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PREFACE

The Highly Reusable Space Transportation (HRST) study built on the NASA Access to
Space Study and the current Reusable Launch Vehicle (RLV) development effort to explore
the possibility of a major reduction in the cost of space transportation. The RLV activity
sought to reduce launch costs from $10, 000 to $1000 per pound. The goal of the HRST
study was to identify and characterize space transportation concepts, infrastructure and
technologies that have the greatest potential for reducing payload delivery cost by another
order of magnitude, from $1,000 to $100 per pound. The underlying belief driving this

study was that by achieving these cost goals the United States space transportation industry
can engender and sustain open-ended space development driven by commercial investments
and thus large-scale space transportation market growth.

The NASA Strategic Plan for Human Exploration and Development of Space (HEDS)

states that "we will develop revolutionary, new advanced transportation concepts and
demonstrate advanced propulsion systems to enable exploration”. In conformance with this
charge, Phase | of the HRST study consisted of preliminary concept studies, assessments
and analysis tool development for advanced space transportation systems. Phase II
included end-to-end system concept definitions and trade analyses, specific system concept
definition and analysis, specific key technology and topic analysis, system, operational and
economics model development, analysis, and integrated assessments. The HRST
Integration Task Force (HITF) was formed to complete the HRST study as part of the final
phase. The HITF was to synthesize study results in several specific topic areas and support
the development of conclusions from the study. In order to accomplish this task, the HITF
was to conduct detailed studies and critical experiments for selected options.

The HITF effort was divided into four major areas of investigation:

» Systems Concepts Definitions
* Technology Assessment

* Operations Assessment

* Cost Assessment

Four teams were formed and each assigned one of these areas in which to conduct
assessments. Integration of results was to be pursued across the above four areas,
including development of high level metrics for assessing the promise of particular
concepts in achieving HRST goals and objectives. The Systems Concepts Team was
assigned the task of integrating the results of each of the teams.

This report is a product of the HRST Integration Task Force, Operations (Ops Team.) The
HRST Study Manager chartered this Government-only team to:

» Assess the various HRST concepts for their relative operational effectiveness
» Characterize anticipated operations parameters

» ldentify systems and concepts that show two orders of magnitude improvement
over current operations

» Identify technology areas in the context of proposed system architectures that
enable HRST-class operation



* Provide recommendations to the Study Manager for follow-on activity.

The current study focuses on identifying launch system architectures and technologies that
can enable attainment of significantly lower payload delivery costs. By identifying the most
promising developmental paths towards more cost-effective operations, the Operations
Integration Team hopes to make the goal of order-of-magnitude lower launch costs more
attainable.

An over view of the HRST study results appeared in the March 1998 is8eeospace
Americain an article "Lower Costs for Highly Reusable Space Vehicles", by John C.
Mankins, NASA Headquarters.

Mike Nix

Co-Lead

Highly Reusable Space Transportation
Integration Task Force, Operations
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CONCEPTS SELECTED FOR DETAILED
ASSESSMENT

Five strategic lines of investigation were followed: Combination propulsion systems

(CPS); combined cycle propulsion (CCP); Launch assist (use of off-board energy);
Revolutionary (on-board) propulsion systems; and highly evolved expendable vehicles
(HEELV's). The various teams also investigated the cross cutting topics of operations,
manufacturing, and thrust augmentation and upper stages as applied to the goal of reducing
launch costs.

Various contractor, academic and Government teams developed eighteen vehicle concepts
in Phases 1 and 2 of the HRST study. The HRST Study Manager and the HITF team leads
as a group selected nine of the space transportation vehicle concepts for in-depth
assessment as appropriate representatives of the major families of vehicles. The criteria
used for selection was (1) concepts most likely to have sufficiently detailed data available to
support the integration work and (2) concepts representative of vehicle "families" (see
below). The concepts selected are listed below. For convenience, the concepts will be
generally referred to in the report by the common name as indicdiettlin

1. Vertical Take-off, Vertical Landing (VTVL) Supercharged Ejector Scramjet (SESJ)
Single-Stage-to-Orbit (SSTO)

» Developer: Kaiser Marquardt (with Georgla Tech.)
« Common name used for concelgaiser Marquardt or KM

2. Horizontal Take-off, Horizontal Landing (HTHL) Supercharged Ejector Ramjet
(SERJ) Non-waverider Type Single-Stage with Launch Assist.

» Developer: Georgia Tech Aerospace Engineering, “Argus”
 Common name used for concefitgus

3. Horizontal Take-off, Horizontal Landing (HTHL) Rocket Based Combined Cycle
(RBCC) Waverider Type Single-Stage with Launch Assist.

» Developer: Boeing North American (BNA)
* Common name used for conceéypaverider



4. Rocket, Baseline Comparative System Update, Using Advanced Chemical Rocket
Engine (T/W engine = 92).

» Developer: Boeing North American (BNA) — Rocketdyne
* Common name used for concefCRE 92

5. Rocket, Baseline Comparative System Update, using Advanced Chemical Rocket
Engine & New Materials (T/W engine = 183).

» Developer: Boeing North American - Rocketdyne
Common name used for concefCRE 183

6. Horizontal Take-off, Horizontal Landing (HTHL) Ejector Scramjet (ESJ) Single-
Stage-to-Orbit (SSTO).

* Developer: Georgia Tech Aerospace Engineering, “Hyperion”
» Common name used for conceldiperion

7. Two-Stage to Orbit (TSTO), Vertical Take-off, Horizontal Landing (VTHL) All
Rocket (Reusable Booster & Orbiter).

» Developer: Langley Research Center TSTO, Vehicle Analysis Branch
» Common name used for c%nceT)STO

129-ft

3 3
a H

L}
H £




8. Horizontal Take-off, Horizontal Landing (HTHL) Single Stage-to-Orbit Liquid Air
Collection and Enrichment “LACE” Ejector Ramjet/Scramjet

» Developer: Langley Research Center SSTO, Vehicle Analysis Branch
» Common name used for concelp&CE

9. Horizontal Take-off, Horizontal Landing (HTHL) Single Stage-to-Orbit All Rocket
with Launch Assist

* Developer: Space America, Inc.

 Common name used for concepSTO(R) LA
Note: This concept was introduced late in the integration activity and was evaluated only
with COMET/OCM and PrOpHET.

These concepts are described in detail in Appendix B except for SSTO(R) LA.



INTEGRATION TASK FORCE, OPERATIONS

Various documents used in production of this report may be found at NASA's Virtual
Research Center Internet location at http://moonbase.msfc.nasa.gov in the Operability
Wing. Most documents are available through Public Access. A request for badged access
may be submitted through the web site.

The specific objectives of the HRST Integration Task Force, Operations (hereafter, Ops
Team) as tasked by the HRST Study Manager were:

» Define and assess operations scenarios and sensitivities required for various HRST
concepts.

« Use analysis tools to conduct actual simulations of operations scenarios, including
relative operations costs.

In pursuit of these objectives, the Ops Team was to examine potential families of HRST
vehicles to include:

» All-rocket types (Two-Stage-to-Orbit (TSTO) and highly advanced Single Stage to
Orbit (SSTO)).

» Combination Propulsion (Mach 6 and Mach 10) types.
* Combined Cycle Propulsion (Mach 6, Mach 12 and Mach 15) types.

Very advanced concepts (fusion and off-board-beamed power) were not included due to the
lack of information at a level of detail needed to support the integration effort.

The Os Team was to use several data sources such as Technology Interchange Meeting
(TIM) results and pertinent literature. In addition, various data acquisitions work sheets
were developed and distributed to the concept developers to supplement information from
TIM presentations.

In general, the goal of the HRST study was to determine if there were space transportation
system concepts and technologies with the potential to reduce total recurring operations cost
per launched unit payload mass to $200 or less per pound to low Earth orbit (LEO - 100
nautical miles circular orbit at 28.5 degrees inclination.) For the purposes of this
assessment, this amount was to include all recurring costs except those that are not
technical in nature e.g., cost of financing, etc.



APPROACH

The Ops Team determined that the assessment could best be done as follows:

» Develop the appropriate criteria by which the potential of the HRST vehicle
concepts to achieve the recurring cost and price goals could be assessed.

» Select or develop analytical/assessment tools and/or techniques that support the
criteria.

» Conduct assessments using the tools and techniques selected.
* Perform reviews within the team.

» Provide draft findings to Other Assessment teams and concept developers for
comment.

* Finalize the Ops Team report.

The following issues in assessing the concepts were recognized and considered by the Ops
Team:

» There was little detailed data on the concepts at this stage of concept exploration in
the area of operations.

* The level of detall in information about concepts varied widely across the concepts.
In general, all-rocket concepts with relatively little technological advancement in
development and operations had more detail and less uncertainty than air-breather
concepts with considerable technology development required and practically no
operations experience. This disparity gave rise to the formidable problem of
avoiding “penalizing” concepts in the assessment because there was much data,
some of which might indicate low probability of achieving the HRST study goals or
because there was too little data available to support the tools or techniques used in
the assessment

* Some of the data was considered proprietary by the developers.

* There are few operational analysis tools suitable for this early phase in concept
exploration, especially in view of the level of detail and confidence in the data
available.

Multiple approaches and analysis tools as outlined in the next section "Operations
Integration Analysis Tools" were used to gain insight into the broad technology, concept
specific and economic factors associated with the objectives of the HRST project. More
importantly, the multiple approaches facilitated insight into the interaction of all of these
factors.



OPERATIONS INTEGRATION ANALYSIS
TOOLS

The Ops Team, confronted with a scarcity of operations and operability analysis tools
suitable for use at this early stage of concept development, developed new tools and
procedures for this assessment effort. Six operations analysis tools/techniques, of which
four were developed by various members of the Ops Team for the HITF activity, were
used in assessing the potential of the nine concepts to achieve low cost operations. This
varied approach was selected for the following reasons:

* To take maximum advantage of the wide range of skill and experience available in
the Ops Team.

» To overcome the variance in the level of detail in concept data described above.

* To cope with the degree of uncertainty inherent in data at this stage of concept
development. This aspect is discussed in more detail below.

* By approaching the operations analysis in these different ways, it was anticipated
that the concepts most appropriate for further study would manifest themselves
through convergence in the results of the six analysis methods.

The issue of uncertainty was a major consideration in the assessment

effort. The goal of any modeling activity is to accomplish accurate quantification in as
realistic an environment as possible. This involves the need for quantifying in the presence
of uncertainty. Uncertainty is not only reflected in the accuracy of the information that
exists, but also in the availability of information that may lead to an inability to accurately
model the system. Both of these instances lead to the difficulty in the presentation and
interpretation of "point estimates" or single quantitative measures reflecting the comparative
value of the concept. Uncertainty present in concept definition and available concept data
implies the need to present not only quantitative estimates of central tendency (mean,
median, etc.) but also of dispersion (standard deviation, variation, etc.).

With advanced concepts and limited data, a relative range of possible results may be the
most appropriate result. Such a range may be derived from varying assumptions and new
model runs with worst-case and best-case scenarios. This often involves sensitivity studies
of the concept models by varying inputs to key parameters. One concept may provide a
higher payoff but may be subject to larger variation, thus making it a much riskier venture.
One concept may show a benefit over another in one scenario and just the opposite in a
second, equally plausible, scenario. Thus, any decisions that result from analysis of this
type should consider uncertainty. In this regard, there was no way at this point in the
HRST study to decrease either the variance in level of detail across concepts or the
uncertainty present in the data. By taking the different analysis approaches discussed
below, the Ops Team hoped to alleviate in part the effect of uncertainty on the validity of
the results. Convergence in terms of which concepts consistently proved potentially
superior as determined across all or most analyses would tend to indicate that those
concepts were most likely embued with more desirable operability characteristics.

Nonetheless, the analysis methods, qualitative or quantitative, reported in this document do
present point estimates as results. Further analyses of the concepts in follow-on work
should proceed toward the goal of characterizing the uncertainty inherent in the data and the
concepts and reflecting that in the "measures of merit" selected.



The operations assessments were conducted using constraints and requirements defined in
"Highly Reusable Space Transportation, an Advanced Concepts Study Project Study
Guidelines” (September 5, 1995). Those pertinent to operations are included as Appendix
A.

These six operations analysis tools/techniques are introduced here and described in detail in
Appendices C through H of this report.

1) Based on the work of the Space Propulsion Synergy Team (SPST) done in support of
the HRST study, a qualitative, relative assessment of the HRST concepts was performed.
The SPST is a broad, diverse group comprised of members of industry, NASA and
academia with relevant backgrounds in space propulsion and transportation. The joint effort
performed in support of the HRST study was documented as "A Guide for the Design of
Highly Reusable Space Transportation”. This SPST process developed criteria traceable to
national policy and the goal of affordable access to space enabling commercialization.
Edgar Zapata, KSC used a matrix of the criteria outlined in this document to evaluate each
concept. Measurable criteria for both benefit and programmatic factors were available. The
benefit assessment encompassed features of a design as related to safety, responsiveness,
reliability, operability, dependability and so forth (i.e. payoff and recurring costs). The
programmatic assessment encompassed features of a design as related to costs, schedule
and risk in R&D as well as acquisition (i.e. non-recurring costs). The review was
performed by KSC based on the results and criteria established by the SPST. (For a full
description see Appendix C)

2) The earlier HRST study effort also included the development of the Operations
Simulation and Analysis Modeling System (OSAMS). OSAMS is a systems analysis tool
intended to allow program managers and developers to quickly assess the most effective
areas to invest scarce resources and evaluate the potential impacts of these investments on
the "life-cycle" and per mission cost of the system. OSAMS is intended to provide a
unbiased and consistent means to evaluate competing alternative launch and operations
concepts, evaluate the impact of proposed technologies, and provide insight into life cycle,
development and operations costs. An additional model was used in conjunction with
OSAMS: The Operations Cost Model (OCM) developed at MSFC in April 1994 by General
Dynamics Space Division. This is a top-level tool for modeling launch and flight operations
costs for space transportation systems. OCM consists of two modules, OCM and the
Conceptual Operations Manpower Estimating Tool (COMET.) (For a full description see
Appendix D)

3) Another SPST - HRST Support Group effort, headed by Carey McCleskey and Russel
Rhodes of KSC, in support of the HRST study, developed the "Architectural Assessment
Tool" (AAT). The AAT is a means for scoring and ranking concepts for operational
effectiveness as well as assessing the programmatic factors involved with research &
technology and commercial acquisition. This tool uses quantitative techniques in a
gualitative process to gain investment insight at the architectural level. This tool was
developed recognizing the lack of information on design and operations available during the
early concept phase. (For a full description see Appendix E.)

4) A maintenance operations analysis tool developed by Doug Morris and Nancy White,
LaRC, the Reliability Maintainability Analysis Tool (RMAT), defines Reliability and
Maintainability (R&M) characterization of new launch vehicles in the early pre-concept and
concept exploration phases. Other than engineering judgment, no alternative exists for
defining the R&M characteristics at this level of study. RMAT is based on comparability to
aircraft and Shuttle R&M characteristics for similar systems and is driven by the vehicle
description in terms of weight, dimensions and other system specific variables. The R&M
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results can be used to estimate, at top level, the support requirements of advanced concepts.
For this study the model was used to define the R&M improvements required of new
technologies to meet the stated CAN support and flight rate levels. (For a full description

see Appendix F.)

5) Richard Brown, MSFC, used a hierarchical analysis method, developed by Dr. Thomas
L. Saaty. This method is used for decision analysis where a deterministic solution is not
possible, and decisions are based on pair-wise comparisons of alternatives relative to the
criteria that measure success program. (For a full description see Appendix G)

6) John Mankins, HRST Study Manager, suggested the possibility that the Operations and
Maintenance (O&M) burden, expressed as hours of O&M required per pound of subsystem
dry mass per flight, could be based on dry weight of subsystems. An Excel spreadsheet
model, the Parametric Operations & Maintenance Hours Estimating Tool (PrOpHET) was
developed by Mike Nix, MSFC, to implement this approach. (For a full description see
Appendix H)
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DISCUSSION AND CONCLUSIONS

In general, rocket based combined cycle (RBCC) concepts appear to have significantly
greatempotential than all-rocket concepts for reducing operations costs. Not all of the
RBCC vehicles clearly exhibited this greater potential, but the majority of the RBCC
concepts did.

RBCC propulsion offers significant near term potential toward achieving HRST objectives
of cheap access to space at $100 to $200/Ib. of payload. The RBCC concepts, with margin
gains considered to have a distinct tie in to potential operability gains, have a notably higher
benefit over all-rocket concepts. However, this occurs for concepts focused more squarely
on operations as a driver.

Margin that does not translate into operability does not offer significant improvement over
current systems regarding lower cost operations. Not all airbreather concepts ranked
equally. This is likely due to differences in the design focus around multiple variables.
Margin as evidenced by required mass fractions twice or three times lower (better) than a
rocket single-stage-to-orbit is considered relevant only if it translates into operability or
payload with operability as more crucial. The potential of airbreathers is not likely to be
demonstrated immediately in any attempt to gain significant payload combined with test and
demonstration. It is more likely that as the technology evolves, if properly focused on
recurring costs, capabilities beyond rocket reusable launch vehicles will be achieved in
payload cost per pound and payload per year in the long term due to recurring cost
improvements.

Actual flight rate capability for any of the concepts considered is a crucial determinant in
overall affordability. It is believed basic concept decisions deterministically constrain flight
rate capability and associated infrastructure. This determines productivity. (For further
discussion, see Appendix E.) Predicting what this capability is, based on conceptual
information has multiple uncertainties. The capability is mostly determined by these up
front design decisions, but not necessarily known. Methods used in this assessment
attempted to determine the actual likelihood for a concept to avoid the Shuttle scenario, a
low single vehicle flight rate capability with high infrastructure requirements per vehicle.
The Architectural Assessment Tool (Appendix E) and the design criteria assessment
(Appendix C) used inherent design features unrelated to weight to assess probable
productive capability such as flight rate at a given manpower and operating cost. It is
stressed here that this actual flight rate can make or break the ability of a concept to even
approximate HRST goals. For this reason, further definition on the few concepts
considered most likely to achieve HRST goals is required to fully develop any research and
technology portfolio. Many of the concepts can be discarded based on the assessments
already made as having flaws preventing attainment of HRST goals. Certainty on the
remaining concepts requires further iteration.

Reliability is a major factor in any concepts achieving HRST goals. Technology maturity to
a level that is similar to commercial off the shelf items such as in aircraft can only come
about with large production capabilities. The well known "chicken and egg" scenario can
be improved upon by proper feed-through of requirements into the design, test and
certification processes. R&T that neglects this, as when driven solely by up-front cost and
schedule, is essentially creating downstream costs in operations which eliminate the
possibility of achieving HRST goals. It is further believed that approaches in development
can negatively affect technology maturity such as through emphasis at sub-system levels
when actual problem causes are at higher system levels.
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The recurring cost impacts of launch assist require further understanding and
guantification. The concept ranked with the most benefit is the Horizontal-take-off-
Horizontal-Landing (HTHL) single-stage Supercharged Ejector Ramjet (SERJ) with launch
assist (Argus). This estimate is more uncertain given the lack of an operational database or
group of expertise related to such a system; this uncertainty is in addition to and larger than
uncertainties on propulsion. Studies on similar systems can assist in definition at the
component level of similarity. Passenger rail systems are not applicable in the following
areas of experience:

* With cryogenic fluid interfaces to or through a sled (versus electrical power
distribution only),

» The dynamics of separation (versus transient fixed systems),
* The speeds at the high end for these concepts,

* The load distributions and the complexities of the sled itself (pitch up actuators,
interfaces - fluid, electrical and structural).

Complexities here are more similar to staged space transportation systems.

Launch assist where used to simplify a system, especially the vehicle, meant greater benefit
moving toward HRST goals. Where launch assist was used to reduce mass fraction or in
combination with more systems, it resulted in little benefit over rocket systems. Of the two
concepts incorporating launch assist, Argus ranked significantly better than Waverider on
benefit and slightly better on R&D programmatics.

Optimizing launch vehicle concepts at the system level rather than optimizing components is
more likely to result in recurring costs in the range of HRST goals. There are technologies
that reduce the operations and maintenance (O&M) burden that are common to both all-
rocket and airbreather type concepts. For the HRST concepts examined in detail using
RMAT (Figure 10), the major driver of maintenance burden was the TPS system,
representing from 55 to 83 percent of the total burden. Structures, Main Engines, and MPS
are generally the next major contributors, the order depending on the concept. The
potentially large recurring economic impact of closed compartments on cryogenic vehicles
should not be underestimated. Future system features such as purged aeroshells, TPS
purges, multiple separate tanks in order to conform to certain moldline approaches, and
multiple engine modules should not be underestimated in the degree to which the resulting
required infrastructure can be non-responsive to lower operations cost goals. Numbers of
interfaces, numbers of active systems required to operate safely, numbers of strict
requirements on flow rates and temperatures, numbers of detection systems and
measurements, and numbers of failure modes or opportunities for failure are all negatively
affected by these types of approaches.

The following technology areas were identified by the operations team as having higher
priority for development because they offer the potential for most significant reductions in
the O&M burden, both taken individually and in combination at the systems level. In order
of most significant impact on operations:

Packaging and Integration: The concepts reviewed, although integrating the
rocket and airbreather in RBCC type concepts, did not integrate the secondary and
main propulsion systems. Rocket systems with orbital maneuvering, reaction
control and main propulsion systems are highly non-integrated. Future
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developments must more readily address propulsion technology integration that
reduces interfaces, separate tanks, etc.

TPS development without aeroshells & purgesThe development of
passive, robust, zero-coating, zero-waterproof, zero-purge TPS is a top priority for
reducing recurring costs.

Number of Engines Engine count is a key, simple measure of potential benefit.
Development focus should be on fewer engines. Objectives should be between 2
and 4 main engines or engine modules. Fewer engines relates to multiple measures
of benefit such as reducing confined spaces, which inherently require purges,
servicing and interfaces to the ground, as well as additional complex systems for
leak detection and isolation. Engine count also relates to key issues of additional
interfaces (flight and ground, fluid and electrical), basic issues of reliability and
dependability (more parts, more opportunities for failure, and more maintenance),
active systems, and functional complexity (flight and ground).

Reliability & Dependability : Hardware and system reliability and

dependability are keys to low cost operations. In order for a space transportation
system to meet the HRST goals of hundreds rather than thousands of dollars per
pound, very high degrees of dependability must be achieved. Hardware
replacement costs must be a small fraction of a percent per flight, keeping the
vehicle out of the hangar, increasing its commercial utilization, i.e., flight rate,
which is a highly critical parameter for commercially viable space transportation.

Commercial-Off-The-Shelf (COTS} A key to reducing recurring costs is
maximum use of COTS products. Many subsystems currently used in space
transportation systems will require intensive research and development and DDT&E
programs in order for the majority of components and software to become
commercially available. Yet, this is a must for attaining the order-of-magnitude
operations cost reduction. (For a detailed discussion, see Appendix E.)

Vehicle Health Monitoring (VHM) : The continued development of Vehicle
Health Management (VHM) technologies is also required to enable achievement of
lower operations costs. Critical in this area is the non-intrusive detection of fluid
leakage and other techniques to overcome the tremendous amount of unplanned
maintenance that occurs between flights of functionally complex vehicles, such as a
reusable launch vehicle - particularly a highly reusable launch vehicle.

Horizontal vs. Vertical take-off: The benefit of reduced infrastructure for

vertical landing may represent a far term capability that is desirable for operating
within infrastructure or location constraints. Aircraft, for example, have evolved

both large passenger jets as well as urban centered helicopter services. For the near
term, however, the ability to simplify space transportation as far as relates to engine
count will be assisted uniquely by horizontal take-off. Assuming engine out
requirements, the horizontal take-off uniquely allows both low engine count as well
as ease of recovery and return to the spaceport. This is an area where rockets have
no potential for improvement, with high engine counts required for engine out
capabilities. Further, horizontal take-off rockets, especially single stages, are
practically constrained leaving vertical take-off options as most viable, which again
entails high engine counts.

Environmentally benign technologies Ground-rules for future system
development should include no hypergols (propulsion or power) and avoidance of
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multiple toxic freons and ammonia. Based on Shuttle experience, these relate
directly to high operating costs, hazards and complex servicing, and turnaround
requirements.

Avoidance of slush hydrogen Slush hydrogen introduces unfavorable
programmatic (non-recurring cost) impacts as well as unfavorable benefit (recurring
cost) impacts. Use of slush hydrogen is not conducive to the use of facilities and
infrastructure that are simple and responsive to high flight rates.

Hydrogen as common fuel Advances in non-rocket areas may benefit the

ability to use hydrogen as a common fuel in systems such as the Hyperion HTHL
SSTO turbofans (used for loiter and self ferry). This would eliminate separate JP
fuel, possibly simplifying servicing, basic design and operation. This represents an
avenue of future study to determine synergy potential with other work in Hydrogen
energy applications.

Additions of complexity must be further quantified as to benefits. The addition of systems
such as fans, liquid air collection and enrichment (LACE), slush hydrogen and launch
assist did not always mean greater recurring benefit in the Ops Team analyses. Neither did
additions of complexity, adding capabilities such as loiter, thus eliminating a dead-stick
glide-in landing, necessarily result in less recurring benefit As an example of this, Argus
uses a fan / supercharging approach. The benefits to be accrued from these additions were
highly dependent on overall system configurations, how they are integrated into the whole
concept and against what they trade. It is highly possible to have increasing complexity
coupled with increasing economic viability as withessed in today's aircraft and airport
infrastructures that are many orders of magnitude more complex than early aircraft in the
pre-DC-3 era. It is clear from the example of the Concorde airliner that there is also a
threshold at which increasing complexity ceases to provide commercially effective benefit.
Heretofore space transportation systems, having to operate at the edge of performance by
their very nature, had to be very complex without commensurate operational effectiveness.
The concept that integrates increasing complexity toward low cost operations is crucial to
basic airbreather economic viability.

Room for improvement exists. The Ops Team developed a conceptual vehicle that
embodies the systems optimization approach for operational effectiveness. An ideal
spaceliner, Horizon Mission, described in Appendix C, and appearing on some of the
Figures below, is an even more dramatic improvement over the systems conceptualized for
this study. Iteration toward this improvement is possible with existing concepts.

Figures 1 and 1.a show how the concepts were ranked in order of preference by each
analytical approach. As discussed above, the approaches were deliberately varied in
measures of merit and procedure to compensate for the uncertainty inherent in operations
data in this early phase of concept exploration. There was general agreement in the results.
Argus, an SSTO HTHL RBCC vehicle with Launch Assist, appears eight times in the top
three ranks, six times as the top ranked concept. The all-rocket SSTO HTHL ACRE 183
appears five times. While Hyperion (HTHL SSTO RBCC) appears four times, this overall
rating was discounted because of the low payload capability (20K). Kaiser Marquardt's
VTVL SSTO RBCC appears 3 times while the HTHL RBCC SSTO Waverider, also with
Launch Assist appears twice. ACRE 92 and the TSTO VTHL all-rocket appear once each.
From these rankings, it seems clear that RBCC type vehicles can offer operational
advantages. That not all do may be traced to additional system complexity that does not
increase operability proportionally. Rockets with advanced materials (lightweight, low
maintenance) have some potential of achieving HRST low operations cost goals. Launch
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assist does not appear to confer a particularly decisive advantage, as witnessed by the
difference between Argus and Waverider rankings.

Conce pt Name

Number of Times Ranked in Top 3
by Analysis

Argus

(o]

ACRE 183

Hyperion

KM

Waverider

ACRE 92

TSTO

ANSER

LACE

SSTO(R) LA

Olo|O|FR|PIN|W]A~ O

Figure 1. Number of Times Concepts Were Ranked Among Top 3 by the 8
Analytical Measures

Analysis .
Approach DGeuS;Idg; AAT C(())l\él;T/ PrOpHET RMAT AHP
Measurg of Operations O&M Hours/ Oo&M
Merit Headcount, | O&M Flight/ Hours/ | Maintenence
’ Operational | Operational § Annual $, Hours/ Mass Flight/ Lb Burden AHP
Benefit JEffectivenessl $/Flight Flight Fraction Payload (Hours) Scores
Higher Rank JArgus Argus Hyperion  |Argus Argus Argus TSTO Argus
Hyperion KM Argus Hyperion  |Hyperion ACRE 183 |Argus KM
KM ACRE 183 Acre 183 ACRE 183 |Waverider |ACRE 92 ACRE 183 |Waverider
Waverider JHyperion Acre 192 |ACRE 92 KM SSTO(R) LA|Hyperion ACRE 92
LACE Waverider [Waverider |SSTO(R) LA |ANSER Waverider |LACE ACRE 183
ACRE 183 JLACE SSTO(R) LA [Waverider |LACE KM * TSTO
ACRE 92 TSTO KM KM SSTO(R) LA | ANSER * LACE
* * LACE ANSER ACRE 183 [LACE * *
\ * * * LACE ACRE 92 Hyperion [|* *
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Figure 2: Operability Benefits vs. Programmatic Considerations (from the
“Guide”)
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Figure 2 indicates the ranking of concepts in terms of operational benefits and
programmatic considerations from the "Guide". The higher the placement on the chart, the
greater are the benefits (lower cost, greater dependability, more responsiveness, etc.). The
further right the placement, the lower are the development cost and risk. Airbreather types
tend to place higher than all-rocket types but somewhat to the left. The conclusion is that
airbreathers in general offer potential for greater operational benefits but require more
development and incur higher risk to achieve them. The concepts encircled are the same
airbreathers with margin applied to the enhancement of "operability.” Note that these move
up (greater operational benefit) but neither left nor right (same cost and risk.)

Figure 3 (below) is derived from the AAT assessment and, scaled as in Figure 1, indicates
that RBCC type vehicles (in general, but not all) offer greater operational effectiveness than
all-rocket concepts. Note that ACRE 183 competes well with RBCC's in this analysis. The
horizontal scale of Commercial Acquisition places the concepts in terms of relative
commercial viability. The figure further indicates that operational effectiveness can be
increased for all concepts by applying Design Principles from the "Guide and Rules of
Thumb (for applying margin to enhance operability) developed by the Ops Team.
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Figure 3: Operational Effectiveness vs. Non-Recurring Investment
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Figure 4 indicates the AAT scores for the concepts (relative ranking) as well as the potential
flight rates (per year per vehicle) enabled by the concept architectures. Figure 4 also
indicates the relative number of O&M hours per flight per Ib. of dry mass, which were

used in the PrOpHET analysis.
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Figure 4: Single Vehicle Utilization Assessment (from AAT)

Figure 5 shows the COMET/OCM results for headcounts required for launch and flight
operations and support functions, encompassing the entire launch site for rates of 50, 100,
150 and 200 flights per year. Argus, Hyperion and the two ACRE's, by COMET/OCM
analysis, require the lowest number of personnel to operate the launch site (and the lowest
annual costs and cost per flight.) The All-Rocket SSTO with Launch Assist (a late addition
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to the assessment effort that was analyzed only with COMET/ OCM and PrOpHET)
compared well as did the Kaiser Marquardt concept. The LACE and Waverider RBCC
concepts required the greatest processing staff levels, driven primarily by engine and TPS
subsystem complexities and complexity of mission profile.

ANNUAL OPERATIONS
OPERATIONS COST PER
OPERATIONS COST BY FLIGHT RATE FLIGHT

7,500

7,000 Trmmmmmmmmcmsmemem- e of
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Note: Flight Rates 1 through 4 shown are 50, 100, 150 and 200 flights per year

Figure 5 Operations Headcount, Annual Cost and Cost by Flight (from
COMET/OCM)

Figure 6 indicates the relative headcount requirements for launch (gray bars) and flight
operations (black bars), including support functions, for four flight rates, a breakout of the
numbers form the headcount portion of Figure 5. Figures 5 and 6 indicated some variance
in sensitivity to flight rates among the concepts. Note that the ratio of flight operations to
launch operations headcounts is not constant across the concepts in Figure 6. This results
from variation in the mission complexity, which is driven in large measure by the
complexity of the concept architecture. An advantage in operability goes to some of the
RBCC's and either the advanced rocket concepts or the rocket with launch assist. Again,
launch assist did not confer a decisive advantage to a concept.
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Launch and Flight Operations Headcounts
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Figure 6: Launch and Flight Operations Headcounts for Flight Rates 50,
100, 150 and 200/Yr. (from COMET/OCM

Figures 7, 8 and 9 illustrate the results of the PrOpHET analysis, estimating O&M hours
per pound of subsystem dry mass. Although lighter vehicles would tend to have lower
requirements in general by this approach, this was offset by comparing each concept by
subsystem independently to the baseline and adjusting the hour/Ib. factor up or down
accordingly. The rankings in Fig. 7 are similar to COMET /OCM, although developed by a
very different model. The four concepts lowest in O&M hours (preferable) are the same.
Waverider competes better, slipping below Kaiser Marquardt (KM). Adjusting by concept
mass fraction rearranges the mix somewhat. Sorting by hours per pound of payload drives
Hyperion out (discussed elsewhere) and gives Waverider and KM the edge over the
ACRE's.
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Figure 8: O&M Hours Adjusted by Concept Mass Fraction (from PrOpHET)

Figure 10 shows the level of maintenance burden required for technologies used on the
HRST concepts. When HRST support goals are used as constraints, the model results
show the need for orders of magnitude improvements in the reliability of those systems
which have proven to be maintenance drivers on Shuttle, and reductions in the time and
manpower needed for repairs for all of the concepts. The values in column 1 illustrate the
effect on maintenance burden of using technologies on the HRST concepts whose
characteristics are like those of the comparable Shuttle technology. The maintenance drivers
remain the TPS, structures and the propulsion systems. Columns 2 and 3 respectively
represent the reductions in maintenance burdens that can be achieved by new technologies
to reduce the number of maintenance actions required, and the time required to repair
systems. Column 4 illustrates the burden when both of these effects are characteristics of
new technologies. Both were necessary to meet the HRST support goals.
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Figure 10: Maintenance Burden (Workhours) by Subsystem (from RMAT)

Although these reductions in Shuttle support requirements may appear large, they may not
be that difficult to achieve. Current Shuttle support represents support for systems that lack
maturity, at least relative to aircraft systems. Therefore, the maintenance required, both in
frequency and in repair time reflect the relative lack of experience in dealing with these
technologies in this environment. As this prudent approach matures, experience will
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contribute to these required reductions by better being able to judge when maintenance is
required and by increased confidence in the repair process. New technologies such as the
use of vehicle health monitoring will help to reduce the time required to detect and isolate
problems before repair. In addition, all new technologies will have an extensive test
program to assure that these R&M characteristics are achievable, before inclusions on the
concept.

The differences in results illustrated here are due only to the size, number of systems, and
system requirements. Differences in specific technology choices are not reflected in these
results, however, the R&M characteristics defined apply to all the HRST concepts. All will
require system technologies that have been developed, tested and proven to have support
requirements orders of magnitude less than that currently in use. This will both reduce the
personnel involved and shorten the time required for maintenance to better utilize the
vehicles in productive service

Of interest here is not only how the concepts ranked relative to one another, but also which
subsystems were the drivers - TPS and main engines, which result was incorporated into
the OCM/COMET and PrOpHET models. Here LACE fares poorly by comparison due to
the extensive cooling requirements, through both active and passive subsystems that
require high maintenance. In this approach, TSTO competed well with the other concepts,
due at least in part to the relative simplicity of both the first stage and the orbiter. RMAT did
not consider processing requirements outside of the VPF, such as the integration of the
stages. Argus and ACRE 183 were very close, with ACRE 183 losing the advantage due to
main engine and MPS maintenance burdens (six engines on the first stage and three on the
second.)
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RECOMMENDATIONS

The HRST Integration Task Force, Operations, believes that the following
recommendations will enable continued advancement toward the goals of the HRST study,
routine and highly affordable access to space.

RECOMMENDATION 1. Architectural, global optimization of
designs is required to achieve HRST goals. Optimization at
component or sub-system levels must be only one part of a
broader improvement strategy focused on affordable
architectures. Large-scale optimizations that rethink major
design decisions must be improved upon across the board to
achieve HRST goals.

The Ops Team developed a set of "Architectural Guidelines" which expand on the need to
optimize designs and technology around broad, global features. The Guidelines are derived
from the work of the Space Propulsion Synergy Team (SPST), a multi-industry-NASA-
academia and government-entrepreneur group. This work by the SPST was in support of
the HRST project. These Guidelines are outlined ahead in the section "Architectural
Guidelines." Further, the Team developed more specific recommendations, or "Rules of
Thumb", for applying system margin (See Guideline 1.2,"Fielded Margin") to vehicle

design for enhancing operability. This particular objective, margin - the ability to field a
system that is not operating near the edge of it's design limit, can be one enabling factor for
the incorporation of multiple other features which make a space transportation system more
affordable to acquire and to operate. The improvement, or not, in all of these major areas
outlined below is crucial to achieving a total system, flight and ground, capable of one day
meeting HRST costs goals. These specific recommendations are listed ahead in the section
"Rules of Thumb."

RECOMMENDATION 2. Demonstrators are required that

prove the proper flight regime and the more complex systems
that may associate with rocket based combined cycle (RBCC)
concepts.

Anchoring the benefits of airbreather propulsion through demonstration will allow
guantified understanding of the proximity to achieving the HRST operational objectives.
Basic R&D, component, system and integrated testing focused on advanced propulsion
development is required to sidestep inherent all rocket limitations.

RECOMMENDATION 3. Margin Benefits: Future concept
definition for airbreather space transportation systems must
provide links to margin benefits.

Realistic estimates are required of resulting margins from airbreather approaches correctly
accounting for additional systems unique to airbreathers such as active cooling, active
geometries and associated actuation mechanisms, fans, etc. The effect of this margin on
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other systems such as TPS, structures, power and subsystems, and flight and ground must
be further understood (Ref. Recommendation 2).

RECOMMENDATION 4. Two major systems areas require
technology development: propulsion and thermal protection

(highly linked for airbreather concepts.)

For commonality with multiple avenues, and with enabling benefit, they become priorities:

Ejector ramjet (ERJ) R&D and demonstration.

Ejector scramjet (ESJ) R&D and demonstration, build on
previous.

Thermal protection systems (TPS) - passive, zero waterproof,
robust against damage.

Thin leading edge passive TPS.

Thermal protection systems (TPS) - active, robust, low
maintenance (as fallback).

Active and Passive CoolingActive cooling should compete in this priority in so far as

it is requisite; passive cooling developments should focus on the potential elimination of
any active cooling requirement at leading edges, inlets and at other structures as required.
Active cooling should be considered a backup or fallback technology. Key technologies
that enable low cost operations are as follows:

Reusable propellant tankage and feeds (cryogenic service) -
composites.

Integral, conformal propellant tankage (for all propellants).
Robust, maintenance-free thermal protection systems.

Electric actuation, high horsepower - eliminate hydraulics, applies
to propulsion geometry and aerosurfaces.

Power systems, simplified, non-toxic, low and high horsepower
eliminate hypergols, eliminate multiple different types of power
systems to service and maintain.

Common propellant systems (propellant grade fuel cells, orbital
maneuvering systems (OMS) and reaction control systems (RCS)
using propellants common with main propulsion).

Vehicle and ground health management systems (VHM/HM).

"RECOMMENDATION 5. Operations Cost Modeling: The

conceptual phase of any study activity is limited by broad
characterization and less specific information. By it's nature
the intent is to avoid allocating into a program before
preliminary study has been undertaken. Cost modeling with
an ability to work on limited types of information is required.

Models based on more specific information have also been noted as an area for agency
improvement since even operational systems such as Shuttle do not adequately account for
and explain costs of operations with any traceability that allows decision making focused

on improvement. It should be re-iterated here that a major factor, if not the major factor, in
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cost modeling for space transportation systems is the launch rate capability of the concept,
the effect of which was discussed in "Discussions and Conclusions” (above).

RECOMMENDATION 6. Operations Cost Measure Of Merit:

A measure, “useful payload per year to LEO per vehicle” is
proposed as an equalizer that allows the benefit of systems
with less payload but more response (flight rate at a given
resource expenditure or cost) to be measured against systems
with less response and higher payload.

The ideal is more payload as well as higher flight rate. Less payload per flight should not
be assumed undesirable except as applies to particular markets.

RECOMMENDATION 7. Building an Earth-to-Orbit (ETO)
Technology Roadmap (Ground & Flight Demonstrators -
“Pathfinders” & “Trailblazers”): The next step beyond HRST
efforts should be to build a technology roadmap that defines a
phasing plan for ground and flight demonstrations.

However, the concepts, as provided, are not yet to a level of maturity for clearly
determining which will achieve HRST goals. That being the case, a roadmap that leads to
architectures achieving operating costs below $1,000 per pound is likewise premature. It is
recommended that an iteration process be initiated on the provided concepts. The iteration
process should be guided through the use of the suggested design "rules of thumb" (see
below.) Once the concepts have reached maturity, or the HRST goals are assessed as
having been met, then the nation will be ready to construct an ETO roadmap that leads to a
portfolio of promising architectural concepts that are capable of achieving $100-$200 per
pound cost. In the context of these promising architectures, the technology requirements
could then be formulated.

RECOMMENDATION 8. Concept Programmatic Information
Needs to be Better Identified and Clearly Separated Between
R&T and Commercial Acquisition Commitment Phases.

As the iterative process unfolds, better definition of cost and schedule should be made
available. Particularly needed, however, is clear discrimination between which are incurred
during the research and technology phase, and which are incurred during the commercial
acquisition phase. This clear discrimination is required to build an effective research and
technology program that reduces high cost and risk investments associated with commercial
acquisition.

"RECOMMENDATION 9. Final Recommendation to HRST
Study Team: Avoid Presenting Premature Architectural
Selection.

Premature architectural concept selection at this point will lead to a programmatic
commitment that would fall well short of the Civil Space Transportation Study goal of
engendering space market growth.
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ARCHITECTURAL GUIDELINES

As discussed in Recommendation 1 (prior), HRST goals will not be realized without
architectural, global optimization of designs. A broader improvement strategy focused on
affordable architectures must be implemented. The following Guidelines, applicable to
space transportation system design at the architectural level, are derived from the work of
the SPST and are listed in order of effectiveness in reducing the operations burden:

1.1 Guideline Fluid selection for ease of operabllity & supportability.
a. Avoid use of fluids that are toxic and require ground-handling contiols
for personnel protection or environmental control reasons.

b. Avoid use of fluids that are flammable, other than for propellants
purposes, to avoid need for additional fire protection at various ground
stations.

Benefits Increases safety, operability and required support, which results ip less

manpower, faster vehicle turnaround and lower recurring cost.

1.2 Guideline Fielded margin (that which remains upon completion of the
space transportation system acquisition) increased for mission flexibility and
improved operational effectiveness.
a. Provide fielded margin in all vehicle system disciplines to allow
customer and space transportation system mission flexibility.
b. Use some of this fielded margin to increase the operational
effectiveness, i.e., trade weight for concept attributes that improve
operational characteristics like dependability (use of COTS) or better
functional integration to delete large ground infrastructure support at
launch site and manufacturing.
Benefits Increased mission flexibility of the space transportation system to better
meet the customer’s needs. Allows system trades on the concept design thg
increase potential of meeting the recurring cost objectives and engendering gpace
market growth.

—+

1.3 Guideline Increase the vehicle and ground systems health managemept
capability to allow increased space transportation system responsiveness to
customer needs and labor reductions to provide reduced recurring cost.
a. Provide BIT/BITE for all vehicle and ground systems (electrical,
mechanical & structural) components. Embed fully automated routineg that
reduce ground turnaround time, labor and hands-on activities requiref to
operate, verify component integrity, as well as perform troubleshootirjg
and retest following corrective action/maintenance.
b. Provide built-in sensing network systems to allow automated
inspections of all structural, TPS, and mechanical systems (which
traditionally are inspected manually).
Benefits Systems that are fully automated (flight and ground) will decrease
vehicle turnaround, increase vehicle availability, reduce hands-on activities and
collateral damage, reduce labor required and achieve large reductions in recprring
cost. This avoids major out-of-service inspection operations.

1.4 Guideline Design for passive environmental control and avoid hazarddqus
confined spaces—or confined spaces that require personnel entry (both planned
and unplanned).

a. Design system layout so that component change-out can be
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accomplished without entry into confined spaces.

b. Provide airframe design to allow both ground and flight environme

to be controlled through a passive design means. This avoids closed

hazardous confined spaces that must be maintained safe using activg

systems (GN2/air purge and hazardous gas detection systems).
Benefit: Delete need for large amounts of ground infrastructure to purge cor
spaces. Infrastructure eliminated includes: purge air systems for personnel |
purge systems of the same area with GN2 for flammable/detonable gases,

Nts

k)
h

fined
needs,

hazardous gas detection systems, and personnel access kits. Added operatjonal

benefit in terms of responsiveness includes elimination of personnel entry &
control for safety. For example, mid-body and aft closed compartments can
collateral damage and unplanned work if system hardware is not located on
with external access. Elimination of closed/confined spaces, therefore, redu
manpower required, less ground turnaround time (greater flight rate capabilit
vehicle), reduced logistics tail for replacement parts and supplies, less grour
infrastructure to operate and maintain, safer environment for personnel oper
all resulting in greatly reduced operations cost. Also reduces acquisition cosf
both flight and ground hardware and associated facilities.

1.5 Guideline Provide an ideal overall propulsion packaging architecture th
results in minimum hardware support requirements and flight-to-ground inter

while also yielding the most reliable/dependable space transportation systen.

a. Provide common integrated single vehicle propulsion system that
performs the main ascent propulsion function (MPS), the on-orbit/de-
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propulsion function (OMS), and the non-and rarefied atmospheric regction

control system (RCS) function. For operational improvement, these

functions must use only one set of propellant tanks, with only one set

ground support servicing systems. For example, the OMS can be to

supplied from the main propulsion feed manifold sized for this function,

and the RCS could be fed from the ullage gases supplied using an
automated compressor/accumulator gas system.

b. Provide for integration of electrical power generation (fuel cells/tur
alternators) and any active thermal management of on-board systems
the integrated propulsion single set system. Ullage gases from the m
propellant tank set using an automated compressor accumulator gas
system should supply these functions.

c. Provide propulsion sizing to accommodate all requirements with

of
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5 with
Ain
feed

Benefit: Deletion of functionally redundant systems, i.e., separate propella
tanks, pressurization systems, pneumatic controls, flight-to-ground umbilic
avionics support for tanks fill & drain values, and very large ground support
infrastructure at the launch and manufacturing sites. Large reduction in part
and support logistics. Also allows the use of non-usable residual gases fron
traditional concept. Results in large reduction in manpower, replacement har
cost, reduction in sustaining engineering and manufacturing support. Net bg
faster turnaround (more responsive and available transportation system) mo
reliable/dependable system (less systems and backup systems) and large r¢g
in recurring cost. Also should result in less acquisition cost.

minimum number of engines (two engines ideal but no more than foE)

1.6 Guideline Provide a space transportation system with minimum uniqug
stages (flight and ground) and design-to interfaces.

S,
Counts

dware
nefit is
e
bduction

a. Provide a very integrated single stage concept with only one set of
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propellant servicing interfaces and only one power interface to ground
b. Provide propulsion system with minimum interfaces to vehicle, i.e,
provide integrated propulsion system to allow minimum functional
requirements like main propellant pumps placement with main tank to
eliminate chilldown and conditioning requirements to operate the main
engines. In addition, placement of the main LOX tank in aft end to
eliminate complex and time-consuming servicing requirements like
chilldown, anti-geysering and pogo systems for flight.

c. Provide simplified payload to vehicle interface with minimum suppa

and functional requirements, i.e., only structural attachments. Use the

same attachments for every flight and payload. The payload enclosur
should provide any unigue support, i.e., contamination control, electr
power, data management, fluid services and purge (if needed) or evg
support if personnel are included.
Benefit: This will reduce the number of ground processing/checkout station
assembly and integration stations, and very large amount of unique ground

support equipment. It will also greatly reduce the number of manufacturing and

stage assembly facilities. Will result in a very large reduction in logistics of
consumables, replacement parts, and labor headcount. Will achieve much s
ground turnaround time (higher single vehicle flight rate capability) resulting i
large reduction in acquisition and recurring cost.

1.7 Guideline Provide a space transportation system that is simple, i.e., v
small number of manufacturing, test, and operations facilities, with only a
minimum number of different/complex parts, often resulting in active ground
servicing requirements.
a. Provide a simple highly integrated/automated single stage vehicle.
b. Provide a simple highly integrated/automated single stage vehicle
without launch assist or active ground systems to accommodate laun
acoustic, cooling, and ignition overpressure environments.
Benefit: A simple, single-stage space transportation system will achieve larg

reductions in manufacturing, special test and launch facilities. In addition, the

resulting unique ground support equipment associated with multi-stage cond
are eliminated, providing shorter ground turnaround time, less labor headco
more available and responsive system to payload customer needs, and a laj
reduction in acquisition and recurring cost.

1.8 Guideline Provide a simple vehicle with a minimum number of different
fluids or gases with unique vehicle-to-ground interfaces.

a. Provide a vehicle system that only requires a single set of fluids to

accommodate all functions for the space transportation system.

b. Provide a vehicle system that only requires one single gas on-boa

accommodates all functions required.

c. Provide a vehicle that does not require on-board purges and no pu

to maintain safe vehicle on the ground during servicing for flight.
Benefit: Ground servicing will require only a few ground servicing systems
resulting in very large reduction in ground servicing systems at several facilit]
stations. This in turn achieves a large reduction in labor headcount, acquisiti
recurring cost. Large reductions in logistics of replacement parts, consumab
sampling, filtering and conditioning systems, labor and recurring cost and cy
time.
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1.9 Guideline Provide a simple vehicle with a minimum number of ground
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electrical power servicing requirements.
a. Provide a flight vehicle system that provides its own power manag
on-board requiring only one vehicle-to-ground interface at each grour
facility station.

Pment
d

Benefit: Greatly reduced flight-to-ground umbilicals, ground servicing systems at

each station, large reduction of parts, reduced logistics, reduction in labor
headcount, more responsive transportation system, and large reduction in
acquisition and recurring costs.

1.10 Guideline The space transportation system only uses highly
reliable/dependable parts, components, and systems-and are ground and fli
demonstrated/certified to be such during the development phase prior to sys
acquisition. Use of demonstrated highly reliable/dependable systems results
fielded design that requires very infrequent unplanned maintenance.
a. Select hardware that is commercial-off-the-shelf (COTS) and that h
very high demonstrated meantime between failure (even if the hardwg
isn't the lightest weight-the resulting increase in flight rate will more th
make up the weight difference of one launch).
b. The use of laser igniter technology hydrostatic turbopump will prov
reduced stresses on rocket during start transition (no longer constrai
flammability limits) by decreasing the ramp-up rate. The new bearingy
also provide greater MTBF-.
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c. Operate the rocket engines at reduced maximum designed power level.

Benefit: A space transportation system that is very responsive and availablg
meeting customer needs at lowest recurring cost. Specifically, it results in a
level of logistics (including the rocket engine element) for replacement parts §
minimum labor headcount, as well as a reduction in collateral damage from
component replacement and troubleshooting on the vehicle.

1.11 Guideline Provide a space transportation system with only a few
connections required to integrate the major functions and their components.
design-in potential leak connections, tubes, hoses, ducts, etc., for fluid and
systems; and electrical mating connections, wiring, switch-gear, etc. for elec
power, data, command & control, communications systems).
a. Provide designs that do not require leak testing verification for fluid
and gases for both static and dynamic applications, i.e., nearly all-we
systems.
b. Provide designs for electrical power and data transmission without
use of thousands of cable connections providing potential failure resy
excessive, time-consuming troubleshooting, repair and restoration to
certified condition.
Benefit: Much safer, more reliable, and simple system to operate. Also far |
unplanned work, operations stoppage (cycle time, launch holds and scrubs
Results in lower recurring cost as well as faster acquisition schedules to brin
system through certification.
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RULES OF THUMB

Guideline 1.2 (prior) is to have a design that has fielded margin. The term margin is not
used here in the traditional programmatic sense. Programmatic margin is simply a way of
dealing with uncertainty and is by definition used up in design and development simply to
achieve function and performance. The margin referred to here is left over and either (1)
fielded in the system as in more robustness or (2) used to selectively alter and improve the
basic design and make the system more operationally affordable. Assume that a launch
vehicle could be so developed that when fielded, it could deliver the required payload to the
destination without operating at maximum performance levels, If so, weight could be added
to the vehicle without affecting it's delivery capability. How could this weight be best used
in or allocated to the vehicle subsystems to make them more robust, reliable, dependable
and reduce operations and maintenance burdens with the intent of reducing operations cost?

In short, if we assume that a vehicle design will result in margin when fielded, how could
we apply that margin to the design to increase operability and enable low ($100/Ib of
payload) recurring costs?

In response, the Ops Team developed the following list of ways in which "margin”

(weight) should be used to increase vehicle "operability". Specific examples follow of areas
where margin as considered here can be used to result in a more affordable operation "by
design". Not all these should be considered de facto increases in weight or as being
uniquely achievable through margin. Rather, the existence of more margin can serve as one
important enabling factor in bringing about these features in a fielded system.

Operations and Overall Affordability:

Propulsion and Engines:

« De-rate the engine operation to reduce stress. Design and certify to one leyel,
operate at less (example: engine operation at 90% of design/certification thrustf). This
should extend life through a direct increase in MTBF for many major components. A
study by MSFC/Rocketdyne, "Rocket Engine Life Analysis", August, 1996,
indicates a significant increase in engine life expectancy, from 10's to 100's offflights
between overhauls, when operating engines at 90% rated capacity.

* Reduce start/stop transients for engines through either technologies (laser
ignitors) or approach (increase propellant capacity and slow the startup). Any
decrease in engine ramp rate correlates to reduced thermal shock loading on materials
and increased life.

» Eliminate hypergols. Use fluids already common to the main propulsion system
such as LOX or LH2. Volume and hence weight has previously limited use of LH2 in
favor of toxic fluids.

* Make propellant tanks more robust (through increased weigttitonger
materials with higher design factors of safety or both). This should simplify chgckout
and loading procedures by eliminating complexities associated with fragile tankage.
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* Make umbilical interfaces more robust on the vehicle to enable automated
connection and disconnection of umbilicals with simple checkouts. Fragile, flig
weight structures on the vehicle side severely constrain (or eliminate) options f
automation of umbilical connections at multiple interfaces Automation would mq
connection time towards minutes rather than days.

* Place LOX tanks aft. This simplifies facilities for loading as well as loading
procedures by eliminating failure modes and additional complex systems. If ug
engine gimballing, this may mean increased control authority. This in turn may
involve engines placed farther apart.

* Swing arms should be eliminated or vent lines placed fully on-board. The
simplification of interfaces could be improved by eliminating vent arms for cryo
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boil-off. Overboard venting may involve more robust thermal protection systenis and
structure capable of resisting ice formation and possible impact. Fully on-board vent
lines, as another option, can be routed down and integrated with ground umbilicals to

reduce overall complexity.

* Add propellant capacity to allow extended loiter [airbreathers] and eliminate
return-to-launch-site abort modes. This eliminates costly stand-by-contingency
infrastructure.

Vehicle and Structue:

* Increase robustness to eliminate regular intrusive checkout and inspection.
should be targeted on an increased tolerance to corrosion and stress.

« Thermal protection systems should increase weight if required to make mo
robust. This enables use of a higher impact material that is damage resistant.

* Thermal protection systems should be purge-less for zero interface suppor
requirements. This may mean an increase in foam thickness. The elimination ¢
confined spaces and creation of a purge-less condition is a target.

* Increase landing gear robustness. Size correctly for true “walk-around che
only” reusability at expected loads, speeds and operating conditions.

¢ Closed compartments should be eliminated. As stated several times in the
the report, the negative impact on operations in terms of time and resources th
from confined spaces in the vehicle cannot be overstated.

Health Monitoring and Control:
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* Integrated Vehicle Health Management should increase the number of sengors

focused on maintainability (ease and speed of troubleshooting, fault detection
isolation, and checkout). This should permeate fluid, electrical, and structural
systems - not just black boxes.

And
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» Electrical onboard power should provide simple, single connection and on-
conversion for simplified interface to ground during processing (airplane like).
board ability to power specific systems as required should be built in.

Supportability:

* Increase accessibility by means of aircraft-like access panels. This includes
motorized, hinged, latched, pull out access trays and operator access via pus

Maintainability, post troubleshooting, is increased, reducing mean time to repajr.

« Design for self-ferry. Simplified infrastructure via the on-board accommoda
of most, if not all functions required for take-off is a target.

» Use commercial-off the shelf (COTS) hardware with little or no modification
get flight weight, i.e., aircraft weight.

Payload:

board
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« Create more independence for the payload to simplify integration. A contain

system with a very simple, robust loading operation (sea-land type, self-sustairing

containers) is a target.
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Markets and Payloads

Concepts and/or architectures must accommodate (launch and return) all current and
currently planned future civilian government, commercial, and national security payloads.

Concepts and/or architectures must accommodate a wide range of different types of future
payloads, including private citizens as passengers, government/military passengers,
individual or multiple satellites and other spacecraft (including any required propellants or
upper stages for transfer of satellites or systems to other orbits), bulk materials (e.g., water
or propellants in tanks), and nominally 'hazardous' materials (appropriately packaged).

Orbits

For reference purposes, concepts and/or architectures must be able, as a minimum, to
provide transportation of payloads to a 100 nautical miles circular orbit at 28.5 degrees
inclination.

Note that this orbit will be defined as "low Earth orbit" (LEO) for purposes of this
guidelines document; other orbits will be indicated as appropriate.

Reliability and Safety

Reliability objectives have been developed that are consistent with economic objectives of
HRST (i.e., must be 99.9% for launch costs to be less than $100-$200 per pound) as well
as with the goal of moving toward airplane-like capabilities, including the requirement that
these systems be capable of highly reliable overflight of populated areas during launch. In
particular:

Reliability of flight vehicles vis-a-vis catastrophic loss should be 99.99% (i.e., the
probability of a system failure resulting in vehicle loss should be less than 0.01%). Safe
return and recovery of passengers and/or precious cargo should have a higher probability
by a factor of five-to-ten (i.e., up to 99.999% probable).

Flight vehicles should be essentially 'fail safe' over land i.e., with 99.999% probability of
no ground fatalities or extensive property damage per launch.

Concept Payload Accommodations

New HRST vehicle concepts must accommodate individual payloads that range from
20,000-t0-40,000 Ib. (i.e., approximately 10-to-20 MT) in mass.

Vehicle concepts must accommodate individual payloads that are no less than
approximately 6,000 ft*3 (200 m”3) in volume in a payload bay not less than 15 ft (4.5m)
in diameter. Note that with a diameter of 15 ft, this is consistent with a payload length of
approximately 35 ft.

HRST technologies and/or systems should also accommodate the launch of smaller
payloads, in the range of 1,000-3,000 pounds, to LEO with costs of less than $1000 per
pound.

Operations

Individual ETO reusable systems referred to as 'flight vehicles' should be able to 'launch’
more than 50 times per year (i.e., approximately once per week, or more).
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Flight vehicles should be able to launch payloads that are traveling to 'all' orbits ranging
from equatorial to polar and ranging from 100 nautical miles to geosynchronous altitudes or
beyond. Meeting this functional requirement may involve the use of upper stages and/or
thrust augmentation of a flight vehicle and would entail appropriately varying payload
performance.

HRST concepts must be capable of operating completely self-sufficiently in LEO for a
minimum of 48 hours (with the exception of minimal ground or other external monitoring
of HRST operations).

Ground-based infrastructures at each active launch site, such as ETO vehicle processing
facilities, must be capable of processing more than 200 vehicle-visits per year (for example,
approximately four per week, or more) (This might entail four vehicles, each operating

once per week, or fewer vehicles, each operating more than once per week.)

For the level of flight operations cited above, total ground operations personnel should be
less than 250 'direct charge' individuals.

Flight vehicles should be able to launch and land in near all-weather flight operations
conditions (like aircraft), with rapid turn-around of individual vehicles for re-launch.

Life Cycle Costs

Individual operational flight vehicles should cost less than $1B per vehicle, including
manufactured cost, but not including technology, system development or infrastructure
costs. (Reference: a Boeing 747 passenger jet is priced at approximately $150M per
aircraft, where total production runs are in quantities of over 1000 aircraft.)

Total recurring operations costs per flight vehicle, with launch rates of once per week for
the vehicle, should be less than $200M per year (i.e., approximately $4M per flight
operation).

The cost contribution due to flight vehicle hardware costs should be less than $50 per

pound of payload per flight (including costs to replace the vehicle at the end of system life,
the expected cost of vehicle failures, and the cost of hardware replacement items for vehicle
maintenance e.g., spare parts). For the stated payload range, this amounts to $500K-to 1M
per flight operation.

System Reliability, Maintainability and Life

In general, operational flight vehicles should have an effective lifetime greater than 2000
flights.

Selected major vehicle systems (in particular, engine sets) should have either: an effective
lifetime between scheduled major removal and maintenance operations greater than 22
flights if the cost of that system is greater than 10-20% of the value of the entire flight
vehicle, or an effective lifetime between scheduled major removal and maintenance
operations greater than 5 flights if costs of the particular system are more than 1-2% of the
value of the vehicle, or less.

Operational flight vehicle performance margins should be significantly greater than those

projected from the HRST Reference Vehicle, particularly for high-operability scenarios and
cost-critical subsystems e.g., engines. The level of increase may vary from system to
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system, but the net result should be significant increases in lifetime, operability, etc., and
reduction in repairs, spares, failures, etc.

Generally, and as appropriately modified, operational flight vehicles should be capable of
incorporating vehicle performance-enhancing systems that permit higher delta velocity and
or increased payload mass missions to be performed, including initial launch assist systems
(such as electromagnetic catapults) or in-flight thrust augmentation (such as strap-on rocket
assist systems) and other load-transfer design features. For example, if a particular HRST
system concept is capable of launching 35,000 pounds to LEO, it should also be capable
with thrust augmentation of launching 35,000 pounds to the planned International Space
Station Alpha orbit (220 nautical miles, 51.6 degrees inclination).

Operational flight vehicle systems and/or their related technologies must support NASA
science and/or exploration missions with "reasonable” adjustments (e.g., by being
serviceable over a broad range of payloads).

There should be clear dual-use opportunities at the system, subsystem, component and/or
constituent technology levels. These technology-transfer opportunities may be applicable to
national security, private sector commercialization, or other sectors; the broader the
applicability, the better.

National Policy

HRST results and recommendations must be consistent with the General Agreement on
Tariffs and Trade (GATT) and related treaties and/or international agreements.

HRST results and recommendations should be consistent with the US National Space
Transportation Policy (1994).

HRST results and recommendations should further national policies and objectives relating
to dual-use of technology, and technology transfer and commercialization.

Past and Ongoing Space Launch Technology Programs

The HRST study and resultant system concepts will use as a baseline the NASA Access to
Space study's Option 3, All-Rocket, single-stage-to-orbit (SSTO) case as its Reference
System (with any appropriate updating, scaling or other adjustments to allow more
appropriate comparisons to advanced systems concepts).

HRST Study-Defined Technology Programs

Technologies needed for HRST system concepts must be capable of being brought to a
prototype systems level of technology readiness level with "reasonable” technology
investment levels by no later than 2005-2015 for mid-term concepts. Technologies needed
for very advanced concepts may not be able to achieve technology readiness for
development until post-2015. Note that this is not a restraint on availability for either class.

Total required HRST-specific government civilian space program (e.g., NASA) technology
research and development investments (including R&D facilities, but not including large
scale flight demonstration vehicles) should not be greater than $200M-$300M per year.

The specific level of HRST-related government technology investment may vary upward
from the range cited above depending on the degree to which these investments and
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capabilities gains are 'dual-use' with potential to be augmented via multi-Agency (US)
and/or international sponsorship and/or collaboration.

Procurement of operational flight vehicle systems and close-in supporting infrastructure
(e.g., vehicle ground servicing equipment) must be 100% privately financed.

Engineering development (through theoretical first unit, "TFU", delivery) of operational
vehicle systems must be no less than 50% privately-financed.

Technology development and demonstrations related to a specific HRST system must be no
less than 25% privately financed.

General technology development and validation relating to very low cost space
transportation through HRST concepts may be down to 0% privately financed.

Broadly available macro elements of infrastructure (e.g., launch sites and general flight
traffic support systems) may be down to 0% privately financed.

“Special Technical Area(s) of Interest” pertinent to operations are defined in the
“Guidelines”

Operations

To meet market objectives, HRV/HRST systems must achieve unprecedentedly low levels
of personnel and support equipment involved directly or indirectly in operations. For initial
flight rates, achieving market goals will require single-item manufacturing at large-scale
manufacturing-like costs. Diverse technologies and concepts (such as those described
above) will require evaluation against common criteria/objectives and against one another.
Dynamic simulation of operations (flight cycle-to-life cycle) will be essential.

Manufacturing

Although initial HRV’s may be relatively expensive, advanced manufacturing approaches

for HRST vehicles must be defined in such a way so as to enable open-ended low-cost
manufacturing of spares/parts for operational vehicles as well as of new vehicles as markets
develop and fleet sizes expand. Developing strategic approaches to low initial and
continuing costs in manufacturing is needed.

Thrust Augmentation and Upper Stages

Addressing the total market from a payload destination standpoint may require the use of
thrust augmentation (e.g., strap-on solid rocket motors) and/or upper stage transfer stages
to allow higher than low Earth orbit (LEO) delta-velocities. Such provisions will also

satisfy the launch of a particular payload to a higher or different orbit than the reference.

Primary issues here will revolve around the impact on total life cycle costs of allowing for
this possibility and the specific cost and performance of various approaches to thrust
augmentation. This conceptual approach will be traded against overall HRV scale,
capability and system costs in other study options cited above. Each of these will be a
minor study emphasis.

Planned Balance of Risk and Payoff in HRST Projects
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It is anticipated that the portfolio of projects conducted during HRST Phase 2 will represent
a balance between nearer-term (e.g., next 10-20 years) and farther-term (beyond 20 years)
concepts, with appropriate increases in the levels of payoff and risk for the farther term

opportunities.
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The following outlines the particular HRST concepts considered in this assessment.

1. Vertical Take-off, Vertical Landing (VTVL) Supercharged Ejector Scramjet (SESJ)
Single-Stage-to-Orbit (SSTO).

» Kaiser Marquardt (with Georgia Tech.)

Payload is 40,000 to 100 nmi circ. at 28.5 degrees with 1.04 Mlb GLOW and 184.6 kib
dry weight. Airbreathing to rocket mode transition is at Mach 12 nominal per reference 4.

This concept is a VTVL SESJ employing an engine with a fan/gas generator. The concept
uses 12 engines with 2 engine out capability. The reference information for this is (1)
“Rocket Based Combined Cycle Powered Spaceliner Concept” by William Escher, NASA
Headquarters and Paul A. Czysz, Saint Louis University, Parks College, (2) “Highly
Reusable Space Transportation Architectural Assessment Form” provided by William
Escher, Kaiser Marquardt, (3) notes provided by William Escher in response to the prior
form / questionnaire and (4) Information package provided by request of the HRST
Integration Task Force, Operations.

2. Horizontal Take-off, Horizontal Landing (HTHL) Supercharged Ejector Ramjet (SERJ)
Non-waverider Type Single-Stage with Launch Assist.

» Georgia Tech Aerospace Engineering, “Argus”

Payload is 20,000 Ibm. to LEO (easterly) per reference 1, with 596.4 klb GLOW and 76.4
klb dry weight. Airbreathing in ramjet mode is to Mach 6 then transition to rocket.

This concept is a HTHL single stage with launch assist. The concept has 2 SERJ engines
of 209 kib thrust (sea level static). Ramjet is used to Mach 6 then rocket mode. Engine
similarity in use of the fan (but not scram capable) to the Kaiser Marquardt concept.
Concept is 171 feet in length nose to tail. The reference information for this is (1) “Argus”
briefing by Dr. John Olds, Peter Bellini, David McCormick, Patrick McGinnis and Mike

Lee of Georgia Tech Aerospace Engineering, Aerospace Systems Design Laboratory and
(2) Information package provided by request of the HRST Integration Task Force,
Operations.

[Note: 40,000 Ibm. version also assessed.]
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3. Horizontal Take-off, Horizontal Landing (HTHL) Rocket Based Combined Cycle
(RBCC) Waverider Type Single-Stage with Launch Assist.

» Boeing North American (BNA)

Payload is 40,000 Ibm. to 100 nmi, 28.5 degrees with 1.04 Mlb TOGW and 212.1 kib dry
weight.

This concept is a HTHL single stage waverider hypersonic L/D=5 configuration with
launch assist. The concept is similar in class to the “Argus” concept. Differences are
principally the body configuration being waverider derived and the use of more engines at
lower thrust (8 engines at 72,130 Ib. thrust each at sea level) plus a higher payload and
system weights. Internal details are partially indeterminate. For this review they are
assumed: conformal but not integral as with Argus, with TPS purges and partial external
tank aeroshell versus no aeroshell on Argus, and with Waverider driven multiple propellant
tanks due to it's form, versus single tanks in Argus. Also, OMS is integral to main
propulsion, unlike Argus with separate OMS/RCS. The reference information for this
concept is (1) Briefings to the HRST project and (2) Information package provided by
request of the HRST Integration Task Force, Operations.

[Note: Multiple other weight configurations also assessed.]

4. Rocket, Baseline Comparative System Update, Using Advanced Chemical Rocket
Engine (T/W engine = 92).

* Boeing North American (BNA) - Rocketdyne

Payload is 40,000 Ibm. to LEO with 1.98 MIb GLOW and 182 kib dry weight. [Note:
20,000 Ibm. case also sized.]

This concept is an update on the Access to Space study Option 3 bipropellant all rocket
single stage to orbit. The delta is the use of a new engine one generation beyond those
proposed for the Reusable Launch Vehicle (RLV) program. The basic approach is to (a)
design out life limiting lessons learned from the STS/SSME program, (b) test to drive out
failures and define operating limits, (c) operate in a less severe environment, (d) design in
power margin (such as 10%, and do not use this margin for normal operations), (e) move
to higher power margin cycles (full flow staged combustion, Ox-rich, versus fuel rich
staged combustion to lower turbine and preburner temperatures and allow uncooled
powerhead) and (f) use new technology to extend engine life. This last approach includes
turbopumps with fewer parts (SLIC based), jet pumps versus low pressure turbopumps,
laser ignitors to decouple start and shutdown from flammability limits, combustion
chambers with lower wall temperatures, hydrostatic bearings for turbomachinery and new
materials. The reference information for this concept is (1) Briefings to the HRST project
on “Advanced Rocket Engine” and (2) report NAS8-39210.
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4. Rocket, Baseline Comparative System Update, using Advanced Chemical Rocket
Engine & New Materials (T/W engine = 183).

» Boeing North American - Rocketdyne

Payload is 40,000 Ibm. to LEO (100 nmi circular, 28.6 degrees) per reference 2, with 1.68
Mlb GLOW and 148.3 klb dry weight. [Note: 20,000 lbm. case also sized.]

This concept is an update on the Access to Space study Option 3 bipropellant all rocket
single stage to orbit. The delta is the use of a new engine one generation beyond those
proposed for the Reusable Launch Vehicle (RLV) program. This is defined in NASS8-
39210. Additionally, new materials are used. The basic approach is to use advanced
materials including nanophase aluminum, Si3N4, Cu-8Co-4Nb, graphite epoxy and C/SiC
to increase component performance or decrease maintenance and improve life. The
reference information for this concept is (1) Briefings to the HRST project on “Low
Maintenance, Light Weight, High Performance Rocket Engine”, (2) Information package
provided by request of the HRST Integration Task Force, Operations.

4. Horizontal Take-off, Horizontal Landing (HTHL) Ejector Scramjet (ESJ) Single-Stage-
to-Orbit (SSTO).

» Georgia Tech Aerospace Engineering, “Hyperion”

Payload is 18,000 Ibm. to LEO with 662 klb GLOW and 106.5 klb dry weight. Transition
to rocket is at Mach 10.

The concept has 5 ESJ engines plus 4 JP powered turbofans for loiter on return capability.
The configuration includes non-integral tanks with multi-lobe tankage for LH2 and multiple
tanks for LOX. The reference information for this concept is (1) Briefings to the HRST
project including “Hyperion” briefing by Dr. John Olds, John Bradford, Laura Ledsinger,
Mike Lee, David McCormick and David Way of Georgia Tech Aerospace Engineering,
Aerospace Systems Design Laboratory.
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4. Two-Stage to Orbit (TSTO), Vertical Take-off, Horizontal Landing (VTHL) All Rocket
(Reusable Booster & Orbiter).

» Langley Research Center TSTO, Vehicle Analysis Branch

Payload is 40,000 Ibm. to LEO with a combined GLOW of 3.029 Mlb and booster and
orbiter dry weights of 127 kib and 120 klb respectively. [Note: The 20,000 Ibm. case is
also sized with 2.294 MIb combined GLOW and booster and orbiter dry weights of 102
kib and 99 kib respectively].

The evaluation here will be done for the 40,000 Ibm. case.

The concept is a TSTO with identical LOX/kerosene engines on a 3-engine orbiter and a 6-
engine booster. All engines fire at lift-off and propellants are cross fed into the orbiter. The
staging is at mach 3 with the orbiter fully loaded. Booster return is a glide back
(unpowered). Tanks are Al-Li, integral. Structures use composites primarily. Technology
needs are similar to the baseline Access to Space concept (EMA’s, high power density fuel
cells, longer life engines). The reference information for this concept is (1) Information
package provided by request of the HRST Integration Task Force, Operations.

4. Horizontal Take-off, Horizontal Landing (HTHL) Single Stage-to-Orbit Liquid Air
Collection and Enrichment “LACE” Ejector Ramjet / Scramjet

» Langley Research Center SSTO, Vehicle Analysis Branch

Payload is 24,000 kg (52,800 Ibm.) to 100 nmi, 28.5 deg with a TOGW of 1.0 MIb and a
dry weight of 244 klbs.

The concept is a HTHL SSTO airbreather with 2 airbreather engines and 2 rocket engines
(linear aerospike). Each airbreathing engine has 130 klbs of thrust at take-off. The 2 linear
modular aerospike engines each have 117 klbs of thrust at take-off. The ejector ramjet and
rockets are used for takeoff on the runway. The rockets are switched off at Mach 1.8 and
all ramjet mode is initiated at Mach 3. Scramjet begins at Mach 6 and is in full scramjet at
Mach 7.5. At Mach 15 departure from the 2000 psf isobar occurs as the vehicle pull-up
occurs. This signals the start of LOX augmentation through the scramjet and the restart of
the rocket system. Scramjet main engine cutoff is at Mach 24. Similar thrust of the
airbreather and rocket engines does not equal similar ascent energy - the airbreather
flowpath provides 83% of the total ascent energy. The LACE system and the engine rocket
system (ERS) are used for low speed operation through transonic operation. Active cooling
is required. Slush hydrogen is used. The reference information for this concept is (1)
Information package provided by request of the HRST Integration Task Force, Operations,
(2) Propulsion and vehicle worksheets provided to the HRST project and (3) baseline
information from the Access to Space Study.
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4. Horizontal Take-off, Horizontal Landing (HTHL) Single Stage-to-Orbit
Magnetohydrodynamic Energy Bypass and AirSpike Virtual Effects Vehicle

* ANSER w. Lockheed Martin Skunkworks

* NOTE: The ANSER concept was not fully assessed by the Ops
Team due to discrepancies in the data format provided by ANSER
and that required by the Ops Team

Two technologies candidates in addition to the basic rocket based combined cycle
propulsion for an airbreather vehicle are (1) magnetohydrodynamics and (2) virtual effects
via a microwave beaming airspike.

Magnetohydrodynamics extracts energy from the rocket exhaust in order to generate electric
current which is used to ionize a small percent of the secondary air flow (bypass, air
ducted). The electrical energy is further used to accelerate the ionized airflow transferring
energy and momentum back into the flow. Potential benefits include the ability to obtain
ratios of air augmentation to primary rocket flows that are significantly larger than currently
foreseen in ducted rocket approaches. Use of superconducting materials for the magnet
technology, assuming synergy with the availability of liquid hydrogen on these systems,
may be used to arrive at compact designs that allow high payload mass fraction concepts
(as high as 10 percent of the vehicle as payload).

Airspike technology uses a similar extraction of energy from a rocket exhaust to ionize air

in front of the vehicle. Once this energy transfer occurs the flow pattern around the vehicle
can be altered to reduce drag. Potential benefits include the ability to use airbreathers with
scramjet cycles or in general greater air augmentation before transition to rocket mode and
pull up without the attendant disadvantages of active cooling requirements on areas such as
the nose, leading edges, compression ramps or forebodies. The structure may be operated
at a high transition to rocket Mach number but it may be designed as if it was “virtually” a
low mach number vehicle.

Other concepts: Multiple other concepts, such as sled assisted rocket concepts, were also
assessed in varying degree using tools such as COMET, OCM and PrOpHET.
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INTRODUCTION

The objective of this assessment is to provide operational insight toward the NASA Highly
Reusable Space Transportation (HRST) study goal of identifying concepts and associated
technologies that will enable open ended commercial growth in space transportation. This
goal is linked to achieving recurring costs in the range of $100 per pound of payload.

METHOD

The method used in this assessment is a set of criteria derived from the Space Propulsion
Synergy Team (SPST) document “A Guide for the Design of Highly Reusable Space
Transportation” which was produced for the HRST project.

These criteria are dual fold - benefit and programmatics. Benefit criteria relate directly or
indirectly to the issue of recurring cost, the operation of the system, it's dependability,
environmental compatibility, public support, responsiveness and safety. Programmatic
criteria relate to non-recurring cost issues of research and development (R&D) and the
acquisition of the system by an eventual commercial operator. These issues are primarily
about one time cost, risk and time.

A criteria matrix (Figure 1) was used to evaluate multiple HRST concepts that encompass
various technology architectures and combinations of technologies. This method is a
comparative, relative system that provides a qualitative ranking of the concepts separating
along an X-axis and a Y-axis which correspond to cost and benefit respectively.
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FIGURE 1: Section of the matrix correlating concepts against benefit criteria. A similar
matrix is used for programmatic criteria.
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APPROACH

The Shuttle is taken as the reference target for improvement. To further understand degrees
of improvement the Access to Space Option 3 All Rocket SSTO (bipropellant version, 2.48
Mlb GLOW, 233 klb dry weight, 45,000 Ib to 100 nm, circ. 28.5, using 7 evolved

SSME'’s) is taken as a baseline for comparison.

Benefit

To simplify, only the first 29 measures from the SPST guide are used here. Scoring is
done on a zero to 10 system. The Shuttle is scored as a “zero” in most of the criteria .
Concepts are then measured by how much improvement they represent over the Shuttle in
each criteria used. For example, one criteria in the SPST guide may list 10 related areas for
improvement. If the concept represents an improvement in 5 of 10 of those areas the score
would be a 5 for that criteria. An improvement in 4 of 7 areas would be a 4/7*10 or 5.7
score.

Programmatics

To simplify, only the first 9 measures from the guide are used here. For a “Shuttle”
operation the development of new systems is not required, only purchase and subsequent
installation and operation. For new concepts the score is heavily determined by
considering new technologies and challenges as well as current readiness of integration
toward full scale applications. A 10 will be a positive indication of a low cost to develop or
to buy - basically an available system. A zero will indicate entirely new, multiple,
undeveloped systems are required for the concept.

RESULTS
The charts that follow, Charts 1-5, layout the concepts considered.

Proper interpretation of Charts 1-5 must account for the following assumptions and
approach:

* Where “Shuttle” is referred to the scenario being considered is that in which a duplicate
operation and capability were to be procured by a private entity. The same applies to
the baseline Access to Space concept and all the other concepts.

» All measures are relative. Notable steps or differences on the unit scales are of interest
in determining potential toward achieving HRST goals as well as in determining the
path of least risk and cost toward HRST goals.

» Concept level information firmly establishes some of the measures required by this
method. If a criteria (Ref. “A Guide for the Design of Highly Reusable Space
Transportation” by the Space Propulsion Synergy Team) was at a level of detail where
the information was unavailable then relative assessments were used relying on expert
judgment.

Chart 1 summary The points resulting from a total benefit and programmatic assessment
resulted in a layout with Shuttle as the low point, on benefit, and farthest to the right, near
and available, albeit at a price. This is an artifact of Shuttle as the reference for
improvement. Of note the TSTO was shifted over in risk and cost almost as much as the
baseline Access to Space SSTO. Both represented significant improvements in benefit.
Advanced propulsion increased risk and cost on the rocket SSTO without a similar increase
in benefit (the advanced BCS concepts). The airbreather “Hyperion” represented a more
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proportional benefit to risk increase. Assuming margin translates into operability gains, the
“Hyperion” type concept took a step function leap in benefit (point farthest to the right in

the circle “Same Concepts-Airbreathers-w. Margin Effects”). The other airbreather
concepts also improved significantly over rocket only systems assuming margin benefits
(Ref. Section “Non-Linear Technology and Cascade Effects”). Room for improvement
exists on airbreathers as evidenced by a hypothetical best case, the Horizon Mission
spaceliner.

Chart 2 summary The points here have equal benefit ratings as the prior R&ibe

criteria of risk and cost were the only programmatic considerations (Ref. “A Guide for the
Design of Highly Reusable Space Transportation”.) The pekmandfrom the previous

chart along the X-axis. This indicates the concepts have very distinct levels of research and
technology required to become viable systems ready to integrate, acquire and operate.
Shuttle moved even farther right as an indication of no R&D required to bring to fruition
since all has been developed for this operational system (albeit little benefit, i.e. high cost
per pound of useful payload). A clear distinction also occurs between rockets and
airbreathers versus Chart 1 where the points were closer together. This reflects the
required advances in airbreather technology R&D which may require many of the same
technologies required by rocket approaches in addition to major advances beyond rocket
approaches such as in propulsion.

Chart 3 summary The points here have equal benefit ratings as the prior 2 charts but the
acquisition criteria of risk and cost were the programmatic considerations (Ref. “A Guide
for the Design of Highly Reusable Space Transportation”.) The pmntsactindicating

that if a moderate TRL level of 6 or more is achieved for the required technologies, and that
a private entity then does not have to make this R&D investment, that the airbreather
concepts such as Hyperion become more competitive than rocket single or two stage
reusable systems. However, the more complex airbreather concepts do not become
competitive here either due to launch assist infrastructure, complex engines or complex
vehicles - all affecting acquisition.

Chart 4 summary This assessment is of special relevance to HRST goals. Here
acquisition criteria, just as previously, were the only programmatic considerations. The
scenario assumes the basic R&D is complete, including demonstrators, as well as an
additional step not taken previously. This next step is the actual demonstration of orbital
capability as well as some basic operational experience. The private entity acquisition is
reduced in risk and cost since implementation becomes private operation of a duplicated
system allowing for 2nd generation improvement technically as well as efficient private
enterprise operation. Here Shuttle has transitioned to the left most position on the chart.
This reflects unacceptable cost of acquisition. The simpler infrastructure, simpler vehicles
move to the right (such as Hyperion). The complex vehicles occupy a middle space. The
complex vehicles with complex infrastructures occupy the far left near Shuttle, albeit at
higher benefit. The indication is that much improved systems (highest up) can be achieved
at low cost and risk (farthest right) . The benefit would drive the choice to simple systems
with low infrastructure such as HTHL SSTO systems. This chart is also of special
relevance assuming different avenues of participation for R&D versus acquisition. It may
be assumed per HRST guidelines that basic R&D is invested by the public sector leaving
only acquisition and operations costs and risks for the private sector.

Chart 5 summary This is a pareto summary of the benefit and programmatic scores from
Chart 1. This allows a combination visualization of benefit and cost as one measure rather
than two. The usefulness of this chart is in broadly comparing concepts against each other.
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SUMMARY

1. Conceptual level information has been qualitatively assessed.

It is intended in this assessment to provide a qualitative answer to the questions “what are
the concepts witpotentialto achieve recurring costs of $100 per pound of payload” and

“what are the technologies and associated costs / risks of development these concepts
require™? The method used here is based on a process which structures around measurable
criteria and priorities and is especially suited to early conceptual, creative phases of design
decision making.

2. Multiple concepts architectures have been assessed.

The concepts assessed here encompass a broad range of possible future space
transportation systems. The benefits of these from a recurring cost, operational
perspective, the view a commercial operator would be most interested in, have been
assessed relatively from concept to concept. The economics of R&D have been separated
from the economics of acquisition since these represent, for the HRST study, different
sources in investment, public or private.

3. Designs have been related to eventual operations issues as well as near

term decision making programmatic issues (i.e. cost/payoff).

The relation of a design feature or technology to (1) it's immediate impact such as R&D,
basic test or demonstration, and to it's (2) far term impact such as integration, activation,
acquisition and flight and ground operations and responsiveness has been the focus of this
assessment. Increases in complexity have been balanced against potential gains not related
to payload, but rather related to low cost operations, responsiveness and potential aircraft
like operations benefits.
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CONCLUSIONS AND RECOMMENDATIONS

1. Airbreather type, rocket based combined cycle (RBCC) approaches have
significant potential benefit beyond rocket only type approaches.
The benefit of airbreather type approaches have in this assessment been established and
relatively placed for various possible configurations. Benefit over rocket-only type
concepts has been established for some but not all airbreather configurations.
Recommendation # 1. A demonstrator is required.
A demonstrator is required that scales up toward the proper flight regime and the more
complex systems that may associate with rocket based combined cycle (RBCC) concepts.
Anchoring the benefits of airbreather propulsion through demonstration will allow
guantified understanding of the proximity to achieving the HRST operational objectives.
Basic R&D, component, system and integrated testing focused on advanced propulsion
development is required to sidestep inherent rocket only limitations.

2. Airbreather-type, RBCC approaches offer the onlynear term potential

toward achieving HRST objectives of cheap access to space at about

$100/lb. of payload.

As shown in Chart 1, the airbreather approaches, with margin gains considered to have a
distinct tie in to potential operability gains, have a notably higher benefit over other
approaches. However, this occurs for concepts focused more squarely on operations as a
driver. Other more far term concepts were not considered here since they would have been
programmatically too far to the “left” as visualized in Chart 1. These included microwave
beaming concepts and fusion devices.

3. Margin that does not translate into operability does not improve

significantly over current systems.

As shown in Chart 1 not all airbreather concepts ranked equally. This is likely due to
differences in the design focus around multiple variables. Margin as evidenced by required
mass fractions twice or three times lower (better) than a rocket single-stage-to-orbit may be
considered relevant only if it translates into operahiditpayload. It is proposed here that
margin is only relevant if it translates into operabidityd payload with operability as more
crucial. The potential of airbreathers is not likely to be demonstrated immediately in any
attempt to gain significant payload combined with test and demonstration. It is more likely
that as the technology evolves, if properly focused on recurring costs, capabilities beyond
rocket reusable launch vehicles will be achieved in payload cost per pound and payload per
year in the long term due to recurring cost improvements.

4. Margin benefits significantly differentiate airbreathers over pure rocket
concepts. Margin benefits must be realistically understood, quantified,

traced and manifest in all systems, propulsion and non-propulsion.

The doubling or tripling of the design space for an airbreather is oft quoted. Rather than
1/10" of a take-off-weight as hardware for a rocket (with payload) the design space for an
airbreather (with payload) expands to 2Fidr 3/10™ of the take-off-weight. This is more
aircraft like and heading in the right direction. Chart 1 establishes this distinction.
Estimating that airbreather engines will occupy much more of that total weight than for a
rocket propulsion concept, (some estimates place this at approximately 7% of take-off-
weight) the remaining portion of structural mass fraction should benefit enormously. This
remaining portion of structural mass fraction may still be twice as high as what a rocket
concept can theoretically achieve. In practice however, other systems technology
approaches continue to target weights consistent with current rocket approaches. Thermal
protection systems (TPS) is an example of this - next generation TPS that applies to
airbreathers are targeting weights below those of current Shuttle TPS.
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Recommendation # 2: Future concept definition for airbreather space
transportation systems must provide links to margin benefits.
Realistic estimates are required of resulting margins from airbreather approaches correctly
accounting for additional systems unique to airbreathers such as active cooling, active
geometries and associated actuation mechanisms, fans, etc. The effect of this margin on
other systems such as TPS, structures, power and subsystems, flight and ground, must be
further understood (Ref. Recommendation #1).

5. Launch assist recurring cost impacts require further understanding and
guantification.

As shown on Chart 1 the concept ranked with the most benefit is the Horizontal-take-off-
Horizontal-Landing (HTHL) single-stage Supercharged Ejector Ramjet (SERJ) with launch
assist. This estimate is more uncertain given the lack of an operational database or group of
expertise related to such a system; this uncertainty is additional to and larger than
uncertainties on propulsion. Studies on similar systems can only assist is definition at the
component level of similarity. Passenger rail systems are not applicable in the areas of
experience with cryogenic fluid interfaces to or through a sled (versus just electrical power
distribution), the dynamics of separation (versus transient fixed systems), the speeds at the
high end for these concepts, the load distributions and the complexities of the sled itself
(pitch up actuators, interfaces, fluid, electrical and structural). Complexities here are more
similar to staged space transportation systems.

6. Launch assist where used to simplify a system, especially the vehicle,
meant greater benefit moving toward HRST goals; where launch assist was
used to reduce mass fraction or in combination with more systems, it

resulted in little benefit over rocket systems.

As shown on Chart 1 there are two HTHL single-stage concepts with launch assist. One
(referred to as “Argus”) ranked significantly better on benefit than the other and slightly
better on R&D programmatics.

7. The nearest term airbreather in cost and risk, with significant benefit
over all other concepts, was a single-stage-to-orbit HTHL using an ejector
scramjet (ESJ).
As shown in Chart 1 an SSTO HTHL with ESJ (referred to as “Hyperion”) represents the
nearest term concept with a significant improvement over rocket concepts. The basic
technology common to airbreathers is the ejector-ramjet and ejector scramjet-cycles. A
concept with no fan avoids fan deployment and stowage issues; however, it does not avoid
active cooling issues, also common to most concepts. The potential to avoid active cooling
issues would have resulted in even greater benefit assessment (a positive factor in the
HTHL “Argus” concept).

Recommendation #3
Two major systems areas require technology development, propulsion and thermal
protection (highly linked for airbreather concepts). For commonality with multiple
avenues, and with enabling benefit they become priorities:

* Ejector ramjet (ERJ) R&D and demonstration.

* Ejector scramjet (ESJ) R&D and demonstration, build on
previous.

 Thermal protection systems (TPS) - passive, zero waterproof,
robust against damage.

* Thin leading edge passive TPS.

 Thermal protection systems (TPS) - active, robust, low
maintenance (as fallback).
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Active cooling should compete in this priority in so far as it is requisite; passive cooling
developments should focus on the potential elimination of any active cooling requirement at
leading edges, inlets and at other structures as required. Active cooling should be
considered a backup or fallback technology.

8. Leverage off of Reusable Launch Vehicle (RLV) rocket type
technologies to further the programmatic and operational maturity of
airbreathers.
Certain technologies are common and priorities for both rocket only type reusable launch
vehicles as well as airbreather type space transportation systems.

Recommendation # 4

Reusable propellant tankage and feeds (cryogenic service) -
composites.

Integral, conformal propellant tankage (for all propellants).
Robust, maintenance free thermal protection systems.

Electric actuation, high horsepower - eliminate hydraulics, applies
to propulsion geometry and aerosurfaces.

Power systems, simplified, non-toxic, low and high horsepower -
eliminate hypergols, eliminate multiple different types of power
systems to service and maintain.

Common propellant systems (propellant grade fuel cells, orbital
maneuvering systems (OMS) and reaction control systems (RCS)
using propellants common with main propulsion).

Vehicle and ground health management systems (VHM/HM).

9. Priority technologies focused on operations differ from some current
directions. The following areas require emphasis:

TPS developmentwithout aeroshells & purges: The development of
passive, robust, zero coating, zero waterproof, zero purge TPS is priority.

Engine count is a key, simple measure of potential benefit, focus

on fewer: Objectives should be between 2 and 4 main engines or modules.
Fewer engines relates to multiple measures of benefit such as reducing confined
spaces, which inherently require purges, servicing and interfaces to the ground
as well as additional complex systems for leak detection and isolation. Engine
count also relates to key issues of additional interfaces flight and ground, fluid
and electrical, basic issues of reliability and dependability (more parts, more
opportunities for failure, more maintenance), active systems, and functional
complexity, flight and ground.

Horizontal vs. Vertical take-off: The benefit of reduced infrastructure

for vertical landing may represent a far term capability that is desirable for
operating within infrastructure or location constraints. Aircraft, for example,
have evolved both large passenger jets as well as urban centered helicopter
services. For the near term, however, the ability to simplify space
transportation as far as relates to engine count will be assisted uniquely by
horizontal take-off. Assuming engine out requirements, the horizontal take-off
uniquely allows both low engine count as well as ease of recovery and return to
the spaceport. This is an area where rockets will not be able to improve on,
high engine counts being required for engine out capabilities. Further,
horizontal take-off rockets, especially single stages, are practically constrained
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leaving vertical take-off options as most viable, which again entails high engine
counts.

* Focus on environmentally benign technologies:Ground-rules for
future system development should include no hypergols (propulsion or power).
Also, avoid multiple toxic freons and ammonia. These relate directly to high
operating costs, hazards and complex servicing and turnaround requirements
based on Shuttle experience.

* Avoid slush hydrogenwith unfavorable programmatic (non-recurring cost)
impacts as well as unfavorable benefit (recurring cost) impacts. Facilities,
infrastructure that is simple and responsive to high flight rates will not
otherwise be enabled.

* Hydrogen as common fuel: Advances in non-rocket areas may benefit the
ability to use hydrogen as a common fuel in systems such as the Hyperion
HTHL SSTO turbofans (used for loiter and self ferry). This would eliminate
separate JP fuel, possibly simplifying servicing, basic design and operation.
This represents an avenue of future study to determine synergy potential with
other work in Hydrogen energy applications.

10. Additions of complexity must be further quantified as to benefits.

As shown in Chart 1 the additions of systems such as fans, liquid air collection and
enrichment (LACE), slush hydrogen and launch assist did not always mean greater
recurring benefit. Neither did additions of complexity, adding capabilities such as loiter,
thus eliminating a dead-stick glide-in landing, necessarily result in less recurring benefit
(Example: HTHL “Argus” used a fan / supercharging approach). The benefits to be
accrued from these additions were highly dependent on overall system configurations, how
they are integrated into the whole concept and what they trade against. It is highly possible
to have increasing complexity coupled with increasing economic viability as witnessed in
today’s aircraft and airport infrastructures which are many orders of magnitude more
complex than early aircraft in the pre-DC-3 era. The concept that integrates these
complexities toward low cost operations is crucial to basic airbreather economic viability.

11.Viability (orbital capability, performance closure) is not assessed in this
report.

A determination of a concepts ability to actually be implemented and succeed has not been a
focus of this task which is operations assessment relating to recurring costs and commercial
growth potential. It is assumed by the analysis here that the necessary performance of the
concepts is established. Related to recommendation # 1, early basic R&D is required that
establishes the theoretical predictive framework that allows proper assessment of potential
concept performance viability.

12.Cost modeling for operations and life cycle focused on conceptual phase
type information is required.

Recommendation #5
The conceptual phase of any study activity is characterized by broad characterization and
less specific information. By it's nature the intent is to avoid allocating into a program
before preliminary study has been undertaken. Cost modeling with an ability to work on
limited types of information is required. Models based on more specific information have
also been noted as an area for agency improvement since even operational systems such as
Shuttle do not adequately account for and explain costs of operations with any traceability
that allows decision making focused on improvement.
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13.The two highest benefit concepts had less than 40 klb payloads yet may
have sufficient benefit to realize greater payload per year.
As shown in Chart 4, assuming acquisition at a mature technology level, the Hyperion
concept was the nearest term system to acquire (low infrastructure, simpler vehicles).
Significantly, this is in comparison to a Shuttle type system which is far to the left.
However, the Hyperion HTHL SSTO and the Argus HTHL with launch assist were the
only two systems assessed here that had less than 40 klb payloads. The addition of
infrastructure for the Argus case represented only a 2k payload gain (20k versus 18k to
LEO for Hyperion). The LACE system HTHL SSTO representet aear term option
but with over 50 klb payload to LEO. Further assessment is required that equalizes these
systems to a throw weight capability.

Recommendation # 6
A measure “useful payload per year to LEO per vehicle” is proposed as an equalizer that
allows the benefit of systems with less payload but more response (flight rate at a given
resource expenditure or cost) to be measured against systems with less response and higher
payload. The ideal is more payload as well as higher flight rate. Less payload per flight
should not be assumed to be undesirable except as applies to particular markets.

14.Do not underestimate the potentially large recurring economic impact of
closed compartments on cryogenic vehicles.

Future system features such as purged aeroshells, TPS purges, multiple separate tanks in
order to conform to certain moldline approaches, and multiple engine modules should not
be underestimated in the degree to which the resulting required infrastructure can be non-
responsive. Numbers of interfaces, numbers of active systems required to operate safely,
numbers of strict requirements on flowrates and temperatures, numbers of detection
systems and measurements, and numbers of failure modes or opportunities for failure are
all negatively affected by these types of approaches.

15.Room for improvement exists.

As shown in Charts 1-5 the ideal spaceliner (Horizon mission) is an even more dramatic
improvement over the systems conceptualized for this study. Iteration toward this
improvement is possible with existing concepts.

16.Magnetohydrodynamics (MHD) and air spike technologies offer
potential for operability benefit.

MHD and airspike concepts were not assessed against the SPST guide. Broadly
considered only as technologies against the guide benefit criteria potential favorable
affordability benefits exist.

Basic laboratory scale tests of magnetohydrodynamic phenomenon can build on basic
demonstration of rocket based combined cycle concepts. Roadmaps are required here that
may allow MHD to determine basic feasibility as well as to improve in theoretical
understanding while not being immediately dependent on RBCC development. The
operability and any benefit of the system will be determined by (1) developments in
superconducting materials toward becoming dependable, reliable flight systems, (2) the
operability of the fluid system if using liquid hydrogen and (3) advances in passive TPS so
as to avoid combinations of active fluid cooling systems as well as expanded active fluid
cooling of the propulsion MHD magnets.

The air spike technology, focused as a potential fallback technology to avoid active cooling
requirements on vehicles also offers potential for operability gains. As with previous
concepts considered, final configuration into a unique concept approach may or may not
take optimum advantage of a technology in terms of HRST goals.
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NON-LINEAR TECHNOLOGY AND CASCADE EFFECTS

The complexity associated with improved capability is exemplified in the transition from the
earliest of aircraft to the DC-3 of the 1930’s. Increased complexity was far outpaced by
increased capability and commercial affordability. A productivity was associated with new,
additional systems which paid for themselves.

Assumption: Doubling and tripling the system which a designer has available to work with
(3/10"™ of the “system” as vehicle versus 171@ill have a cascade effect that outpaces
increases in complexity in a high exponential relationship. Rocket systems are not
considered in this check due to inherent limits on margin gains.

Affect (increase) the following AIRBREATHER criteria ratingsdigubling

2-System margin

3-Number of systems with BIT/BITE (VHM potential)
5-Hours for turnaround

10-Number of components with demonstrated reliability
13-Percent of propulsion automated (VHM potential)
14-Number of hands on activities required
16-Technology readiness levels

22-Number of checkouts required

24-Number of inspection points

25-Number of propulsion systems with fault tolerance
28-Number of labor hours on system between on/off cycles or use

The effect of the assumption of more margin as being used to benefit the operability of the
system is shown in Charts 1,2,3 and 4 in the outlined sections tagged “Same Concepts-
Airbreathers w. Margin Effects” (example shown below). Notable improvement occurs in
step function format over all non-airbreather concepts when rating against benefit criteria.
Programmatic issues are assumed unaffected (points above line up with points below, same
position on the programmatic X-axis).
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HORIZON MISSION SPACELINER

To understand the degree of possible improvement against any benefit criteria a high
payoff, idealized spaceliner and spaceport are assumed that enable broad based, high
growth commercial operations.

This concept is then evaluated against the benefit criteria outlined by the Space Propulsion
Synergy Team. The programmatics are taken as similar to the HTHL SSTO “Hyperion”
concept summarized previously.

Definition

Essentially the Horizon Mission Spaceliner is a space transportation system - vehicle and
ground - with very high margin (as in robustness, long life and true “use and forget”
reusability), few different fluids, none toxic, and with ease of ground servicing
(propellants but few if any purge requirements) and a low engine count (about 3 or 4 for
the sum of any main propulsion and orbital maneuvering system). Intelligence is high
making avionics one of many systems (fluids, structure, engines...) with sophisticated
health monitoring and fault isolation.

The spaceliner has very few different fluids and few toxic fluids. There are no hypergols,
no hydraulic fluid or ammonia. Additionally, only one low toxicity commercially common
coolant is used, not various, where fluids are required for thermal management such as in
cooling loops.

Margin is high. Propulsion has evolved to where mass fraction gains have benefited
systems other than just engines and integration issues. Thermal protection is passive and
only some robust parts of the propulsion system require active cooling. Ram and scram are
included however loiter capability is achieved with no additional fluids and tanks.

The vehicle lands within weather constraints no different than commercial aircraft. The
landing gear is robust and properly sized to allow many flights without anything more than
a walk-around prior to takeoff. The integrated health management in both ground and
flight systems automatically detects any faults and isolates them to the source.
Maintainability is high, quickly repairing any fault in minutes. Supportability is high, with
few faults occurring, if any, from flight to flight.

The operability of the vehicle is high - designed for few support needs there are few
confined spaces requiring purges, leak detection and leak isolation systems. Engine count
is low. Cryogenic systems have converted more margin into well insulated purge free
systems. Should access be required, margin is sufficient that doors were designed in that
easily open via quick release and even motorized panels that self lock in minutes.

The high margin also allowed robust tanks that do not complicate loading of propellants or
create many failure modes. The umbilicals easily self connect since vehicle interfaces have
now become robust and allow easily engineered automated connect and disconnect of
umbilicals for loading and replenishing any hazardous consumable. The hazardous
operation is monitored by a few individuals in the spaceport who also monitor other
systems in service simultaneously.

The reliability is high. Structure has the proper margin so no inspections are required for
sensitive structure due to moisture or cycles.

The vehicle has little to integrate with on the ground. Interfaces are few.
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The number of engines has diminished as propulsion advanced in thrust to weight while
still being reliable in flight as well as operationally reliable on the ground. The vehicle
operates with no range constraint such as explosive systems in case of malfunction. This
has been enabled by iterative certification on designs. As required, with an operability
focus, system problems in development were redesigned to meet stringent certification
requirements such as the ability of engines to cycle on and off reliably dozens of times with
no user intervention in between cycles. Extended duration tests also followed the same
focus.

The vehicle does not require many ground systems. The vehicle is loaded and can
immediately takeoff. The operation does not require exotic ground support nor create
hazards at takeoff from gases and residuals. All hazards have been vented away from the
vehicle since margin has allowed the addition of extended vent lines on board through the
same interfaces used for loading. Boiloff hazardous gases are safely burned far from the
takeoff site. As the vehicle completes final preps a health management system confirms a
“go” or “no-go” condition. No operator is required to verify specific valve configurations

nor to recover - in most all instances recovery is automatic. A virtual pilot back at the

station handles specifics of a spaceliners state of readiness. Operator intervention is usually
limited to flight runway type operations redirecting traffic as required.
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Concepts and Technology Matrix

Concept Payload 'Dry PMF EOC TN Engine Mach Unique Technology
(klbs to Wt klbs Trans. Challenges
LEO, 100nm, (klbs) Thrust Rock.
28.5 circ) (sea
lev.)
Access to Space 40 233 0.90 i 61 418 n/a Rocket
Bi-prop, SSTO 7 main engines
(reference (evolved SSME) & 2
onl OMS engines
Al-Li LOX/LH2 tanks
Electromechanical
Actuators (EMA’s)
No hypergols
Kaiser Marquardt 40 185 0.762 2 15-20 104.2 12 Vertical landing

VTVL SSTO

Fan (Supercharging),
Multiple non-
integral LOX tanks
Integral LH2 Tank

Ram

Scram - SESJ

Active Cooling

12 main engines & 4
OMS engines
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Concept Payload Dry PMF EOC TIW, Engine Mach Unique Technology
(klbs to Wt klbs Trans. Challenges
LEO, 100nm, (klbs) Thrust Rock.
28.5 circ) (sea
lev.)
Argus HTHL w. 20 76.4 0.83 1 20-23 209 6 Launch assist

Launch Assist

Fan (Supercharging)
Integral graphite/PEEK
honeycomb tanks w.metal
liners

Ti-Al/Si-C hot

structure

Ultra-high temperature
ceramic (UHTC) TPS
(>3000F); metallic TPS
(large block inconel);
TABI (blanket

insulators) passive TPS
No active cooling, all
passive TPS

High power density fuel
cells

EMA’s
Pods / engines
Ram - SERJ

2 main engines & 2 OMS
engines
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Concept Payload Dry PMF EOC TIW, Engine Mach Unique Technology
(klbs to Wt klbs Trans. Challenges
LEO, 100nm, (klbs) Thrust Rock.
28.5 circ) (sea
lev.)
BNA HTHL 40 212.1 0.75 1 22 72 >10 * Launch assist
Waverider w. * Multiple tanks,
Launch Assist (Note: waverider configuration
VS. packaging
Argus * Active cooling
76.4 « RBCC
w.20k * 8 main engines with
to dual use as OMS
LEO)
BCS w. Adv. 40 182 0.90 1 92 421 n/a * Rocket
Engine * Full Flow Staged
Combustion
* Ox-Rich
 Simplified
turbopumps (SLIC
based)
e Jet pumps

Laser ignition
Hydrostatic bearings

[Note: all applicable to
RBCC/ ejectors]
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Concept Payload Dry PMF EOC TIW, Engine Mach Unique Technology
(klbs to Wt klbs Trans. Challenges
LEO, 100nm, (klbs) Thrust Rock.
28.5 circ) (sea
lev.)
BCS w. Adv. 40 148 0.90 1 183 421 n/a Same as prior plus:
Engine and hi-T/W Nanophase Al, Si3N4,
Cu-8Co0-4Nb, GrEp,
C/SsicC
Reduced parts
manufacturing,
engine
Hyperion HTHL 18 106.5 0.81 1 28 79.5 10 Multiple non-

SSTO

integral
Graphite/PEEK tanks
w. liners
Ti-Al wings w. Ti-
Al/Si-C structure
Ultra-high temperature
ceramic (UHTC) TPS
(>3000F)

Active film cooling
of fore-body and
nozzle

High power density fuel
cells

EMA’s

Advanced avionics
Ram

Scram - ESJ

5 main engines & 2
OMS engines & 4
turbofan engines
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Concept Payload Dry PMF EOC TIW, Engine Mach Unique Technology
(klbs to Wt klbs Trans. Challenges
LEO, 100nm, (klbs) Thrust Rock.
28.5 circ) (sea
lev.)
TSTO LOX/ 40 Orb: <0.90 1 MA-5 MA-5 n/a Rocket
Kerosene 120 based. based. 9 main engines & 2
Boost: (Note: OMS engines (all LOX
127 MA-5A | kerosene)
thrust Integral Al-Li tanks
423K) High power density fuel

cells

EMA’s

Composite structures
No TPS on booster
Light-weight materials
(Silicon Nitride,
composites...) for
engines.
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Concept Payload Dry PMF EOC TIW, Engine Mach Unique Technology
(klbs to Wt klbs Trans. Challenges
LEO, 100nm, (klbs) Thrust Rock.
28.5 circ) (sea
lev.)
SSTO HTHL w. LACE | 53 244 0.70 1 Airbr. 15 LACE - Liquid Air
130k, Collection and
Rock. Enrichment
117k 2 airbreather

engines & 2 linear
aerospike rocket
modules (dual use as
OMS)

2D variable geometry

for ram/scramjet
Integrated TPS and
thermal management
system (active
cooling)

IMI' TPS system with
purge

Flight weight non-
integral cooling
panels for engine
All composite fuel

system

Slush hydrogen
Conformal integral GrEp
SH2 tank

Rotating wings
8,000 psi hydraulic
system

PMF = propellant mass fraction (propellant as fraction of total hardware including payload)

EOC= engine out capability

misc. SESJ = supercharged ejector scramjet; SERJ = supercharged ejector ramjet; ESJ = ejector scramjet

T/W, = engine thrust to weight
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Mankins’ Model

Appendix K contains the information from the Mankins’ Model. For this model, the same
objective was declared. That is to select the most promising HRST candidates for further
development. Mr. Mankins then broke this down into eleven factors: Passive propulsion
systems, active propulsion systems, active vehicle systems, passive vehicle systems,
payload, crew accommodations, operations and maintenance, launch processing, launch
support, propellant operations, and landing.

The number of factors created a problem since the Expert Choice ECPro software package
allows only 9 breakouts from one level to the next. Adding a super factor level between the
objective and the given factors solved the problem. This level has a Vehicle group
consisting of the first six factors and a Ground Systems group consisting of the remaining
five factors. Since the super factor level was an artificial construction to allow the model to
run under ECPro, it should not have any influence on the final result. To assure this, the
initial super level preferences were set so that each factor would have an equal impact on
the objective.

Sub-Appendix G-B contains the data sheets received from Mr. Mankins showing his
breakdown factors and criteria. Like Sub-Appendix G-A, Sub-Appendix G-B also
contains the model breakdown structure and the list of model definitions. (Pages G-A-1
through 4)

As before, the next step in the hierarchical analysis is to conduct a pair-wise comparison to
determine the preference vectors. Because the data provided also contained preference
ratings for factors and criteria, we decided to use the data. As in the case of the alternative
comparisons for the Survey Based Model, a pair-wise comparison was not practical.
Again we used the ratio of scores method to provide “pair-wise comparisons”.

The results of the comparisons for the Mankins Model are in Sub-Appendix G-B, pages G-
B-5 through 15. These sheets contain comparisons of criteria relative to each factor. The
numbers in the matrix means that the row element is n times more important than the
column element. Unless the value is in parenthesis, in which case the column element is n
times more important than the roll element.

Because of the large number of factors, criteria, and sub-criteria, it was not possible to

score the alternatives for this model within the time given. This action was deleted from
this analysis.
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Summary of Results:

Based on the results from the survey-based model, several observations can be made.

* The results of the model favor a combined cycle propulsion system. All of the CCP
powered concepts scored at the top of the results. With the exception of the
“Argus” CCP, all of the CCP powered concepts scored significantly better than the
rocket-based concepts, both one and two stage.

* The results showed a preference for new designs. The top three scoring
alternatives all had combined cycled propulsion systems, while the bottom three had
conventional rocket propulsion. If there was a bias toward to technology, it should
not be surprising, since the driving point of this study was to identify promising
new technologies.

* The impact of launch assistance was uncertain. Two launch assist concepts were
submitted, both powered by a CCP system. One scored very high, and the other
very low. The low value belonged to the “Argus” concept, which was the most
conventional of the CCP concepts. In fact, its actual score was more in line with
the all rocket systems than with the other CCP concepts. The difference in scores
could be an indication that launch assist is not a major discriminator in the scoring
decision.

* Finally, the results of the analysis did not appear to be sensitive to changes in
preferences. The three highest scoring concepts in the study results were among
the strongest contenders regardless of the preference matrix.

Conclusions and Recommendations:

Most of the conclusions and recommendations are based on the hierarchical analysis
process rather than the results of the analysis. This project was one of our first uses of the
analytical hierarchy process and the Expert Choice “ECPro” software. As a result, this has
been a learning process. With respect to the method and approach of the analytical process
we have the following comments:

The survey-based model was built upon a self-assessment of each concept by its
developers. Self-assessment has several drawbacks in this process. First, most of the
multiple-choice questions had an obvious “right” answer. In other words, since low cost
was a major push of this project, selecting the choice that was the least expensive was
obviously the right answer.

Additionally there may be some problems with developers being objective in grading their
own concept. With the use of only subjective questions, the process could turn into a game
of “Liar’s Poker”. A solution to this would be for each developer to do a pair-wise
comparison of all other concepts. Unfortunately, this is impossible due to proprietary data
considerations.

In several areas, preferences in the survey-based model and comparison of concepts in the
Mankins’ model, pair-wise comparisons were necessary. Because project manpower was
performing other analyzes; | completed the pair-wise comparison based on my “expert”
opinion of launch vehicle operations. While this type of analysis provides quick results,
better quality results can be achieved through multiple independent analysis and averaging,
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or by group discussions. The latter methods should be the approach of choice, although
experience shows they are very time consuming.

In two areas, scoring of alternatives for the survey-based model and preferences for the
Mankins’ model, a score ratio approach was used in place of pair-wise comparisons. In
both cases pair-wise comparison was abandoned because of the amount of time it would
take to complete a pair-wise comparison and that the data required for ratios was already
available. In the modified baseline approach, the pair-wise comparison values were
calculated from the ratios of ranked data. The result is that the data is completely
consistent, where with pair-wise comparisons which independently rank each pair normally
would have a degree of inconsistency. The goal of any pair-wise comparison is to achieve
complete consistency, yet the modified baseline method appears to do it in a contrived
manner. Because the score ratio approach has the potential to save considerable time and
effort, further study is needed to determine its impact on model results.

* Both models of this study were based entirely on subjective questions. The use of
only subjective questions gives the study the appearance of being on shaky ground,
since everything is based on opinion. While ECPro has the capability to work with
all subjective data, a greater stability can be arrived at by including objective data
where possible. This also makes the pair-wise comparison of data easier since
there is less a question of what the data actually means and how it compares to other
data.

e Comparison of results between this method of analysis and other methods showed
that any method at this stage of development is highly dependent on the rater’s
preferences. To determine the best results would be to determine the most
acceptable set of assumptions and preferences. Hopefully as the design solidifies
the factor and criteria become more objective, and the results will converge.

This project was an excellent first use of the analytical hierarchy method. Later applications
will benefit from what was been learned here. As for the results of this study, they can
only be considered relative to the input data, and their importance by the value placed on
them by the manager.
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Highly Reusable Space Transportation
Integration Task Force

Operations Assessment Team
Request for Information

Concept Title:

June 29, 1997

Concept Developer Information

Concept Title

Organization

Principle Investigator

Point of Contact

Telephone / Fax

E-Mail Address

Index

Introduction
General Instructions

Part 1 Highly Reusable Space Transportation Architectural Concepts
-Assessment Form
Part 1.1 System Design
Part 1.2 Programmatics

Part 2 Specific Concept Data
Part 2.1 System Design Data
Part 2.2 Programmatics Data
Part 2.3 Supplemental Data
Part 2.3 Facilities and Operations Activities Data

Part 3 Background Information
(As provided by the Concept Developer)
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Introduction

This Request for Information is part of the Highly Reusable Space Transportation (HRST)
Integration Task Force. The HRST Integration Task Force is tasked to “synthesize results
in several topic areas” and to “support the development of conclusions from the HRST
study”. The Operations Assessment Team, one of four parts of the task force (the others
are Systems Concepts Definition, Technology Assessment, Cost Assessment Teams), is
focused on defining and conducting operations assessments for HRST concepts.

This Request for Information will be complimented by other sets of information that are
expected to be available including the (1) Propulsion System Information Worksheet
(which was disseminated at the March 1997 Propulsion Workshop), (2) Vehicle System /
Cost Information Worksheets (TBD), (3) Cost Input (Excel Workbook) and (4) Operations
Simulation and Analysis Modeling System (OSAMS) Minimum Data Input sheet (Excel
Workbook). The Cost Input and OSAMS Data Input documents are attached to this
Request.

This Request is in large part based directly on the Space Propulsion SynergyAeam’s
Guide for the Design of Highly Reusable Space Transportatiomember 18, 1996, Rev.
Basic. We strongly recommend that you obtainGlide which can be downloaded from
the Virtual Research Center (see Item 4 of General Instructions (below.))

The operation of a space transportation system will directly determine recurring costs. The
HRST project goal of identifying concepts and associated technologies that will enable
recurring payload costs in the range of $100 per pound requires an understanding of the
operation of the system. For space transportation systems {being defined} in early
conceptual phases this assessment of “operability” requires obtaining and integrating
information that allows defining both a possible and likely scenario of operations. A
comparison among concepts and technologies with regard to the ability of each to achieve
affordable space transportation is then possible.

Questions regarding this Request for Information should be directed to the Operations

Assessment Team leads, Mike Nix at Marshall Space Flight Center, (205) 544-7877 or
Carey McCleskey at Kennedy Space Center, (407) 861-3775.
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General Instructions

This Request is composed of two parts, Part 1, Assessment Form - System Design and
Programmatics, and Part 2, Specific Concept Data.

Instructions:

1. Part 1, Assessment Form - System Design and Programmatics is a multiple-choice
format. The possible answers to a question are ordered with respect to each other in
decreasing degree of “operability”.

2. Part 2, Specific Concept Data requests specific information on the concept, to be filled
in as indicated.

3. Recognizing that not all information may be available at this phase, please indicate
where concept definition does not yet allow a clear answer.

4. Documents that are referenced “VRC” can be found at the following internet address via
the Virtual Research Center (VRC) Operability Wing: http://moonbase.msfc.nasa.gov/
(For information on obtaining password access into the VRC, please contact Mr. Nix
(above) or Mr. Daniel O’Neil (205-544-6618.)

5. An electronic version of this document is located at the Internet address above.

6. Notes by the concept originator explaining individual answers in these sheets are
recommended (but not required) as they will better assist the Operations Assessment
Team and reduce later clarification requests. Published papers, presentations or other
documentation on the concept or major new technologies utilized in the concept would
also assist the team in understanding the concept. Please indicate at appropriate
specific questions that such supporting or supplemental documentation is attached.
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Highly Reusable Space Transportation Architectural Concepts

* An Assessment Form for Characterizing the Reusability and Affordability of Space
Transportation System Concepts

» Each HRST Architectural Concept provides a generic Summary Sheet for
communication and assessment

System Design
Part 1.1

Concept Title

* Identify the overall propulsion conceptfor assessment:

— ]+ Al Rocket

——— |+ Combination Cycle

—— |+ Rocket-Based Combined Cycle (RBCC)

— |+ Launch Assist/All Rocket

]+ Launch Assist/RBCC

—— |+ Launch Assist/Combination Cycle

—— |+ Microwave Beaming

—— |+ VeryAdvanced (Specify)
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Notes
(Part 1.1 Only)

Each numbered assessment category in Part 1.1 contains a cross-reference to particular
design feature(s) (DF) that may be found in the Space Propulsion Synergy Acanite

for the Design of Highly Reusable Space Transportatitmvember 18, 1996, Rev. Basic.
(e.g., designations such @ #6). This guide contains more specific information

regarding the assessment items in this form.

Designations of “STS” or “ATS” on the assessment form indicate the current state-of-the-
art in each numbered assessment category.

STS— refers to the Space Shuttle (Space Transportation System) baseline

ATS— refers to the Access-to-Space study (Option 3) all-rocket single stage to
orbit (SSTO) vehicle (the HRST study project’s reference vehicle)

NOTE: Section 1.1 (Questions 1-18) is identical to Section 1.1 in the
“Architectural Assessment Form” included in Appendix E (prior.)
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Programmatics
Part 1.2

Notes
(Part 1.2 Only)

The numbered assessment questions in Part 1.2 have been developed by the HRST
Operations Assessment Team as a supplement to those in the étig@BIArchitectural
Assessment For(Part 1.1.) They are not cross-referenced to partiGu#teDF’s.

However, responses to these questions will enable the Assessment Team to gain additional
insight to the operational characteristics of the concept.

19. Infrastructure - Ground Support Facilities - Transportation of vehicle to launch site
(initial, depot, or abort site):

Manufacturing and depot level maintenance are accomplished at the launch

site.

Vehicle has self ferry capability from manufacturing and to depot location|

Vehicle can be moved intact using air transportation between launch site
manufacturing and depot locations.

Vehicle can be moved intact using surface transportation (barge, road, o
between launch site and manufacturing and depot locations.

Vehicle must be disassembled for transportation requiring reassembly at
launch and depot locations.

20. Infrastructure - Ground Support Facilities - Transportation around launch site:

And

rail)

Vehicle can be towed around launch site on its landing gear using standgrd

aircraft towing equipment. Launched from horizontal position either grou
or air.

d

Vehicle can be towed around launch site on its landing gear using standa
aircraft towing equipment, then raised to vertical position for launch.

ird

Vehicle must be placed on simple trailer with landing gear retracted, then
raised to vertical position for launch.

Vehicle must be placed on trailer with support GSE and tilt mechanism fd
raising vehicle to vertical.

Vehicle is place on a mobile launch platform in the vertical position and
transported around launch site on mobile launch platform.
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21. Infrastructure - Ground Support Facilities - Continuing maintenance of group support

facilities:

Small and simple facilities, with minimal GSE, requiring littie or no continjing

maintenance.

Small and simple facilities, with minimal GSE, requiring continuing
maintenance after a specified number of flights.

Faclilities and GSE in line with current expendable launch sites, requiring|

continuing maintenance after a specified number of flights.

Facilities and GSE in line with current expendable launch sites, requiring|

continuing maintenance after each flight.

Facilities and GSE in line with current Shuttle, requiring continuous
maintenance.

22. Infrastructure - Manufacturing Operations - Facility requirements:

Launch vehicle can be manufactured with current facilities and machinery.

Launch vehicle can be manufactured with current facilities and requires
common industry machines.

Launch vehicle can be manufactured with current facilities, but requires
entirely new manufacturing process with new and specialized machine tq
and equipment.

ols

Manufacturing facility must be modified to accept new process, and
specialized tools and equipment.

Entirely new manufacturing facility is required with new manufacturing

processes and specialized tools and equipment.

23. Infrastructure - Manufacturing Operations - Transportation of components to
manufacturing site:

Components are small and not hazardous and can be transported using fall

commercial transportation without special permits. Manufacturing facility
direct access to all transportation modes.

has

Components are outsized and must be transported using surface transp
using special permits. Manufacturing facility has ready access to surface
transportation.

prtation

Components are outsized or commonly used industrial hazardous mater
requiring special permits. Manufacturing facility has ready access to sur
transportation.

Is
ce

Components are outsized and must be transported using surface transp
requiring special permits. Manufacturing facility is away from main surfag
transportation routes.

Drtation
e

Components are outsized and very hazardous (e.g. solid rocket motors
requiring special permits and routing. Manufacturing facility is away from

main surface transportation routes.
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24. Infras

Appendix G

tructure - Manufacturing Facilities - Environmental Concerns

Manufacturing facility is totally environmentally friendly, does not require
hazardous substances for production, nor are any hazardous substancg
produced during production of the launch system.

S

Manufacturing facility uses standard industrial materials and processes,
are contained and recycled.

vhich

Manufacturing facility uses standard industrial materials and processes,
are contained but not recycled. Waste material stored in standard
environmental dump sites.

vhich

Manufacturing facility uses extremely hazardous materials and processe
which are contained but not recycled. Waste material must have special
facilities for storage of waste.

7

Manufacturing processes and materials are extremely hazardous and md

st be

house in special facilities located away from populated area.

25. Infras

tructure - Manufacturing Facilities - Safety Concerns:

surrounding areas.

Manufacturing processes and materials do not pose a safety problem with

Manufacturing processes and materials do not pose a safety problem grg
than that of any general manufacturing facilities.

ater

Manufacturing processes and materials pose a significant safety problen
can be contained using special operating procedures.

that

Manufacturing processes and materials pose a significant safety problen
point that special facilities and procedures are required.

to the

Manufacturing processes and materials are extremely hazardous and mt
house in special facilities located away from populated areas.

st be

26. Infras

tructure - Manufacturing Operations - Continuing Maintenance:

Small and simple facilities, with minimal standard industrial machinery,
requiring little or no continuing maintenance.

Small and simple facilities, with standard industrial machinery, requiring
continuing maintenance after a specified number of production cycles.

continuing maintenance after a specified number of production cycles.

Standard manufacturing facilities with specialize industrial machinery and
process requiring specialize recurring maintenance requirements.

Standard manufacturing facilities with standard industrial machinery, req]Airing

Large facility with specialized manufacturing processes and tools, requiri
continuous maintenance

9

27. Manu

facturing Operations - Unique Processes Or Hardware

Manufacturing processes consist of standard machine and metal fabricat
techniques using standard materials and tools.

on

machine and metal fabrication techniques, materials, appropriate tools.

Manufacturing processes require close tolerance work, but consist of stgndard

Manufacturing processes and materials required extensive machining at
tolerances requiring some special machines and tooling.

close

Manufacturing processes and materials require highly specialized, state Jof-the

art machining and fabrication techniques.

develop process before manufacturing can be started.

Manufacturing processes and materials requiring a significant research ard
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28. Manufacturing Operations - Manufacturing Complexity

Fabrication and assembly of launch system involves basic machining an
assembly practices that can be complete by most machine shops.

—

Fabrication and assembly of launch system involves machining and asss
practices on line with an automobile plant.

mbly

Fabrication and assembly of launch system involves machining and assé
practices on line with an aircraft plant.

mbly

Fabrication and assembly of launch system involves specialized equipmégnt and

techniques, and long learning curves, but vehicles are identical.

Fabrication and assembly of launch system involves specialized equiment and

techniques, and long learning curves, but each vehicle is unique.

29. Manufacturing Operations - Percent Assembly At Site

Manufacturing and launch facilities are on the same site.

Manufacturing is in local vicinity of launch site; minimal in-processing is
required at the launch site.

Manufacturing and launch facilities are located at widely separated locati
but the vehicle can be shipped in tact and requiring only in-processing at
launch site.

ns,
he

Manufacturing and launch facilities are located at widely separated locatigns,

and the vehicle must be shipped as major components requiring assemi
the launch site.

y at

Manufacturing Is at separate location and vehicle is assembled at the lau
site.

ch

30. Ground Processing Operations - Operational Complexity

Aircraft-style turnaround with checkout, maximum use of line replaceable|
items, fuel, and go.

Aircraft-style turnaround with the exception of engines. Engines will havg an

integrated health monitoring system.

Fairly complex vehicle requiring extensive checkout before next flight.
Turnaround assisted by Vehicle Health Monitoring (VHM) throughout the
vehicle.

Complex system requiring extensive repair/replace operations, with minir

hal

VHM. Each vehicle turnaround is tailored to that specific vehicle.

Shuttle type turnaround operations with large infrastructure, complex syslrem

checkout requirements, and depot level maintenance before each flight.
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31. Launch Operations - Vehicle Design - On-Pad Maintenance

No vehicle maintenance required on-pad, failures at pad result in roll-badk,

simplified interfaces, no payload access at pad, time on pad less two dal

Us.

Minor vehicle maintenance allowed at pad, simplified interfaces, payload
installation occurs before moving to the pad, but late payload access is
allowed. Pad stay time of less than 5 days.

Minor vehicle maintenance allowed at pad, simplified interfaces, payload
installation and access allowed at pad. Pad stay time is less than a wee

K

Extensive maintenance is allowed at pad (e.g. engine removal). Simplifi

bd

interfaces, payload installation and access allowed at pad. Pad stay tim¢ of

less than 2 weeks.

Shuttle type on-pad procedures. Complex interfaces with considerable
checkout required. Payload loading and access allowed at pad. Exteng
pad maintenance is allowed. Pad stay time measured in weeks.

ive on-

32. Launch Operations - Vehicle Design - GSE Requirements

Common -aircraft style” GSE including jacks, Nift rigs, “start carts’, and other

equipment for test, checkout, and servicing vehicle. GSE for individual
components is not required.

GSE specific to launch system but simple in nature including jacks, lift rigs,

test and checkout equipment for vehicle systems. GSE for individual
components is not required.

GSE specific to launch system, but simple in nature including jacks, lift rigs,

test and checkout equipment for vehicle system and its components.

Extensive GSE is required for servicing, test, and checkout. GSE is spcific

to launch system and its components. GSE requires only basic continui
maintenance on the level of other machine tools.

19

Shuttle style GSE, extensive GSE that Is unique to individual componen{

S of

the launch system, required extensive continuing maintenance, and IargT

logistical support system of its own.

33. Launch Operations - Scrub Turnaround

System requires no scrub turnaround time and is ready for launch in a
moment’s notice.

System can be turned around for relaunch within 12 hours, with no limit
the number of attempts.

DN

System can be turned around for relaunch within 24 hours, with no limit
the number of attempts.

DN

System can be turned around for relaunch within 24 hours, but the capa
is limited to two or three days.

hility

System has Long and complex launch process requiring several days to
turnaround for next launch opportunity.
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34. Launch Operations - Environmental Constraints To Launch

Very robust vehicle that can be launched and recovered with weather
restrictions similar to those on commercial aircratft.

Robust vehicle that can be launched and recovered even in rain and win
up to thirty knots in any direction.

s of

Robust vehicle that can be launched and recovered even in winds of up fo

thirty knots. Rain restricts launch but cloud cover does not.

Robust vehicle that can be launched and recovered even in winds of up fo

twenty knots. Rain restricts launch but cloud cover does not.

Launch constraints similar to current Shuttle requirements.

35. Launch Operations - Safety

Vehicle can be operated from any location such as a commercial airport.

Vehicle can be operated from any commercial or government space port

Vehicle restricted to standard launch sites and ranges. (e.g. KSC/CCAH
Vandenburg).

S,

Vehicle must be launched from a remote area with population areas at legst 15

miles away.

Vehicle must be launched from a remote area, with populated areas at le
miles away.

hst 50

36. Mission Operations - Support Crew Size

Launch vehicle mission length (after MECO) is so short that launch crew
accomplish it.

can

Launch vehicle mission length up to 12 hours, but vehicle is highly

autonomous and mission command and control can be handled by less than 10

people

Mission operations are completed within 24 hours, but vehicle is highly

autonomous and mission command and control can be handled by less fhan 10

people.

Launch vehicle mission length up to several days. Vehicle is not autonognous

and requires extensive command and control.

Missions can extend up to a week with an extensive (>25) person crew,

providing 24 hours command and control of the vehicle.

37. Missions Operations - Monitoring Complexity

Vehicle is highly autonomous with ground providing a back-up systems
monitoring capability.

Vehicle i1s autonomous but requires ground support for anomaly correctid
actions.

n

Vehicle requires monitoring and top level command and control from gro

ind,

but can autonomously carry out complex tasks when ordered from grourd.

Vehicle systems are monitored by on-board systems providing anomaly
ground. Ground performs all command and control functions.

lata to

Basically a “"dumb” vehicle requiring extensive monitoring of systems an
command and control.
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Appendix H - Parametric Operations &
Maintenance Hours Estimating Tool (PrOpHET)
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INTRODUCTION

The idea of estimating the O&M hours required to process (operate, maintain) a space
transportation vehicle from dry weight of vehicle subsystems was conceived during the
HRST integration activity by John Mankins, NASA HQ.

Labor costs associated with normal operations and maintenance (O&M) can constitute one
of the largest components of recurring operations costs for any HRST ETO concept.
However, an accurate grass-roots estimate of O&M labor requirements cannot be
constructed without detailed information regarding the specifics of vehicle and ground
systems. This level of detail cannot be developed in an initial concept definition effort,
e.g., HRST. Nevertheless, it is clear that various HRST concepts will involve very
different O&M requirements

Using a “flat” estimate (e.g., “200 FTE” or “400 FTE") for all concepts would mask key
differences between the concepts being assessed. The challenge then is establishing an
approach to HRST O&M-related labor cost estimation in the absence of complete
information. Three groundrules must be observed: 1) Develop estimates that are based on
true discriminators in O&M requirements; 2) Asstefative consistency between estimates

for the different concepts and 3) Develop an approach that encompasses both fixed and
variable O&M costs.

™
Operator
“Close-In” O&M Costs
General Q&M Costs 4 Fived Total Fixed
Fixed s O&M Costs
(BY VEHICLE)
== —~
™~
General O&M Costs Operator O&M Costs _
Variable + Variable Total Variable
/- /- — O&M Costs
(BY FLIGHT) (BY VEHICLE-FLIGHT)
1
Total Operator O&M Costs

Figure H-1 A Notional Overview of Cost Factors
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APPROACH

Start with a single O&M Metric: Labor Hours per Flight per Pound of Vehicle Hardware.
Use the Space Shuttle O&M Labor data to anchor the Baseline Comparative System (BCS)
as a common point of departure. Modify the Access-to-Space, Option 3, All-Rocket

SSTO, vertical takeoff/horizontal landing (VTHL) by using the Shuttle data to project
equivalent O&M requirements.

The BCS requires approximately 4400 FTE to support 40 flights per year for an SSTO
with a Dry Mass of about 235,000 Ib. This is equivalent to 10 flights/year per vehicle for 4
vehicles in the operational Fleet, which is equivalent to abbus per flight per pound of
vehicle dry mass.

Assume that about 30% of the hourly charge is a variable cost dependent on the vehicle
systems for which O&M is being provided, and that about 70% is for fixed costs where the
ratio of non-touch labor to touch labor is approximately 3:1; this yields:

Variable O&M Labor equal$.2 hrs per flight per pound of vehicle Dry Mass
about 1320 FTE’s and

Fixed O&M Labor equalabout 3080 FTE'®r about 2.8 hrs per flight per pound
of vehicle Dry Mass

Next, assume that about 20% of the total O&M charge is associated with “Close-In”
operations provided by the Vehicle operator, and that about 80% of the total O&M charge is
associated with “General” support to the vehicle operator; starting with 4400, this yields:

“Close-In"” O&M Labor equals 886 TE’s; which is equivalent to [Fixed: about
616] + [Variable: about 264] FTE's

“General Support” O&M Labor equaBb20 FTE'’s equivalent to [Fixed: about
2464] + [Variable: about 1056] FTE’s

NOTE: General Fixed O&M Costs will be treated separately later
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Shuttle-Anchored Baseline Comparison System Case
SN
Operator
General O&M Costs “Close-In" O&M Costs _
Fixed Fixed Total Fixed
+ —
—I- /- O&M Costs
2464 FTEs/Year 1.4 hrs/lb (3080 FTEs®)
(~ 616 FTEsl/year for BCS)
+ -
T~
General O&M Costs Operator O&M Costs Total Variable
Variable Variable O&M Costs
/- + —//- — (1.2 hrs/lb-flight
0.9 hrs/Ib-flight 0.23 hrs/Ib-flight or
(~ 1056 FTEs/year for BCS) (~ 264 FTEslyear for BCS) 1320 FTEs*)
/
Total Operator O&M Costs
Note: where the vehicle drymass is 235,000 Ibs, the launch rate is 40/year and the fleet size is 4.

Figure H-2 Proposed O&M Cost Factors Matrix-Shuttle Anchored

Therefore, as a revised starting point for the BCS we’ll use

Variable O&M Labor equals 1.2 hrs per flight per pound of vehicle dry mass (about
1320 FTE’s)

About 330 FTE’s per vehicle for a fleet of 4

Fixed O&M Labor equals About 3080 FTE’s (about 2.8 hrs per flight per pound of
vehicle dry mass)

Or...
“Close-In” O&M Labor: equals about 880 FTE’s; which is equivalent to [Fixed ~
616] + [Variable ~ 264] FTE's
Where Close-In Variable equal about 264 FTE’s or equivalent to 0.23 hrs/dry
mass Ib.-Flight

“General Support O&M Labor; ~ 3520 FTE’s; equivalent to [Fixed: about 2464] +
[Variable: about 1056] FTE's
Where General Support Variable equal about 1056 FTE's or equivalent to
0.94 hrs/dry mass Ib.-Flight

During the next 10 years, there will be advances in materials, sensors, integrated vehicle health
management (IVHM), robotics, etc., that will benefit O&M for all HRST concepts (Note,
However, that any “Leapfrog” improvements must be enabled by vehicle design.)

As a goal, we will project the resulting improvement to be about 10:1; then the adjusted
baseline for O&M Labor becomes:
Variable: about 0.11 hrs per flight per pound of vehicle Dry Mass
= [Vehicle Specific: about 0.023 hrs/Ib.-flight] + [General Support: about
0.09 hrs/Ib.-flight]
Fixed: about 308 FTE's/year
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= [Vehicle Operator Specific: about 62 FTE’'s/year] + [General Support:
about 246 FTE’s/year]

Finally, Operator Specific Fixed will be “converted” to a pseudo-variable by putting in on a
per pound of vehicle basis so that 62 FTE's/Year becomes about 0.14 hrs per dry mass
pound.

“2007-Class” O&M Revised Baseline Case
SN
Operator
General O&M Costs “Close-In" O&M Costs _
—l- - O&M Costs
246 FTEs/Year 0.14 hrs/lb (308 FTEs*)
(~ 62 FTEslyear for 4 Vehicles)
+ -
General O&M Costs Operator O&M Costs Total Variable
: Variable O&M Costs
Variable
_'//_ + ~l/- —(0.12 hrs/lIb-flight
: 0.023 hrs/Ib-flight or
0.09 hrs/lb-flight (~ 26 FTEslyear for BCS) 132 FTEs*)
/
Total Operator O&M Costs
Note: where the vehicle drymass is 235,000 Ibs, the launch rate is 40/year and the fleet size is 4.

Figure H-3 Proposed O&M Cost Factors Matrix-2007 Class

Ultimately, we need to deal with the three types of O&M costs distinctly:
1) Common, Fixed O&M we will treat by a simple algorithm (2% of the value of
the facilities)
2) No additional use will be made of the FTE number on the previous page for
Fixed O&M
Next, we need to treat separate the “Fixed” component of the Close-In, Operator-Specific
O&M Costs. This will be treated after the next section.

Finally, we can treat the 2 components of the Variable Cost (Close-In and Common) as
being paid for by the Vehicle Operator - and therefore as a single revised O&M parameter

In addition, there is a real variation in the labor associated with O&M for different types of
vehicle hardware: a great deal for active propulsion systems; Very little for the airframe (if
designed properly and built out of appropriate materials), etc. etc.

Therefore, further adjustments are needed to take into account variations in the O&M
requirements of the various major pieces of the vehicle. A rigorous study is needed based
on known surrogates (e.g., Shuttle.)

For this exercise, a high-level disaggregation of vehicle systems is needed.

Therefore, for HRST Vehicle Variable O&M...
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Beginning with thisadjustedO&M parametric to account for all Variable O&M
requirements: 0.1frs per flight per pound of vehicle Dry Masiere each labor hour will

be costed at $120,000 per year (about $60/hour.)

Then, adjustments to this parametric can be made for each of the major types of hardware
in a vehicle system concept, in descending order of importance to O&M:

* Vehicle Systems — Active
* e.g., subsystems such as GN&C and EMA’s, active thermal protection
systems

* Vehicle Systems — Passive, with two elements
» First element: Thermal Protection Systems

» Second element: everything else, such as primarily structures, general
insulation, etc.

* Propulsion Systems — Active, with two elements

» First element: primary propulsion system(s)

» Second element: OMS, RCS, miscellaneous pumps, etc.
* Propulsion Systems — Passive

* e.g. tanks, insulation on tanks, plumbing, passive inlets
Then the Question Is: Which of these are the most important to O&M costs?

HRST Operations Cost Analysis
Indicators of Required Vehicle-Driven O&M Labo

O&M

Indicator(s) Rationale

Nurber/Div ersity of Propulsion Sy stenms will

Propulsion Number/Diversity of Engines ‘ drve labor, LRUS. oto
Systems Nunmber of Propellants/Hazard Potential Nurber of propellants increas es number of
(Active) Expected T/W Margins (“derating”) that could lab or hours
be achievedin O perations Heav ier stress es on sy stems will require

Primary Propulsion increased levels of maintenance

Levelof IVHM Utilization

TPS maintenance w illdrive O &M labor related

Passive Themal Protection Sy stem A
to this category

Vehicle Robustnes s, Ty pe(s) and Total Area
Svystems o . Large/conplex structural formms will hav e higher
yste Levelof IVHM Utiization srtgr]es s,nr'r"?ore nook/crannies to ins p ect/i ns?all
(Passive) sensors for, etc.
Thermmal Protection !
Sy stens
Vehide Strudural “Conplexity”, Robustness  Large/conplex structural forms will hav e higher
Vehice and/or Materials stres s, more no ok/cranP ies to ins pect/install
sensors for, etc.
Systems Level of IVHM Utilization

(Passive)
Other Systems

Large/conplex structural forms will hav e higher

Tank Structural “Complexity ¥, Robustnes s ¢ \ >
Propulsion and/or M aterials stres s, more nook/crannies to ins pect/install
Systems A sensors for, etc.
( Péssive ) Number of Prop ellants/Hazard Potential Nurber of propellants increas es number of
Potential for Prope llant Leakag e/Accurmu lations labor hours
Lev el of IVHM Utilization
Thermal Protection Sy stem Maintenance of Active TPS, if required, will
Vehicle Nurrber/Div ersity of Subsy stems IL!nvereIatedO&Mlabor . R
Systems Nunber/Diversity of Subsystems will drive
(Active) Loading on Landing Gear labor, LRUs, etc.
Level of IVHM Utilization Heavier stresses on landing gears will require
higher maintenance
Number/Div ersity of Thrusters Number/Di vd?i:/Siet ylagfo?nl)_pRLllessbg tgy sterrs will
Propulsion . , )
Systems Nurrber of Prop ellants/Hazard Potential Nunmber of propellants increas es number of
(Active) Levelof IVHM Utilization lab or hours

Other Systems

H-6



Appendix H

Table H-1 Vehicle Systems O&M Indicators

THE BASELINE FOR ESTIMATION OF VEHICLE-DRIVEN EIXED O&M
COSTS

C Adjusted parametric terms are guestimated as:

Propulsion Systems — Active (Primary)

0.14 hrs per flight per pound of vehicle Dry Mass
Vehicle Systems — Passive (Thermal Protection System)

0.14 hrs per flight per pound of vehicle Dry Mass
Vehicle Systems — Passive (Other Structural Systems)

0.11 hrs per flight per pound of vehicle Dry Mass
Propulsion Systems — Passive

0.11 hrs per flight per pound of vehicle Dry Mass
Vehicle Systems — Active

0.08 hrs per flight per pound of vehicle Dry Mass
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Propulsion Systems — Active (Other Propulsion)
0.08 hrs per flight per pound of vehicle Dry Mass

Are these values reasonable?

For a 235,000 Ib.-Dry Mass Vehicle, flying 50 times per year, they yield @ 0.11 hrs/Ib.-
flight equivalent to 517 FTE’s or a $31/Ib. contribution to Cost (@ 40 kbs/launch)

Finally, the specific design features of the concepts should be taken into account: some will
have more complex propulsion systems, a greater amount of variation and less robustness
in TPS, etc., etc.
The sensitivity of O&M rates to variations in design specifics should be greater in the
cases of Active Propulsion Systems and Passive Vehicle Systems (includiran@PS)
lesserin the cases of Passive Active Vehicle Systems and Passive Propulsion Systems

THE BASELINE FOR ESTIMATION OF VEHICLE-DRIVEN EIXED O&M
COSTS

C Adjusted parametric terms are guestimated as:

Propulsion Systems — Active (Primary)

0.28 hrs per year per pound of vehicle Dry Mass
Vehicle Systems — Passive (Thermal Protection System)

0.28 hrs per year per pound of vehicle Dry Mass
Vehicle Systems — Passive (Other Structural Systems)

0.14 hrs per year per pound of vehicle Dry Mass
Propulsion Systems — Passive

0.14 hrs per year per pound of vehicle Dry Mass
Vehicle Systems — Active

0.07 hrs per year per pound of vehicle Dry Mass
Propulsion Systems — Active (Other Propulsion)

0.07 hrs per year per pound of vehicle Dry Mass

Are these values reasonable?

For a 235,000 Ibs-Dry Mass Vehicle, flying 50 times per year, they yield
@ 0.14 hrslyear-Ib., equivalent to 16 FTE’s or a $1/Ib. contribution to Cost (@ 40
kbs/launch)

This is a sufficiently small contribution to overall cost that it will be assumed that this
parameter will be estimated at a flat rate:
0.14 hrs per year per pound of vehicle Dry Mass

Lastly, HRST analysis requires a consistent and reasonable treatment of O&M for fixed
assets not “close-in” to a particular vehicle concept.
A projection of about 1500 FTE’s for the BCS was made eatrlier.

About $180M/year or about 4%/year of the value of the assets (if they are valued at
about $5B)

Rather than estimate labor and other O&M costs separately, the proposal is to treat these
costs consistent with current facilities O&M costs experience taking into account increases

in automation, sensors, etc., consistent with assumptions regarding the other aspects of the
analysis.
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C Therefore, Infrastructure O&M Costs will be estimated at:

_ 2% of the Value of the HRST Infrastructure for a Specific Concept
C These costs are to be added to find the total recurring cost of any HRST System
C For example,
If the capital assets of the general fixed infrastructure are $3B, then the annual O&M costs
would be estimated at $60,000,000/year

_ For a system that launches about 40,000 Ibs/launch, this works out to a recurring

cost contribution of
C $150/payload-pound if the system supports 10 launches/year

$15/payload-pound if the system 100 launches/year

SUMMARY

The common approach for analyzing HRST operations costs will therefore be:

C Infrastructure Fixed O&M Costs will be estimated directly Using:
2%l/year of the Value of the General Infrastructure

C Vehicle-Specifigariable O&M Labor will be estimated according to the Table 1
@ $120,000 per FTE

C Vehicle-Specifieixed O&M Labor will be estimated according to
0.14 hrs per year per pound of vehicle Dry Mass

Pronilson Praodson Praoul Dn Vehde Vehide Vehde

Svdems (Acte Svdems (Actie Svdems Svdems (Paisg Sydems (Aaive)Svstems (Bssie

PrimarnvPran. Oter (ea.. OM (Passve) TPS O her

RN 0.21 0.21 0.16 0.16 0.21* 0.12
B ASEL IN hrs/flight-1b hrsfili ghtlb hrgflight-1b hrsfli hirlb hrs/flight-Ib hrsfli hetl K

BASELINE 0.4 0.14 0.1 0.11 0.08 0.08
(ADV. BCS-TYPE)| hrs/flight-lb | hrshlightlb | hrgflight-Ib | hrsfli htlb | hrs/flight-lb | hrsfli hal K

SR e 0.07 0.07 0.06 0.06 0.04 0.04
BASEL IN hrs/fliaht- In| hrsfliaht Ib| hrdfliaht -d hrsfliaht- Ib| hrs/fliaht- Ib|  hrsfliaht- Ib

*Includes the projected inclusion of active cooling as a part of the
vehicle in support of the TPS system

Table H-2 Estimation of Variable Vehicle Driven O&M Labor Hours

Following a review of the PrOpHET Tool by KSC, Table H-2 was revised as follows:
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Pr onlsion Pr mulsion Pr mulsion V ehcle Vehide V ehcle
Svdeems ( Acte Svdems ( Acte Svgems Svdeems ( Pdse Sygems (. Aaive)Svstens (@Bsvie
Primar Wro. Oter (e.. OMS ( Rss w) TPS O ter
V‘4$AS,\IETHE 0.28 0.28 0.16 0.16 0.22 0.22
BASELI N hrs/flight-Ib hrsfli ghtlb hrgflight-lb hrsfli hirlb hrs/flight-Ib hrsfli hdel b
BA SELINE 0.4 0.14 0.1 0.11 0.08 0.08

(ADV. BCS-TYPE)| hrs/flightlo | hrsflightlb | hrdflight-lb | hrsfli hatlb |  hrs/flight-lb | hrsfli hil 4

SR e 0.07 0.07 0.06 0.06 0.04 0.04
BASEL IN hrs/fliaht- Ib| hrsfliaht Ib| hrsfliart - | hrsfliaht- Ib|  hrs/lioht- Ib|  hrsfliaht- Ib
Table H-2 (Revised) Estimation of Variable Vehicle Driven O&M Labor

Hours

(See Figure 4, main body of the Report)
In summary, the common approach for analyzing HRST operations costs will therefore be:

C Infrastructure Fixed O&M Costs will be estimated directly using:
2%l/year of the Value of the General Infrastructure

C Vehicle-Specifigariable O&M Labor will be estimated according to the Table H-2
@ $120,000 per FTE

C Vehicle-SpecifiEixed O&M Labor will be estimated according to
0.14 hrs per year per pound of vehicle Dry Mass
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Appendix | - Acronyms and Abbreviations

ACRE
AAT
COMET
COTS
ERJ
ESJ
ETO
HEDS
HITF
HRST
HTHL
LA
LACE
LEO
MHD
MTBF
OCM
OMS
Oo&M
Ops HITF
OSAMS
PrOpHET
RBCC
RCS
R&D
RMAT
R&M
SERJ
SESJ
SPST
SSTO
TPS
TSTO
VHM
VTVL
VTHL

Advanced Chemical Rocket Engine
Architectural Assessment Tool

Conceptual Operations Manpower Estimating Tool
Commercial off the Shelf

Ejector Ramjet

Ejector Scramjet

Earth to Orbit

Human Exploration and Development of Space
HRST Integration Task Force

Highly Reusable Space Transportation
Horizontal Take-off, Horizontal Landing
Launch Assist

Liquid Air Collection and Enrichment

Low Earth Orbit

Magneto-hydro-dynamics

Mean Time Between Failure

Operations Cost Model

Orbital Maneuvering System

Operations and Maintenance

HRST Integration Task Force, Operations
Operations Simulation and Analysis Modeling System
Parametric Operations Hours Estimating Tool
Rocket Based Combined Cycle

Reaction Control System

Research and Development

Reliability Maintainability Analysis Tool
Reliability and Maintainability

Supercharged Ejector Ramjet

Supercharged Ejector Scramjet

Space Propulsion Synergy Team
Single-Stage-to-Orbit

Thermal Protection System

Two-Stage to Orbit

Vehicle Health Management

Vertical Take-off, Vertical Landing

Vertical Take-off, Horizontal Landing



