Dan Levack/Boeing-Rocketdyne and Stacy Christofferson/Primex)
· Long life, high T/W hydrogen rocket (Dan Levack/Boeing-Rocketdyne)
· Long life, high T/W hydrocarbon rocket (Uwe Hueter/MSFC)
· Hydrocarbon TSTO RBCC (Dick Johnson/Aerojet) – by phone
· SSTO hydrogen RBCC (Dick Johnson/Aerojet) – by phone
· TSTO hydrogen airbreather (Bill Escher/SAIC)
· SSTO TBCC airbreather (Bill Escher/SAIC)
· Pulsed detonation engine rocket (Dan Levack/Boeing-Rocketdyne)
· Airbreathing pulsed detonation engine combined cycle (Dan Levack/Boeing-Rocketdyne)
Ground Systems:

· Baseline/Pivot technology for ground systems (Edgar Zapata/KSC)
· Advanced checkout and control systems (Edgar Zapata/KSC)
· Intelligent instrumentation and inspection systems (Edgar Zapata/KSC)
· Advanced umbilicals (Edgar Zapata/KSC)
· On-site, on-demand production and transfer of cryogenics (Edgar Zapata/KSC)
FIGURE 23
Products            

It is beyond the scope of this summary report to describe each technology.  However, for each technology presented, certain information was available on a server at MSFC and is also available as a starting point for future workshops.  Up to four items were available:  a quad chart from a NASA exercise in the summer of 1999, a short briefing for the workshop, a “white paper”, and a table of design criteria used for discrimination among technologies with comments regarding the particular technology in relation to these criteria.  Not all four items were available for each technology and the depth of each item varied considerably from technology to technology.  Figure 24 shows which items are available for each technology.

It is beyond the scope of this summary report to describe each technology.  However, for each technology presented, certain information was available on a server at MSFC and is also available as a starting point for future workshops.  Up to four items were available:  a quad chart from a NASA exercise in the summer of 1999, a short briefing for the workshop, a “white paper”, and a table of design criteria used for discrimination among technologies with comments regarding the particular technology in relation to these criteria.  Not all four items were available for each technology and the depth of each item varied considerably from technology to technology.  Figure 14 shows which items are available for each technology.

VI.  ASSESSMENT & PRIORITIZATION/TECHNOLOGIES (TEAM 4)

The Technologies Assessment and Prioritization Team of the SPST was assigned the responsibility of (1) defining the process to be used for prioritization of the identified candidate Spaceliner 100 propulsion technologies, (2) recruiting and arranging the participation of an appropriate group of expert evaluators to exercise the process, and (3) planning and facilitating the prioritization workshop culminating the technologies assessment process.
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SL100 Candidate Technologies Information Availability (continued)
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Definition of the Technologies Prioritization Process

The overall technologies prioritization process used for the Spaceliner 100 Propulsion Technologies Prioritization Workshop (see Figure 25) was based directly on the Analytic Hierarchy Process (AHP) methods and techniques developed by SAIC for the Advanced Space Transportation Program beginning in the Fall of 1997.  The AHP methodology (Ref. 5) is based on defining a hierarchy of prioritization criteria, collaboratively weighting the criteria, and then collaboratively making pairwise comparisons of the candidate technologies against each of the evaluation criteria.  The pairwise comparisons are recorded according to an established numerical scale, and may be based on either quantitative or qualitative information.  The resulting collaborative input data are processed to produce a numerical prioritization of the candidate technologies.  The collaborative process was successfully tested by an inter-Center NASA team of 16 evaluators at an experimental workshop held at the Langley Research Center in 1998.  Twenty candidate advanced technologies were prioritized based on their potential to enable the development of a particular wing-body configuration of a second generation reusable launch vehicle (RLV) system.

The collaborative process was further evolved along with a facilitation software tool and applied by the SPST to prioritize candidate in-space propulsion technologies for applications to five robotic space mission categories, at a workshop conducted at SAIC facilities in McLean, Virginia during April 19 - 22, 1999.  A total of 44 on-site and off-site personnel from across NASA, industry and the DoD participated.

In September 1999, a series of four technology prioritization workshops was facilitated by SAIC in the MSFC Collaborative Engineering Center (CEC) for second generation RLV applications in support of the Phase III Space Transportation Architecture Studies.  Workshops were conducted for clean sheet and Shuttle-derived RLV applications, and for generic subsystem-level technologies across all disciplines.

The prioritization process as applied to Spaceliner 100 propulsion technologies by the SPST was as follows based on the preceding base of experience:

1. The prioritization technical and programmatic criteria were identified, defined and weighted by the SPST Functional Requirements Team.   Collaborative weighting of the criteria was accomplished using a Quality Function Deployment (QFD) technique.

2. The candidate propulsion system technologies were identified by the SPST Technologies Team and documented in white papers by the technology advocates for each technology, according to a standard white paper template.  It was important to present information in each white paper to show the potential benefits of the candidate technology relative to the identified technical and programmatic evaluation criteria.











FIGURE 25

3. The potential Spaceliner 100 system architectures identified by the SPST Space Transportation Architectures Team were used to ensure that all critical technology requirements were covered by the Technologies Team.

4. As discussed in the next section of this report, a team of propulsion technologies and systems experts from across NASA, DoD, industry, and academia was recruited to serve as evaluators in the prioritization workshop.  Each evaluator was assigned either as a technical or as a programmatic evaluator.  The evaluators were provided with the information necessary to prepare for participation in the workshop including a description of the prioritization process and electronic access to the technology white papers.

5. The prioritization workshop was conducted over a two and one-half day period, April 5 - 7, 2000, in the NASA MSFC Collaborative Engineering Center.  The CEC was set up with a network of 18 Personal Computers and a server running the SAIC Technology Investment Prioritization System (TIPS) group work software.  Computer projection capability was provided for presentations from either PC or Macintosh files.  Teleconferencing capability was provided to enable briefings to the workshop and voice interaction with the participants contributing from remote sites.

6. At the workshop, the evaluators were given an update on the candidate technologies to be prioritized and a briefing to discuss the evaluation criteria and their interpretation.  The candidate technologies were organized into three categories: Flight Systems, Ground Systems, and Enabling/Generic technologies.  SAIC provided an orientation to the Analytic Hierarchy Process and the use of the TIPS facilitation software.

7. The team of technical and programmatic evaluators was systematically facilitated through the Analytic Hierarchy Process to prioritize candidate technologies within each of the three technology categories.  For each category, the pivot or reference technology was briefed (see Figure 26).  Then one by one, each of the candidate technologies within that category was briefed and evaluated by the team using the TIPS software user interface to make the pairwise comparison of the given technology to the pivot technology against each technical or programmatic criterion.  The technology briefings were given either in person at the workshop or remotely via teleconferencing.  The evaluators asked questions and interacted with the technology advocate, and with each other, prior to entering their pairwise comparisons into the TIPS software database (see Figure 27).  In some cases two evaluators worked together at a given PC workstation to discuss and enter their consensus pairwise comparisons inputs.



8. Following the completion of each category of candidate technologies, the evaluators were able to see both their individual and the total team prioritization results through the TIPS user interface.

9. Upon completion of all three categories of candidate technologies, the team results were projected on the CEC wall for discussion.  Hard copies of the summary results were printed and made available to the workshop participants.

Recruiting the Technologies Evaluation Team

The effective collaborative assessment and prioritization of candidate Spaceliner 100 propulsion technology investments required bringing together a team of evaluators that are knowledgeable and that represent a broad Government, industry, and academic perspective of the potential applications of the technologies under consideration.  The SPST Steering Committee worked with the Technologies Assessment and Prioritization Team to identify and arrange for the participation of an outstanding voluntary team of expert propulsion technology evaluators. 

Listed alphabetically by last name, the technical evaluators were as follows:

1.
Kevin Bowcutt, The Boeing Company

2.
Roger Campbell, Boeing Rocketdyne

3.
Drew DeGeorge, Air Force Research Laboratory

4.   Bruce Farner, Air Force Research Laboratory

5. Mike Groves, Lockheed Martin

6. Dr. Clark Hawk, University of Alabama in Huntsville

7. Merl Lausten, Aerojet

8. Tom Meredith, NASA Stennis Space Center

9. Dave McGrath, Thiokol

10. Dennis Petley, NASA Langley Research Center

11. Jay Penn, Aerospace Corporation

12. W. T. Powers, NASA Marshall Space Flight Center

13. Costante Salvador, Pratt & Whitney

The programmatic evaluators were as follows:

1. Raymond Byrd, Boeing Aero Operations/ KSC

2. Ramon Chase, ANSER

3. Frank DeLange, Aerojet

4. David Giere, Lockheed Martin Space Systems

5. Mark Gonda, Boeing/ Seal Beach

6. David Goracke, Boeing Rocketdyne

7. Vic Giuliano, Pratt & Whitney

8. Lt. Col. Daniel Heale, Air Force Research Laboratory

9. Carey McCleskey, NASA Kennedy Space Center

Planning and Facilitating the Workshop

The plan for conducting the Spaceliner 100 Propulsion Technologies Prioritization Workshop was closely coordinated with the SPST Steering Committee and the Task Force Team Leads.  The MSFC Collaborative Engineering Center was scheduled for the dates of the workshop, and the computer equipment and network were prepared for use.  The TIPS software was installed and tested a week before the workshop.  The computer projection capabilities for both PC and Macintosh files were checked out for readiness.

SAIC’s workshop facilitation team included the process facilitator, Dr. Pat Odom, the TIPS software and computer systems specialist, Wayne Goode, and an administrative assistant to the workshop team, Jordan Roddy.  Jeff Dunnivant of Computer Sciences Corporation provided computer hardware support.

An orientation package was e-mailed to each evaluator in preparation for the workshop.  The package included (1) a letter of thanks for their participation, and their assignment to either the technical or programmatic group of evaluators; (2) the planned workshop agenda; (3) an overview of the prioritization process to be used; (4) the list of candidate technologies to be prioritized; (5) instructions for electronically accessing the technology white papers and prioritization criteria; and (6) the list of technical and programmatic evaluators.

On Wednesday morning, April 5, Mr. Bob Sackheim, Assistant MSFC Director for Space Propulsion, welcomed everyone to the workshop, and briefly discussed its importance and significance in support of ASTP propulsion technology investments planning.  Following introductions of all the participants, and discussion of workshop logistics, the overall workshop agenda was reviewed.  Dan Levack gave an overview of the candidate technologies to be assessed and prioritized, and Russ Rhodes discussed the evaluation criteria to be used.  Keith Dayton provided a brief summary of the potential Spaceliner class systems architectures his team considered in supporting the identification of candidate propulsion technologies. Dr. Odom, assisted by Wayne Goode, then provided an orientation session to review the Analytic Hierarchy Process and procedures and to describe how to use the TIPS software interface to enter the evaluators’ data into the process.  The form and interpretation of the process results were described.  Questions were answered about the process and procedures.

The pivot technology and first candidate technology to be assessed were then briefed and used in providing training to the evaluators in using the TIPS software interface.

Dan Levack, as Lead for the Technologies Team, facilitated the systematic scheduling and presentation of technology white papers throughout the workshop.  The process and TIPS software are designed with the flexibility to accommodate any sequence of assessments.   The availability and time zone of the remote technology advocates/ presenters largely determined the sequence of technologies presented within each of the three technology categories.  Following each technology presentation the evaluators entered their pairwise assessments against each of the evaluation criteria into the TIPS software.

Overall, the team progressed at a reasonable pace through the three categories of candidate technologies and completed the planned process on Friday morning, April 7.  The summary results were processed and reviewed, and hard copies provided to the participants.   There were a total of approximately 50 people who participated in the workshop either as evaluators, observers, SPST representatives, on-site or off-site technology advocates/ presenters, or facilitators. 

VII.  TECHNOLOGIES PRIORITIZATION WORKSHOP RESULTS

This section of the report summarizes the baseline Spaceliner 100 propulsion technologies prioritization results, and the lessons learned which can be applied to future technologies prioritization workshops. 

 It is important to understand that the technologies prioritization results produced by the Space Propulsion Synergy Team workshop were intended to provide key support to NASA decision making, but do not necessarily represent the final prioritization to be placed on the technologies by NASA.  

Results of the Workshop

The baseline collaborative results of the Spaceliner 100 Propulsion Technologies Prioritization Workshop are summarized in the following nine charts.  These charts present the technical, programmatic, and combined technical/programmatic prioritization of the candidate propulsion technologies in each of the three technology categories - enabling/generic, flight systems, and ground systems. 

Figure 28 summarizes the collaborative priorities of the enabling/generic technologies based on both technical and programmatic evaluation criteria.  The baseline results are nominally based on equal weight being given to the technical evaluation criteria as a set, and to the set of programmatic evaluation criteria. (Other weightings can be employed.)  The candidate technology investments are listed in rank order by the priority vector resulting from the Analytic Hierarchy Process.  There are 11 candidate technologies that were evaluated in the workshop.  Therefore, the priority vector is an 11-component vector in which each candidate technology is represented by a number between zero and one, such that the 11 values sum to one.  The higher the component number for a given technology, the higher is its relative priority.  


SPST Spaceliner100 Propulsion Technologies

Priorities by Technology Category Across all Criteria

Enabling/Generic Technologies


Technology
Priority

Long life, light weight propulsion materials and structures
0.118

Propulsion IVHM
0.116

Advanced cryotank structures
0.116

Combined OMS/RCS
0.115

NPSS for space transportation
0.103

Green propellant
0.093

Aerodynamic performance/control through drag modulation
0.085

High performance hydrocarbon fuels
0.078

Thrust augmentation
0.075

High density hydrogen
0.059

Bridge to Space
0.043
FIGURE 28
Another way to interpret the prioritization results is to mentally move the decimal point two places to the right in each component number of the priority vector, and think of a total of 100 points distributed across the 11 candidate technologies.

With the preceding discussion in mind, one may interpret Figure 28.  The collaborative data indicate a cluster of four candidate technologies that surfaced as highest priorities in the enabling/generic category across all criteria: Long Life, Light Weight Propulsion Materials and Structures; Advanced Cryotank Structures; Propulsion IVHM; and Combined OMS/RCS.  Their priorities are tightly grouped in the range between 11.5 and 11.8 % of the 100 total points (i.e. priorities 0.118, 0.116, 0.116 and 0.115, respectively).  Essentially these technologies were equally ranked.

The next five candidate technologies are clustered between 7.5 and 10.3 % of the total points as shown.  Finally, the remaining two candidate technologies, High Density Hydrogen and Bridge to Space, are ranked lowest in priority at 5.9 and 4.3 % (or 0.059 and 0.043, respectively).  It is noted that the spread between the top and bottom ranked technologies is 0.118 to 0.043 or a ratio of 2.74 (roughly a 3 to 1 spread). 

Figure 29 and Figure 30 show the collaborative prioritization results for the 11 enabling/generic technologies based only on the weighted technical and the weighted programmatic evaluation criteria, respectively.

Figure 29 indicates a strong first priority (0.133 or 13.3 %) for the Combined OMS/RCS technology based on the weighted technical criteria for Spaceliner class third generation RLV systems.  This technology is followed by a cluster of two technologies, Propulsion IVHM and Green Propellant, with priorities of 0.114 and 0.111, respectively.  These are followed relatively closely by a cluster of five technologies led by Long Life, Light Weight Propulsion Materials and Structures with priorities ranging from 0.100 down to 0.084 (High Performance Hydrocarbon Fuels).  The lowest priorities were given to the last cluster of three technologies as shown on the chart.

Figure 30 shows the priorities against the weighted programmatic criteria.  The top two technologies, Advanced Cryotank Structures and Long Life, Light Weight Propulsion materials and Structures, are strongly clustered at equal priorities of 0.137 and 0.137, respectively.  Propulsion IVHM and Numerical Propulsion Systems Simulation (NPSS) for Space Transportation are clustered as second priorities at 0.120 and 0.110, respectively.  The next six technologies led by Combined OMS/RCS, are incrementally distributed in priorities between 0.097 and 0.064 (High Density Hydrogen).  Finally, the Bridge to Space technology is prioritized a distant eleventh place at 0.024 for an overall spread of about 6 to 1.

SPST Spaceliner100 Propulsion Technologies

Priorities by Technology Category and Top Level Criterion

Enabling/Generic Technologies

Technical

Technology
Priority

Combined OMS/RCS
0.133

Propulsion IVHM
0.114

Green propellant
0.111

Long life, light weight propulsion materials and structures
0.100

NPSS for space transportation
0.097

Advanced cryotank structures
0.096

Aerodynamic performance/control through drag modulation
0.088

High performance hydrocarbon fuels
0.084

Bridge to Space
0.061

Thrust augmentation
0.061


High density hydrogen










0.055

FIGURE 29

SPST Spaceliner100 Propulsion Technologies

Priorities by Technology Category and Top Level Criterion

Enabling/Generic Technologies

Programmatic

Technology
Priority

Advanced cryotank structures
0.137

Long life, light weight propulsion materials and structures
0.137

Propulsion IVHM
0.120

NPSS for space transportation
0.110

Combined OMS/RCS
0.097

Thrust augmentation
0.090

Aerodynamic performance/control through drag modulation
0.083

Green propellant
0.075

High performance hydrocarbon fuels
0.072

High density hydrogen
0.064

Bridge to Space
0.024
FIGURE 30

Figures 31, 32 and 33 present the corresponding data results for the eight candidate Flight Systems technologies.  Figure 31 summarizes the collaborative workshop results of the prioritization of the eight technologies against all the technical and programmatic evaluation criteria.  Although some clustering can be seen in the results, the overall data show a relatively continuous distribution of priorities from top to bottom. The Long Life, High Thrust-to-Weight Hydrogen Rocket is a clear first priority followed by SSTO Hydrogen RBCC Propulsion technology as a strong second priority.  Hydrocarbon TSTO RBCC Propulsion and Long Life, High Thrust-to-Weight Hydrocarbon Rocket technologies are relatively strong third and four priorities.  The pulsed detonation technologies are clustered next followed by the TBCC technologies clustered as seventh and eight priorities.  The overall spread of the priorities is 1.8 to 1.  It is important to note that there were no white papers available on the TBCC technologies.  This led to some uncertainties among the evaluators about the assessment of these technologies against the evaluation criteria which may have contributed to their low priorities.

Figures 32 and 33 show that the results in Figure 31 derive directly from the combined technical and programmatic priorities.  For example, the Long Life, High Thrust-to-Weight Hydrogen Rocket technology’s high priority in Figure 31 results from the fact that it is a very strong first priority technically, and is a strong third priority programmatically.  The SSTO Hydrogen RBCC Propulsion technology’s strong second priority in Figure 31 derives from the fact of its solid third ranking technically, and its very strong first priority based on the programmatic evaluation criteria.

Figures 34, 35 and 36 document the summary baseline prioritization results for the four candidate Ground Systems technologies.  Figure 34 shows that the workshop evaluators could not discriminate much among the given candidate technologies in terms of priorities.  A slight preference for the Intelligent Instrumentation and Inspection Systems technology area is indicated, and the overall spread of priorities is only 1.1 to 1.

Figure 35 shows that there was a somewhat stronger technical prioritization with Intelligent Instrumentation and Inspection Systems and Advanced Umbilicals technologies receiving the highest priorities.   The overall priorities spread is 1.3 to 1.  Against the programmatic evaluation criteria, Figure 36 shows that the On-Site, On-Demand Production and Transfer of Cryogenics and Advanced Checkout and Control Systems technologies were found to have a very slight edge over Intelligent Instrumentation and Inspection Systems and Advanced Umbilicals technologies.

The bottom line interpretation of the four Ground Systems technologies prioritization is that they are all needed for the Spaceliner program.  Prioritization comes down basically to any development dependency sequencing, how much funding is required for each of these technologies, and the needed program timing of the development of each technology.

SPST Spaceliner100 Propulsion Technologies

Priorities by Technology Category Across all Criteria

Flight Systems

Technology
Priority

Long life, high T/W hydrogen rocket
0.162

SSTO hydrogen RBCC propulsion
0.156

Hydrocarbon TSTO RBCC propulsion
0.141

Long life, high thrust-to-weight Hydrocarbon rocket
0.135

Pulsed detonation engine rocket
0.112

Airbreathing pulsed detonation engine combined cycle
0.110

SSTO TBCC airbreather
0.093

TSTO hydrocarbon TBCC propulsion
0.091
FIGURE 31


SPST Spaceliner100 Propulsion Technologies

Priorities by Technology Category and Top Level Criterion

Flight Systems

Technical

Technology
Priority

Long life, high T/W hydrogen rocket
0.166

Long life, high thrust-to-weight Hydrocarbon rocket
0.136

SSTO hydrogen RBCC propulsion
0.133

Pulsed detonation engine rocket
0.118

Hydrocarbon TSTO RBCC propulsion
0.117

SSTO TBCC airbreather
0.117

Airbreathing pulsed detonation engine combined cycle
0.107


TSTO hydrocarbon TBCC propulsion
0.105

FIGURE 32

SPST Spaceliner100 Propulsion Technologies

Priorities by Technology Category and Top Level Criterion

Flight Systems

Programmatic

Technology
Priority

SSTO hydrogen RBCC propulsion
0.181

Hydrocarbon TSTO RBCC propulsion
0.166

Long life, high T/W hydrogen rocket
0.160

Long life, high thrust-to-weight Hydrocarbon rocket
0.134

Airbreathing pulsed detonation engine combined cycle
0.114

Pulsed detonation engine rocket
0.108

TSTO hydrocarbon TBCC propulsion
0.078

SSTO TBCC airbreather
0.070

FIGURE 33

SPST Spaceliner100 Propulsion Technologies
Priorities by Technology Category Across all Criteria

Ground Systems


Technology
Priority

Intelligent instrumentation and inspection systems
0.261

Advanced checkout and control systems
0.251

Advanced umbilicals
0.250

On-site, on-demand production and transfer of cryogenics
0.238

FIGURE 34


SPST Spaceliner100 Propulsion Technologies

Priorities by Technology Category and Top Level Criterion

Ground Systems

Technical


Technology
Priority

Intelligent instrumentation and inspection systems
0.275

Advanced umbilicals
0.272

Advanced checkout and control systems
0.242


On-site, on-demand production and transfer of cryogenics
0.210
FIGURE 35

SPST Spaceliner100 Propulsion Technologies

Priorities by Technology Category and Top Level Criterion

Ground Systems

Programmatic

Technology
Priority

On-site, on-demand production and transfer of cryogenics
0.269

Advanced checkout and control systems
0.262

Intelligent instrumentation and inspection systems
0.249

Advanced umbilicals
0.229

FIGURE 36

Figures 28 through 36 provide the baseline workshop results summary.  Following the workshop, a variety of additional post-processing of the data was done to support the NASA Propulsion Technology Working Group (TWG) in preparation for its meeting the following week at the Glenn Research Center.  These additional data may be made available later from NASA.

Lessons Learned

The overall conduct and facilitation of the Spaceliner 100 Propulsion Technologies Prioritization Workshop was accomplished successfully.  The planned technology prioritization products were produced on time to support the NASA budget planning process.  

In the interest of continuing to improve the technologies assessment and prioritization process in support of NASA, the participants in the SPST Workshop were invited to submit their critique of the process and the workshop.  The following paragraphs consolidate and summarize the inputs received from a number of the participants.

1. The consensus of all feedback received was that the workshop was “extremely valuable and worthwhile”, and provides a model for use in other programs within NASA.  The AHP method was found to be a good way to systematically obtain “balanced and reasoned inputs from many strong personalities” in the expert evaluation team. The AHP provides “great traceability to the why’s of [the technology] rankings”.

Lesson Learned: Continue to develop and use the overall SPST workshop approach and the Analytic Hierarchy Process to collaboratively assess and prioritize candidate technology investments to support the annual NASA budget planning process.

2. A good job was done of keeping the process on track while allowing discussion of the candidate technologies with both the technology advocates and among the technical and programmatic evaluators.  These discussions provided vital inputs to the evaluators’ assessment process and were very important to the workshop process.

Lesson Learned: Continue to plan to use strong facilitation of the summary briefings of each candidate technology to stimulate discussion and interaction with the technology advocates and among the evaluators to help ensure the quality of inputs into the Analytic Hierarchy Process. 

3. The facilitation software was found to be easy to use, and good real-time support in using the software was provided.  However, the response time of the software system was generally slow, and also at times, an additional software user facilitator would have improved the efficiency of the workshop.

Lesson Learned: The use of the MSFC Collaborative Engineering Center for prioritization workshops with more than 10 evaluators, requires improvement in the speed of the AHP facilitation software response time.  Also there should be a software user facilitator for every 7 to 10 evaluators, especially on the first day of the workshop.  

4. Many of the evaluators had difficulties accessing the candidate technology white papers, the workshop evaluation criteria definitions, Spaceliner 100 functional requirements, and other information on the MSFC server site.   Getting a password allowing access to the site was unnecessarily difficult.  Some evaluators requested but never received user IDs or passwords.  Some white papers were not available on the site before the workshop.  Hard copies of the white papers were not provided to the evaluators as backups before the workshop.  These factors made it a real challenge for many of the evaluators to do their homework on the candidate technologies prior to coming to the workshop.

Lesson Learned: The white papers for all the candidate technologies, and all other workshop information, should be made readily available electronically ten days to two weeks prior to the workshop.  Access to the server, where the papers are stored, should be made straightforward and simple to obtain for both PC and Macintosh users.  Every evaluator should be encouraged to download and bring hard copies of the white papers, criteria definitions, and other information to the workshop for reference.  A “Help Site” should be set up to directly assist all participants.

5. It was observed that some of the candidate technology white papers did not specifically address the workshop evaluation criteria.  Criteria were addressed that the advocate felt were important, but were not the evaluation criteria being addressed by the workshop.  This caused a lot of questions and discussion that may have been unnecessary had the workshop criteria been addressed initially.

Lesson Learned: In future workshops, stronger emphasis should be placed on the white papers addressing the specific criteria to be used in the prioritization process.  Although this is sometimes difficult to accomplish, it will serve to improve the efficiency with which the workshop can be conducted. 

6.  It was observed that some of the candidate technologies appeared to be drawn from proposals or technologies already in work for reasons other than to address the workshop evaluation criteria or third generation RLV/ Spaceliner 100 objectives.

Lesson Learned: An emphasis for next year should be placed on the “bottom up” or “push” approach to identifying candidate technology ideas.  On the basis of the prioritization criteria, technologies should be defined that address the impediments and barriers to satisfying the criteria that directly enable the achievement of Spaceliner 100 objectives. 

7. It was observed that some evaluators seemed to lack a full understanding of what the pivot technology was in certain instances, and why it was selected for assessing candidate technologies within a given technology category.  Although some documentation and discussion was provided, there appeared to be a need for more formal briefings to refresh evaluator memories.  There were not many metrics or benchmarks given to characterize pivot technologies, as a basis for making pairwise comparisons to the potential benefits offered by the candidate advanced technologies.

Lesson Learned: In future workshops, more time should be devoted to fully and formally review what each pivot technology is, and why it was selected as the pivot.  Perhaps a summary sheet of information could be provided on each pivot to help facilitate the evaluators’ pairwise comparisons to candidate advanced technologies.

8. One evaluator observed that his understanding of the meaning of the evaluation criteria changed during the workshop.  He was concerned that this may have led him to provide inconsistent pairwise comparisons.  He suggested the need for a way to view one’s “scoring consistency” (the Saaty values in the AHP pairwise comparisons), and even the evaluation scores of the other team members to help maintain consistency. 

Lesson Learned: More attention should be paid to discussing the intended meaning of each of the evaluation criteria before the scoring process begins, with a handout for reference.  A daily 10-minute review of the intended meaning of the criteria as a reminder might be useful.  The possibility of making one’s pairwise comparison scores database available for viewing by the evaluator should be investigated.  (Note: Making everyone’s data available to everyone else, however, would tend to destroy the independence of inputs desired in the collaborative process.)  

9. It was suggested that the evaluators need to be provided more detailed guidelines for conducting their discussions and asking questions during the workshop process.  For example, questions should always have the objective of clarifying or expanding the information presented on a given technology.  Questions or discussion should not be directed to the validity of a pivot technology or a candidate technology.  Also a guideline is needed to hold questions to presenters until the end of the briefing.  This would probably allow more time for questions and might eliminate the need for some.

Lesson Learned: Specific guidelines for the evaluator team discussions and question and answer interactions with the technology advocates/presenters during the workshop should be included in the workshop orientation session.  Emphasis must be given to discussions, and questions and answers that constructively contribute to the workshop process. 

10. With regard to the makeup of the technical and programmatic evaluator team, an oversight occurred in that no ground operations expert was included in the technical subteam.  Two such evaluators worked together in the programmatic subteam.   The ground operations perspective and experience are important to the technical as well as the programmatic evaluations of candidate technologies.

Lesson Learned: The mix of evaluators should be double-checked to ensure that an operations knowledgeable expert is included in the technical subteam for future workshops.

11. There were comments regarding the acoustic and cooling environment in the MSFC CEC where the workshop was conducted.  Due to the background noise level of the continuously running air handling system, and the size of the room, it was difficult to hear the presenters and other evaluators when they spoke.  This sometimes promoted sidebar discussions, which further added to the verbal communications problem.

Lesson Learned: The acoustic environment of the CEC needs to be improved by decreasing the background noise level or providing a microphone and speaker system to facilitate verbal communications in the facility. 

The observations and comments from all the participants, from which this summary was compiled, are appreciated.  They provide a basis for continuing to improve the overall technologies prioritization process for the ongoing support of the NASA Advanced Space Transportation Program.     

VIII.  SUMMARY OF BRIEFING OF MSFC DIRECTOR AND STAFF

 

Following the SL100 Workshop, the SPST had the opportunity to brief the MSFC Director, Art Stephenson and his staff.  The purpose of this briefing was:

· To provide an understanding of the value of past and continuing support of the SPST for MSFC.

· Obtain guidance and direction from MSFC senior management regarding the focus of future SPST support of MSFC on advanced space transportation propulsion technologies.

We were fortunate to have in attendance essentially all of the MSFC senior staff who provide key interfaces with the SPST activities.  

 

The Agenda for this briefing was as follows:


Purpose - Bob Sackheim, Assistant Director for Space Propulsion, MSFC


Introduction - Garry Lyles, Director of ASTP, MSFC

Background, Accomplishments and Value - Dave Stone, NASA Headquarters, Code R


Summary of Current Tasks - Dr. Pat Odom, SAIC

Future Plans and Opportunities - Dave Christensen, Lockheed Martin, Space Systems Co.


Discussion and "Feedback"

Bob Sackheim did an excellent job of setting the stage for the briefing.  He noted that the SPST had its origin in the June 1990 Penn State Space Transportation Propulsion Technology Symposium, and that he has been associated with the team from the beginning.  Bob emphasized the unique nature of the SPST and it's demonstrated capability of supporting national level strategic planning for advanced space propulsion that will enable the deployment of space transportation systems that offer safe, affordable, and hence marketable, transportation service in the future.

 

Mr. Sackheim focused on the value of the "processes" that the SPST has developed, matured and applied over the years.  He noted that the "process" has been made more efficient through a "marriage" with the Analytic Hierarchy Process (AHP).  He further emphasized that the SPST has specifically addressed and prioritized enabling technologies for both Earth to LEO transportation systems and those propulsion technologies required in transportation services beyond LEO to outer space.  Therefore, the SPST is currently in an ideal position to study the propulsion technology needs of a totally integrated and optimized transportation architecture that would provide services to and from many earth orbits and beyond.  He also believes that the current SPST support of the identification and prioritization of SL100 technologies for a RLV/Gen 3 should be broadened to include the nearer term RLV/Gen 2.  Many of the technologies identified from a Gen 3 system may be applicable to a Gen 2 transportation system.  This, of course, would be an added incentive to pursue these technologies.

 

Garry Lyles also endorsed the value of the SPST to MSFC, and specifically the support of the Advanced Space Transportation Program.  He noted that the results of the In-Space Propulsion Studies, and particularly the products of the Prioritization Workshop, were utilized as a major input in the planning of the FY2001 budget. He expressed his appreciation of the work that the SPST is doing in support of the development of the SL100 Technology Program plans and budget (FY2002).  The products of months of work that culminated in the Spaceliner 100 Propulsion Technologies and Prioritization Workshop will provide a credible base and will be utilized in the development of the ASTP budget for advanced SL100 propulsion technologies according to Garry.

 

The last portion of this briefing, "Future Plans and Opportunities", was presented by Dave Christensen, Lockheed Martin, Space Systems Co., who is the current SPST Steering Committee Chairman.  His briefing was most important because it was intended to set the stage and catalyze discussion from the audience.  This worked very well and there were good discussion and feedback from Art Stephenson and others; some of which is addressed in the following paragraphs.

 

Dave emphasized that in the "near term", SPST plans to continue to mature needed system processes and tools.  As previously noted, the "lessons learned" from past studies and workshops will be a vital input to this objective.  In addition, the SPST is proposing to  continue  support for the identification and prioritization of innovative technologies applicable to both RLV/Gen 3 and RLV/Gen 2.  The SPST has already formed a dedicated Team , under the leadership of Jay Penn, Aerospace Corp., which will pursue and innovative "bottom up" process to identify the key enabling technologies.

 

In the ensuing discussion there was a lot of interest, and apparent support, of this "bottom up" process.  Dan Dumbacher asked to gain some further insight into the "bottom up" process and how it might work with his current planning of his RLV/Gen 2 program.  Jay Penn has an "action" to work with Dan in exploring this potential.

 

It appeared that Art Stephenson was pleasantly surprised with the diversity and strength of the SPST as well as the processes that have been utilized and enhanced over the years.  He was interested in the QFD/AHP process and asked several questions about how it was working, e.g. "Was it difficult to get a 'consensus' from a diversified team, etc.".  He stated that the "methodology looks like a process that should be broadly utilized by NASA".

 

In addressing the broader picture of space transportation he noted that there has been a lack of budget support for space propulsion development and technologies for the past 20-40 years.  He believes that this has resulted in propulsion being the No. 1 obstacle to advancing space transportation in the U.S.  He stated that all too often budget dollars earmarked for space propulsion advancement have been taken away to cover shortcomings in other programs, such as Space Shuttle and the International Space Station.

 

He emphasized that the U.S. is in a worldwide competition; therefore, we need to speak out with a common voice (industry and government) if we are to meet the challenges of worldwide space transportation competition.  He also voiced concern, and it appears to be with good reason, concerning the FY2001 budget, particularly for RLV/Gen 2 and RLV/Gen 3, that has been going through Congress.

 

Art also encouraged the SPST to conduct a deeper study of the airline and aircraft industry (including jet propulsion) to determine how they have overcome impediments similar to those now encountered in space transportation.  He believes there should be more dialog between the aircraft and space industries and that we should pursue a more synergistic approach, particularly within those corporations that encompass both aircraft and space propulsion.

 

The SPST is responding to these suggestions, and have included them in their future plans, as discussed in Section IX.

 

IX.  FUTURE PLANS

There has been a general understanding that upon completion of the SL100 technology planning support (referred to as Phase I), contained in this report, there would be a follow-on, Phase II activity requiring SPST support.  There are several tasks under consideration, including the following:

1. Obtain more “mileage” out of technology assessment and prioritization results generated in the Phase I workshop.  Using the technologies assessment data (technical and programmatic) presented in Chapter VII, it would be beneficial to develop “quad” charts that highlight the interrelation of these two criteria.  This was done on previous studies by the SPST and can be very enlightening and beneficial to decision makers.  For example, these “quad” charts can illustrate how an investment in technology can improve the programmatics, such as risk, schedule, etc. (see Figure 37).  Once this task is completed, the SPST intends to issue and addendum to this report.


FIGURE 37

2. The SPST has been studying the potential value of an innovative approach, called “bottom up” to identifying and defining key enabling technologies for advanced transportation systems, both RLV/Gen 3 and RLV/Gen 2.  In this approach a select team from the SPST, with the proper experience and expertise, would first identify the specific “impediments” in our current space transportation system that prevents us from providing a space transportation system that has the desired characteristics referred to as “attributes”.  The work previously done by the SPST in identifying the “design criteria” that must be addressed to obtain a system with the required attributes will provide a base or starting point for identifying the “impediments”, see Ref. 6.  Once technologies have been identified by this process they would be defined in technology “white papers” and assessed and prioritized in the same manner as that utilized in Phase I.  It is anticipated that the “bottom up” approach will identify key enabling technologies that may have been overlooked in the classic “top down” approach that has been utilized to date.

3. The SPST has been encouraged by Mr. Art Stephenson, Director of MSFC, to study the analogy between the history of air transportation systems and the current space transportation system development.  An exploratory task force has been formed, which is led by Bill Escher, SAIC and Dave Christensen, Lockheed Martin, to determine the potential value of such a study.

4. In addition to these specific tasks, the SPST will be interfacing with the RLV/Gen 2 Program Management to determine what role they might plan in the development of a cost effective technology plan for a future RLV/Gen 2.  It is believed that the approach and process that the SPST has been using the support RLV/Gen3 technology planning will be directly applicable to the RLV/Gen 2 program.

5. Most of the above activities have been focused on space transportation services from earth to LEO.  Although the task addressed in this “Report of SPST Support of SL100 Technologies Planning” did consider and recognized the important of the interaction between an earth to LEO transportation system and the transportation systems required to deliver payloads to other earth orbits, including GEO and beyond.  However, there are strong proponents, including Bob Sackheim, Assistant Director for Propulsion at MSFC, of the need to address space transportation as an integrated and optimized space transportation architecture.  Therefore, we need to include this approach in considering follow-on plans for SPST support.

It should be noted that the SPST is in a unique position to support such an integrated approach to future space transportation planning.  In addition to the recently completed support of SL100 technology planning for an earth to LEO RLV/Gen 3, the SPST has conducted other earth to LEO support activities, notably HRST and Access to Space.  Also, the SPST conducted one of the most comprehensive studies of In-Space Transportation (propulsion technologies) that has been done.  Therefore, the SPST is well qualified to support a NASA task directed an integrated and optimized space transportation system and key technology studies.  In view of this, such a task is considered to be a strong candidate for the follow-on Phase II support of NASA/MSFC by the SPST.
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Earth te Orbit
Rocket 1 [TSTO [VTOHL | N |Liquid Rocket |Liquid Rocket |LOX/H2 [LOX/H2 5 3 5 5 5 3 5 3 5 3 5 5 5 5 5 3 5 5 5 5 5 5 5
Rocket 2 [TSTO [VTOHL | N _|Liquid Rocket |Liquid Rocket |LOX/RP_|LOX/H2 5 3 5 5 5 3 5 3 5 3 5 5 5 5 5 3 5 5 5 5 5 3 5
Rocket 3 [TSTO [WTOHL | N |Liquid Rocket |Liquid Rocket |LOX/RP_[LOX/RP. 5 3 5 5 5 3 5 3 5 3 5 5 5 5 5 3 5 5 5 5 5 3 5
Rocket 4 [TSTO [VTOWL | N |Liquid Rocket |Liquid Rocket |LOX/H2 |[LOX/H2 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
Rocket 5 SSTO [VTOHL | N [Liguid Rocket |NA LOX/H2 [NA 5 3 5 5 5 3 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
Rocket 6 SSTO [WVTOVL | N [Liguid Rocket |NA LOX/H2 [NA 5 3 5 5 5 3 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
5 3 5 5 5 3 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
Pulsed Detonation Rocket 1 [TSTO [WTOHL | N |Liquid Rocket |Liquid Rocket |LOX/LH2 [LOX/LH2 5 3 5 5 5 3 5 3 5 3 5 5 5 5 5 3 5 5 5 5 5 3 5
Pulsed Detonation Rocket 2 [TSTO [VTOHL | N_|Liquid Rocket |Liquid Rocket |LOX/RP_|LOX/LH2 5 3 5 5 5 3 5 3 5 3 5 5 5 5 5 3 5 5 5 5 5 3 5
Pulsed Detonation Rocket 3 [TSTO [WTOHL | N |Liquid Rocket |Liquid Rocket |LOX/RP_[LOX/RP. 5 3 5 5 5 3 5 3 5 3 5 5 5 5 5 3 5 5 5 5 5 3 5
Pulsed Detonation Rocket 4 SSTO [WVTOHL | N [Liguid Rocket |NA LOX/LH2 |NA 5 3 5 5 5 3 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5
Aircraft Launch SSTO [WVTOHL | Y [Liguid Rocket |NA LOX/H2 [NA 5 3 5 5 5 3 5 3 5 3 5 5 5 5 5 3 5 5 5 5 5 5 5
Rocket Based Comb Cycle 1 SSTO |HTOHL | N |RBCC NA LOX/H2 [NA 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 3 5 5 5 5 5 5 5
Rocket Based Comb Cycle 2 SSTO |HTOHL | ¥ |RBCC NA LOX/RP_|NA 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 3 5 5 5 5 5 3 5
Rocket Based Comb Cycle 3 SSTO |HTOHL | ¥ |RBCC NA LOX/H2 [NA 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 3 5 5 5 5 5 5 5
Rocket Based Comb Cycle 4 STO |HTOHL | ¥ |RBCC NA LOX/RP_|NA 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 3 5 5 5 5 5 3 5
Rocket Based Comb Cycle 5 (Herst study) SSTO |VTOHL | N |RBCC NA LOX/H2 [NA 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 3 5 5 5 5 5 5 5
Rocket Based Comb Cycle 6 [TSTO |HTOHL | N |RBCC ITBD. LOX/H2 |TBD 5 5 5 5 5 5 5 3 5 3 5 5 5 5 5 3 5 5 5 5 5 5 5
Rocket Based Comb Cycle 7 [TSTO |HTOHL | N |RBCC ITBD. LOX/RP_|TBD 5 5 5 5 5 5 5 3 5 3 5 5 5 5 5 3 5 5 5 5 5 3 5
Rocket Based Comb Cycle 8 [TSTO |HTOHL | ¥ |RBCC ITBD. LOX/H2 |TBD 5 5 5 5 5 5 5 3 5 3 5 5 5 5 5 3 5 5 5 5 5 5 5
Rocket Based Comb Cycle 9 [TSTO |HTOHL | ¥ |RBCC ITBD. LOX/RP_|TBD 5 5 ‘ 5 5 5 5 5 ‘ 3 5 3 ‘ 5 5 5 5 ‘ 5 3 5 5 5 5 ‘ 5 3 5
Turbine Based w/Rocket Comb Cycle 1 SSTO |HTOHL | N |[TECC + Rocket|NA LOX/H2 |[NA 5 5 5|5 |5|8]|5 518 |5 5 5 505 5| 3|5|5|5]5 5158 |5
Turbine Based w/Rocket Comb Cycle 2 SSTO |HTOHL | N |[TECC + Rocket|NA LOX/RP |[NA 5 5 5|5 |5|8]|5 518 |5 5 5 505 5| 3|5|5|5]5 5| 3|8
Turbine Based w/Rocket Comb Cycle 3 SSTO |HTOHL | ¥ |TBCC + Rocket|NA LOX/H2 |[NA 5 5 5|5 |5|8]|5 518 |5 5 5 505 5| 3|5|5|5]5 5158 |5
Turbine Based w/Rocket Comb Cycle 4 SSTO |HTOHL | ¥ |TBCC + Rocket|NA LOX/RP |[NA 5 5 5|5 |5|8]|5 518 |5 5 5 505 5| 3|5|5|5]5 5| 3|8
Turbine Based w/Rocket Comb Cycle 5 SSTO |VTOHL | N |[TECC + Rocket|NA LOX/H2 |[NA 5 5 5|5 |5|8]|5 518 |5 5 5 505 5| 3|5|5|5]5 518 |5
Turbine Based w/Rocket Comb Cycle SSTO |VTOVL | N |[TBCC+Racket [NA LOX/H2 5 5 5|5 |5|8]|5 5158|585 5 5 505 5| 3|5|5|5]5 518 |5
Turbine Based Comb Cycle 1 ITSTO |[HTOHL | N |TBCC ? LOX/H2 |7 5 5 5 5 5 5 5 3 5 3 5 5 5 5 5 3 5 5 5 5 5 5 5
Turbine Based Comb Cycle 2 ITSTO |[HTOHL | N |TBCC ? LOX/RP |7 5 5 5 5 5 5 5 3 5 3 5 5 5 5 5 3 5 5 5 5 5 3 5
Turbine Based Comb Cycle 3 ITSTO |[HTOHL | Y |TBCC ? LOX/H2 |7 5 5 5 5 5 5 5 3 5 3 5 5 5 5 5 3 5 5 5 5 5 5 5
Turbine Based Comb Cycle 4 ITSTO |[HTOHL | Y |TBCC ? LOX/RP |7 5 5 5 5 5 5 5 3 5 3 5 5 5 5 5 3 5 5 5 5 5 3 5
Turbine Based Comb Cycle ITSTO [VTOWL | Y |TBCC ? LOX/RP |7 5 5 5 5 5 5 5 3 5 3 5 5 5 5 5 3 5 5 5 5 5 3 5
SPECIFIC ARCH CONCEPTS - EARTH TO ORBIT
Argus with Maglifter STO [HTO! Y _|SERJRBCC 2 5 5 5 5 5 5 5 5 5 5 5 5 5 5 3 5 5 3
Hyperion SSTO STO [HTO! ESJ RECC 2 5 5 5 5 5 5 5 5 5 5 5 5 5 5 3 5 5 3
Stargazer TSTO TO O ’ESJ RBCC 12 |LOX/RP 5 5 5 5 5 5 5 5 5 5 5 5 5 5 3 5 5 3
Starsaber TSTO TO O ESJ RECC 12 |LOX/LH2 5 5 5 5 5 5 5 5 5 5 5 5 5 5 3 5 5 3
Mexus SSTO (RBCC_Spaceliner) TO L 2 5 5 5 5 5 5 5 5 5 5 5 5 5 5 3 5 5 3
Bimese TSTO RLY TO OHL. \L\qu\d Rocket [Liguid Rocket 12 |LOX/LH2 3 3 5 5 5 5 5 5 5 5 5 5 5 5 3 5 5 3
Bimese TSTO RLY TO OHL. \L\qu\d Rocket [Liguid Rocket P [LOX/RP. 3 3 5 5 5 5 5 5 5 5 5 5 5 5 3 5 5 3
SPECIFIC CONCEPTS - ORBIT TO ORBIT \
Solar Electric STV Hall Effect Krypton or Xenon 5 5 5 5 5 5 5 5 5 5 5 5 5
Muclear Thermal STV NTR LH2 \ 5 5 5 5 5 5 5 5 5 3 5 5 5
Solar Thermal STV STR LH2 \ 5 5 5 5 5 5 5 5 5 3 5 5 5
Tether Transfer System [ Tether SEP reboost 5 5 5 5 5 5 5 5 5 3 5 5 5








