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AFIT/GSO/ENY/01M-03

Abstract

This thesis identifies useful tools and techniques available to aid the Air Force
development of a reusable launch vehicle (RLV). These tools are identified by
comparing traits found within the Lean Aerospace Initiative, Six Sigma and systems
engineering. While identified specifically for the RLV effort, these tools and techniques
will be of use to many development programs. Historical perspectives of both RLV
development efforts within the Air Force and origins of modern quality teachings are
provided, to establish a common foundation of knowledge, upon which, further analysis
can be conducted. This thesis, also, summarizes the current RLV effort within the Air
Force and NASA. With the tool-set identified and the RLV effort enumerated, the tool-
set and RLV effort are matched to determine the current level of integration. More
importantly, the tools-set serves as the basis to form specific recommendations to aid the

Air Force RLV effort.
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QUALITY INITIATIVES
IN THE AIR FORCE DEVELOPMENT
OF REUSABLE LAUNCH VEHICLES

CHAPTER 1 INTRODUCTION

Throughout the distinctive history of military space operations, the paradigm of
expendable launch vehicles has remained. Extensive launch lead times and delays are
accepted and considered the norm. Additionally, with virtually no means of satellite
retrieval, for repair or upgrade, satellites are designed with multiple redundancies to
ensure reliability. This creates tremendous cost and weight penalties in satellite design.
Within the Air Force there is a movement to change the expendable launch vehicle
constraint. The development of a reusable launch vehicle (RLV) system will
fundamentally change the nature of space operations. By shifting from a launch on
schedule toward a launch on demand mindset, the Air Force will provide improved space
support into any theater of operation and help to assure the United States’ access to space.
Furthermore, the ability to recover on-orbit assets will allow satellites to be designed with
less expense and greater capabilities. While RLVs potentially offer great benefits, the
development of such systems is technically complex and programmatically challenging.

The goal of this thesis is twofold. First, it identifies tools and techniques, found
within modern quality approaches, available to aid the Air Force development of a
reusable launch vehicle system. Second, the tools and techniques identified are applied

to the RLV efforts within the Air Force. An assessment of current tool usage,
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accompanied by examples, and identification for potential improvements is made. The
objective is not to be prescriptive or to uncover some hidden truth that will suddenly
make RLV development easy. Rather, the purpose is to provide a unique perspective on
many issues facing RLV development, which may lead to innovative solutions to existing
problems. In accomplishing these goals, this thesis will demonstrate the basic notion that
there is a myriad of approaches to achieve quality and emphasizes the importance of
examining multiple methods and not locking solely into one, oblivious of all others. For
the purpose of this thesis, quality is taken to be activities intended to achieve improved
products and processes and is not limited solely to the concept of quality popularized in
the 1980s. In fact the later form of quality is a subset of the larger concept addressed in

this thesis.

1.1 Scope

The goal of developing reusable launch vehicles is the modern “Holy Grail”
within the aerospace community. This is illustrated in the many RLV activities currently
under development. The X-Prize is one example of this worldwide effort to achieve a
RLV system. Currently, 19 companies, from five countries, seek to win the $10 million
prize for building a privately funded vehicle to fly three people into space, return and
repeat within two weeks [9]. Within the Air Force and National Aeronautics and Space
Administration (NASA), several X-Vehicle programs hope to advance the technology
required to deploy RLVs [38]. Other private development is also ongoing within the
companies building the X-Vehicles. While the component of the aerospace industry

involved in RLV development is large, the scope of this thesis will be confined
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exclusively within the Air Force and NASA efforts. Specific activities within industry

and private development efforts such as Roton and Kistler will not be addressed [27][46].

This is not to say that potential benefits will not arise from these activities, but the

assumption is that the preponderance of benefit will come from efforts within the

government development programs. The scope, in terms of RLV development, of this

thesis is pictorially represented in Figure 1-1, where the front pane represents the totality

of the current RLV community: industry, private development, Air Force and NASA

programs. As time progresses, the landscape of RLV activity will change and evolve in

unpredictable ways. Within the current Air Force and NASA efforts include the

development of various prototype vehicles, and therefore are included in the scope,

represented by the inner box.

* Boeing
« Lockheed Mertin
»  Orbital Science

“Thesis Scope

oduction and Deployment

Concept Exploration

Figure 1-1 Thesis Scope of RLV Development
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Also essential to this thesis is an examination of the various quality approaches
available to aid RLV development. These quality approaches create the framework with
which current RLV development efforts are analyzed. Initially, the research of this thesis
focussed on the concepts found within the Lean Aerospace Initiative (LAI), continuing
the efforts of previous AFIT thesis work by Endicott [13] and Matuzsack [34]. While
their work concentrated on the applicability of lean to operational issues, here the
emphasis is on developmental efforts. Other lean research, conducted at the
Massachusetts Institute of Technology (MIT), also examines RLV development, with a
greater emphasis on commercial systems and sole reliance upon LAI [35]. This thesis
expands the analytic framework by including Six Sigma and systems engineering
approaches to quality improvement in the early phases of development, which the Air
Force and NASA are currently operating. The inclusion of the Six Sigma and systems
engineering approaches came with the realization that in order to maximize the benefit to
the Air Force RLV effort a broad-based approach must be used; because no single quality

initiative possesses all possible techniques offering promise to the Air Force.

1.2 Methodology

The first step to determine what quality initiatives offer the RLV effort is to
conduct a literature review of both quality and RLV topics. The examination of both
historical attempts and current efforts in RLV development within the Air Force and
NASA, followed by an introduction to modern quality, contained in Chapter 2, will
provide the necessary background information required to conduct subsequent analysis

and make recommendations for improvement. Step two, contained in Chapter 3,
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identifies key traits and similarities between quality approaches to arrive at a set of
unquestionably useful techniques and practices. These are then applied in Chapter 4 to
the current RLV efforts to determine how quality techniques are already being used and
how they can further benefit reusable launch vehicle development. Most of the issues
discussed, particularly in Chapter 4, are of a programmatic nature, focussing more on
managerial approaches to insure system success rather than on technology in and of itself.
Certainly, technology represents one of the largest risk areas to RLV development and
the various technology maturity efforts will, therefore, be discussed. Recognizing the
difference between academic identification and practical employment of these
techniques, Chapter 4 also discusses some of the potential issues associated with real-

world application of the recommendations.

1.3 Limitations

Within the analysis of RLV efforts, one main limiting factor overshadows all
others. Simply, the current RLV programs of NASA and the RLV efforts within the Air
Force are still in the very early stages of development. The designs for finalized systems
do not exist and therefore many of the operational issues have not matured to the point
allowing detailed analysis. The influences of the lack of definition are minimized by the
nature of this thesis. By focussing on the programmatic aspects of development,
undefined operational issues are not of paramount concern. Rather, it is the development
of those operational issues and the practices employed by the Air Force and NASA teams
that are pertinent. While other limiting factors such as time and expense are present, their

impacts do not play as significant role as the emergent nature of the RLV efforts
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CHAPTER 2 BACKGROUND

The history of RLV development, insight into current thinking and a basic
understanding of the prevailing RLV efforts provides the framework from which analysis
may be thoughtfully undertaken. Similarly, an appreciation for the background of current

quality initiatives will prove beneficial.

2.1 Air Force Reusable Launch Vehicle Development

2.1.1 Historical Perspective

The Air Force goal of a military spaceplane (MSP) is not a new one. The first
major Air Force effort to build an MSP was the Dyna-Soar (for Dynamic Soaring) rocket
plane. Also known as the X-20, this vehicle harbored the Air Force ambition to have a
manned space program between 1958 and 1963. The vehicle design was a wedge shaped
delta wing aircraft, launched into orbit by an expendable booster. Once in orbit, plans
called for maneuvering capability, controlled by the vehicle’s lone pilot. Finally, the
Dyna-Soar would have the ability for controlled re-entry and the capability to land like an
airplane. The original mission for this system was transcontinental bombing from orbit.
After technical challenges rendered this mission impractical, a growing financial
constraint led to its cancellation in December 1963, two years before its first scheduled
orbital flight. While the Dyna-Soar never achieved operational status, the over 2,000
hours of wind tunnel tests (Figure 2-1), advancements in environmental controls and
guidance subsystems proved invaluable in other space developments, including the Space

Shuttle [28][53].
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Figure 2-1  Dyna-Soar Wind Tunnel Model, 1960 [12]

The next Air Force project designed to advance military spaceplane technology
was the X-24 series. This joint Air Force/NASA project investigated high altitude
supersonic use of a lifting-body design. This approach used the body contours and
aerodynamic control surfaces rather than wings to provide lift. While the X-24 was not
intended to achieve operational status, plans called for a rocket booster to launch a
similar vehicle into space where it could ferry crews and supplies to the planned military
space stations, return through the atmosphere and land like a plane. The X-24A, depicted
in Figure 2-2, performed 28 powered drop tests from a B-52, serving to validate the

lifting body design, which in turn guided the development of Space Shuttle designs [40].
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Figure 2-2  X-24A [63]

The national effort to build the Space Shuttle represented the next attempt by the
Air Force to operate a military spaceplane. Unlike previous Air Force efforts, this was
not a new design specific to the Air Force, but a modification of the already existing
NASA Space Shuttle. The plan called for Space Shuttle systems fully launched,
controlled and operated from within the Air Force. The Challenger tragedy in 1986,

ended this plan, but served to organizationally solidify space within the Air Force [53].

2.1.2 Vision and Policy

Throughout the late 1980s and 1990s, the dream of a military spaceplane
remained in the plans and visions of Air Force thinkers. In 1994, Air University
published SPACECAST 2020, a collection of various operational research analysis white
papers examining concepts for the future of the Air Force. Two systems clearly stood out
in the minds of the analysts, a high-energy laser and a transatmospheric vehicle (TAV).
“The TAV contributed to virtually all space missions because it made access to space

easier” [52]. A rocket powered spaceplane, the TAV, also known as “Black Horse,” was




envisioned as being slightly larger than an F-16 [52]. The particular design features of
the TAV are not as important as the continued expression by the Air Force of the need for
a MSP. Another Air University publications, 1996’s Air Force 2025, reiterated the desire
for a MSP [1]. The multipurpose transatmospheric vehicle (MTV) was to be a single
platform capable of such missions as intelligence, surveillance, reconnaissance, global
mobility, and strike. Additionally, the Global Area Strike System section of Air Force
2025 further developed the concept of the TAV [1].

Thoughts about military spaceplanes were not confined to Air University. The
joint National Reconnaissance Office (NRO) and Department of Defense Space Architect
(DODSA) “Launch on Demand Impact Study” examined the far-reaching changes a RLV
system would have on the nature of warfare [11]. Finally, Air Force Space Command’s
Strategic Master Plan (SMP) for fiscal years 2002 and beyond, explicitly calls for the
Space Operations Vehicle and Space Maneuver Vehicle, currently advocated within the
Air Force. This document clearly identifies the shortcomings of current spacelift system
stating:

“...complex, non-standard launch vehicle-to-payload interface
designs and lengthy processing timelines lead to costly operations for both
payload and launch vehicle. Future operations demand a reduction in
preparation and integration timelines from months to hours and a
substantial reduction in O&M costs” [6].

Of the over 60 Air Force Space Command (AFSPC) mid-term (2008-2013) prioritized
needs, “On Demand Space Asset Operation Execution” ranked in the top 10. The SMP
continues to lay out a course of action for the Air Force, stating that cooperation with the

NASA RLYV efforts will enable future AFSPC programs in the mid and far-term years.

Additionally, the Air Force should closely follow the RLV developments made in the
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commercial sector. The Strategic Master Plan, recommends the development of a two-
stage-to-orbit (TSTO) SOV, followed by efforts for a single-stage-to-orbit (SSTO)
version, if warranted.

While the vision within the Air Force clearly calls for a military spaceplane,
current national space policy does not allow for such development. First stated in the
1994 National Space Transportation Policy, the Air Force has been restricted to
expendable launch vehicle (ELV) development, while NASA is given the responsibility
for RLV development [56]. This sentiment was again expressed two years later in the

National Space Policy [55]. The pertinent directives from this policy are as follows:

“NASA will work with the private sector to develop flight demonstrators
that will support a decision by the end of the decade on development of a
next-generation reusable launch system.”

and

“DoD, as launch agent for both the defense and intelligence sectors, will
maintain the capability to evolve and support those space transportation
systems, infrastructure, and support activities necessary to meet national
security requirements. DoD will be the lead agency for improvement and
evolution of the current expendable launch vehicle fleet, including
appropriate technology development™ [55].

Clearly, with such guidelines, for the Air Force to retain any hope of ever operating a

military spaceplane, it must work closely with and rely heavily upon NASA.

2.1.3 Current Effort

The most thorough military spaceplane initiative in decades emerged in 1998 with
the release of the “Concept of Operations for the Phase I Space Operations Vehicle
System” [4]. More than a single military spaceplane, the Space Operations Vehicles

system not only calls for a highly flexible, lightweight space launch vehicle (SOV), but a
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Modular Insertion Stage (MIS) and Space Maneuver Vehicle (SMV) as well. The role of
the MIS is to support orbital payload delivery from a sub-orbital SOV flight. The SMV
will provide larger payloads with extra on-orbit maneuverability. —The CONOPS
recognizes the current role of the Air Force in RLV development and the importance of
leveraging with NASA efforts. This is exemplified by the Memorandum of Agreement
signed between AFSPC, AFRL, and NASA in 1997, formalizing the relationship between
the entities in the development of the SOV and NASA’s RLVs [4].

A very comprehensive document, the CONOPS also identifies two key technical
challenges. The first is the development of an advanced, efficient and highly operable
propulsion system. The second is the development of lightweight structures including
cryogenic tanks and thermal protection systems. Since these are the same key
technologies being demonstrated by the X-33 program, the CONOPS states that with
close working relationship with NASA the Air Force plans to leverage off the X-33 for

the SOV development [4].

The CONOPS also addressed the operational issues of the Space Operations
Vehicle System. One such facet, is the required level of reliability. Ideally, the
reliability of the SOV would approach the levels achieved by commercial air traffic,
allowing operations near populated areas [4]. This would allow the greatest level of
operational flexibility. Another facet is the desired sortie rate of an SOV. With a
peacetime rate of one flight every five days, the SOV is identified to have the capability,
in wartime, to achieve a flight a day for a duration of four days. Additionally, the SOV is
to be capable of multiple mission types, across all four AFSPC mission areas, Space

Control, Force Enhancement, Force Support, and Force Application. Knowledge and
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recommendations on mission capabilities are to come from modeling and simulation
efforts (M&S), wargaming and military utility analysis [4].

Nearly a year after the Space Operations Vehicle System CONOPS, Air Force
Space Command expanded the system definition with the release of the “Concept of
Operations for the Space Maneuver Vehicle System”. Originally intended as the primary
payload of the SOV, the SMV’s operations have been expanded to include delivery from
expendable launch vehicles (ELVs). The SMV is envisioned to be an unmanned orbiting
vehicle with an integral propulsion system, able to complete its orbital mission return to
earth and be re-launched in a short period of time [5]. Figure 2-3 contains an artist

conception of an SOV deploying an SMV.

Figure 2-3 Artist Concept of SOV with External SMV [50 ]
Like the SOV CONOPS earlier, the SMV CONOPS calls for a close relationship with
NASA. Technologically speaking, the SMV is a much simpler system than the SOV.

With only a few technical hurdles remaining, such as a reusable main propulsion system,
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the largest technical challenges come from overall vehicle integration, required to achieve
the goal of aircraft-like operation. Aircraft-like operation is an essential element of both
the SOV and SMV systems. The turn around time for the SMV, in emergency situations,
is anticipated to be only a few hours, a remarkable improvement over current capabilities.
With another system providing the launch capabilities, the SMV is allowed to have a
looser standard for accidental loss rates. The SMV objective is less than one failure per
100 sorties, a far cry from the objective SOV standard of airline reliability, with only one
catastrophic failure in 2,000,000 flights [5][29].

With the concepts of operation for both the Space Operations Vehicle System and
the SMV in place, groups within the Air Force are currently undertaking the task of
system development. The primary center for SOV and SMV development is the Military
Spaceplane Technology Office of the Air Force Research Laboratory. With a main
branch overseeing all activity and concentrating on the SMV at Kirtland AFB and a
branch responsible for the SOV system, the technology office views its primary
responsibility as advocate for the military spaceplane. This includes maintaining a
relationship with NASA, promoting the development of beneficial technologies and
educating the Air Force on the capabilities and benefits of military spaceplane systems
[58]. To this end, the program office, with engineering experience and technical insight
have used the SOV and SMV CONOPS to create a Systems Requirements Document for
the SOV and a Technical Requirements Document for the SMV. These documents
provide quantifiable criteria for many of the operational and design features of each craft.

They are used to support concept development, postulate performance requirements,
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support development of mission needs statements, and provide a baseline for wargaming

and other M&S activity [2][3].

2.2 NASA RLV Development
As identified above, the Air Force efforts are closely linked to the technology
programs and RLV development efforts within NASA. With this dependency established

it is important to understand the NASA history of RLVs and their current programs.

2.2.1 Space Shuttle

As the first reusable launch vehicle, the Space Shuttle represents a major leap in
spacelift capabilities. Since its development in the 1970s, the Shuttle Transportation
System (STS) has accomplished over 100 missions, placing more than 2.75 million
pounds of cargo into orbit. Most people are aware of the success of the STS, deploying
and repairing satellites, its instrumental role in building the International Space Station
(ISS), and the many scientific studies conducted while in orbit. But few are fully aware
of the infrastructure required and the operational practices involved in keeping this
marvel of modern science flying. While the launch, on-orbit and recovery operations,
illustrated in Figure 2-4, garner the public’s attention, it is the ground operations that
make it all possible. In four major centers, Kennedy Space Center (KSC), Johnson Space
Center (JSC), Marshall Space Flight Center (MSFC), and Stennis Space Center (SSC),
over 1000 civil servants are employed to ensure safe operations. Additionally,
approximately 12,500 contractors are part of the United Space Alliance, responsible for

ground processing and launch operations [24].
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Figure 2-4 Generic Shuttle Mission Profile [24]

Not only do STS ground operations required thousands of people, but also
considerable lengthy, demanding a massive supporting infrastructure. Upon return from
a mission each orbiter must undergo a thorough refurbishment routine lasting
approximately 10 weeks. Conducted at the Orbiter Processing Facility (OPF),
mechanical, fluid, electrical and thermal control systems are inspected and prepared for
another launch. Other activities include post-flight troubleshooting, payload bay removal
and reconfiguration, and complete system checkout. The orbiters are not the only
components of the STS to undergo refurbishment. The solid rocket boosters (SRB) are

also recovered, using barges, and returned for refurbishment, as illustrated in Figures 2-5

[24].
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Figure 2-5 Solid Rocket Booster Being Returned By Barge [24]

The SRBs are moved to a cleaning area, inspected, and disassembled. From there, the
SRB motor segments are sent by rail to Utah, while the skirts are delivered to KSC to the
Assembly and Refurbishment Facility. Once the motors are reloaded with propellant,
they return to KSC, again by rail. The solid rocket boosters are then reassembled in the
massive Vehicle Assembly Building (VAB). Figure 2-7 illustrates the solid rocket
boosters being stacked, mated to the external tank, and finally mated with the orbiter,
within the VAB. Typically, the entire stacking and mating procedure takes six weeks

[24].

Figure 2-6 Shuttle Assembly at VAB [24]
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Once the STS has been reassembled, it is rolled to the launch site, by one of two six
million pound crawlers. An additional 21 days of processing may be required at the
launch site. During this time, propellants and cryogenics are loaded, final checkouts
performed and ordinances are connected. The infrastructure necessary to support ground
operations is also considerable, as illustrated by some of the facilities at Kennedy Space
Center, in Figure 2-8 [24]. The intent of this section was not to provide a detailed
description of shuttle ground processing, but rather to provide some appreciation for the
enormous amount of effort required in ground processing. While the Shuttle
Transportation System is a remarkable achievement, to reach the Air Force objective of

aircraft-like operation, improvements must be made.

2.2.2 Second Generation Reusable Launch Vehicle

NASA recognizes the need for improvement and has begun the necessary steps to
develop a shuttle replacement system. The Second Generation Reusable Launch Vehicle
Program plans to begin full-scale development after 2005, in order to operationally field a
system by 2012. This system hopes to improve safety by a factor of 100 and reduce
launch costs by a factor of 10. While set designs are not yet in place, various
demonstration programs, in the form of X-Vehicles, are ongoing to mature the required
technology and allow for smoother development of the Second Generation RLV in the
coming years [48]. Descriptions of these X-Vehicle programs are contained in Chapter 3,

with fact sheets available in Appendix B.
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Figure 2-7 Kennedy Space Center [24]

2.3 Introduction to Quality Initiatives

Just as the concept of a reusable military spaceplane is not new to the Air Force,
or RLV operations new to NASA, the concepts of quality are not new. As with RLVs, an
appreciation of the fundamentals of quality is necessary before continuing with analysis

or application.
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2.3.1 Origins of Modern Quality

Not only are the concepts of quality not new, they are very old. An example of
this is found in the Code of Hammurabi, dating from 2150 B.C. Contained within the
many provisions is the following, “If a builder has built a house for a man, and his work
is not strong, and the house falls in and kills the householder, that builder shall be slain”
[18]. While such penalties are frowned on in modern times, certainly the accountability,
conformance to requirements and fitness for use aspects of the code parallel modern
thoughts on quality [47]. Today, quality implies more than this early example. “Quality
is a judgment by customers or users of a product or service; it is the extent to which the
customers or users believe the product or service surpasses their needs and expectations”
[18]. The idea that the needs and expectations are not to be merely met, but surpassed, is
an essential point to modern quality. But to get to this point took many years with
multiple incarnations of quality.  During the Renaissance period in Europe,
apprenticeships and guilds were established to ensure the craftsmanship and quality of
workmanship. This was sufficient in an isolated society with little choice in builders
[18]. With the emergence of industrial society came freedom of choice for the consumer.
Manufacturers now had to compete for business, and thus had to improve quality and
lower costs.

In the United States, Scientific Management appeared as an early attempt to
achieve new levels of quality and reduced cost. Created by Frederick Taylor, Scientific
Management sought to improve worker performance through application of engineering
practices and scientific methods. Taylor stated four foundations with which management

should build their systems.
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¢ Develop a science for each element of a man’s work
¢ Scientifically select and then train, teach and develop workman
¢ Develop a healthy cooperation with workers

¢ Equally divide work between management and workers [62]

Even though the focus of Taylor’s efforts were on manual labor, the improved
management/worker relationship and analysis of activity he spoke of 100 years ago are
very much a part of modern quality. Other facets of quality continued to emerge in the
subsequent years. Included in this list of developments are Shewhart’s statistical quality
control, Deming’s Plan-Do-Check-Act cycle, statistical analysis, Pareto analysis, and the
works of Juran, Crosby, and Ishikawa [47][62]. Largely ignored within the United
States, quality techniques emerged in the 1980s as a means to compete with the Japanese,
who had successfully incorporated quality teachings.

Today quality has spread throughout the United States, spanning across all areas
of business and gained unprecedented support. With this expansion, has come a boom in
the number of names and approaches used to achieve quality. Some of these approaches
are Total Quality Management, Zero Defects, Continuous Quality Improvement, “Faster,
Better, Cheaper”, and the ISO 9000 standards, just to name a few. With so many
approaches attempting to achieve the same basic objective, a certain level of confusion on

the part of potential users is understandable.
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CHAPTER 3 ANALYSIS

There are many techniques found within the Lean Aerospace Initiative, Six Sigma
and systems engineering which offer promise to the Air Force reusable launch vehicle
effort. The techniques include modeling and simulation, value stream mapping,
baselining and benchmarking current systems, statistical analysis, use of integrated
product teams, requirement definition and incremental improvements. To identify those
techniques most beneficial, an analysis of the Lean Aerospace Initiative, Six Sigma and
systems engineering is conducted. Once identified, these tools are tailored for suggested

use by the Air Force reusable launch vehicle effort.

3.1 Analysis of Lean Aerospace Initiative, Six Sigma and Systems Engineering

Over the course of modern management development, there remains the goal of
achieving increased performance at reduced cost. Despite this common objective, each
modern quality initiative approaches the solution in a slightly different manner. In order
to determine how the three quality initiatives can contribute to the reusable launch
vehicle effort, an analysis of their approaches is conducted. With this analysis both
commonality and differences are identified. Those areas in common can be considered
basic truths, with a foundation in modern common sense. Where the three approaches
differ, does not suggest a falsehood, but rather an original method to achieving the
continual objective of customer satisfaction. While these solutions will be tailored for
application to the Air Force reusable launch vehicle effort, their basic methodology can

be applied to virtually any program.




3.1.1 Choosing Lean Aerospace Initiative, Six Sigma and Systems Engineering

For this thesis, three modern quality initiatives were selected for a variety of reasons. The
Lean Aerospace Initiative (LAI) was selected for its current role within the Air Force. A
collaboration between industry, the Massachusetts Institute of Technology (MIT) and the
Air Force, LAI represents the Air Force’s plans to improve quality [54]. Jacques
Gansler, Under Secretary of Defense for Acquisition and Technology, stated “I am
counting on the Lean Aerospace Initiative to play a leading role in the Revolution in
Military Affairs and the Revolution in Business Affairs” [15]. Next, the approach known
as Six Sigma was selected for its statistical basis and reputation it has gained as one of
the best-known American contributions to quality improvement [47]. The practice of
systems engineering rounds out the list of quality initiatives analyzed in this thesis.
Systems engineering was selected for its wide-spread use in technical development
programs and its awareness of architectural interdependencies. While Aeach of these
approaches is unique, they are also bound by a common objective some of the tools and
techniques will overlap. Furthermore, the common objective of customer satisfaction
places each of them within the collective umbrella concept of quality. This idea is
illustrated in Figure 3-1. While LAIL Six Sigma and systems engineering were selected
for this thesis and thus represented in this figure, any of the modern quality initiatives and
approaches discussed in Chapter 2 could be represented in a similar manner. It is also
important to remember that the size of each initiative’s domain and overlap among

initiatives will vary from program to program.
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Figure 3-1 Notional Representation of Modern Quality Initiatives

3.1.2 Lean Aerospace Initiative

3.1.2.1 Foundation

The Lean Aerospace Initiative traces its roots to the automotive innovation of the
Toyota Motor Company, whose remarkable production and management system was
described in the book, The Machine that Changed the World [60]. This book served as
one of the results of the International Motor Vehicle Program (IMVP) [33]. Conducted
by the Massachusetts Institute of Technology (MIT) to study the automotive
manufacturing techniques used worldwide, the IMVP sparked a quest for lean and a
removal of wasteful practices in the United States. As the concepts of lean became better
understood within the aerospace community, a consortium was formed among the Air

Force, the aerospace defense industry and MIT. The Lean Aerospace Initiative (LAI)
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was formed in 1993 to identify and implement lean principles and practices in Air Force
acquisitions [33]. In a three phased approach, the LAT has conducted research, developed
and deployed tools to support implementation across every sector of Air Force
acquisition.  Currently in phase three, the LAI is seeking to eliminate barriers to
implementation, enhance the effectiveness of the national workforce, and emphasize

education of LAI principles [54].
3.1.2.2  Basic Principles

Two of the original authors of The Machine the Changed the World, Womack and
Jones, continued their advocacy of lean in the book Lean Thinking [61]. In this book
they identify five general principles to lean thinking. The first of these principles is
“value” which they defined in terms of “specific products and services having specific
capabilities offered at the specific prices to specific customers” [33]. In other words, it is
providing the right thing to the right place at the right time. The next principle is “value
stream.” The value stream for a product is all activities required to transform raw
materials into a finished product in the hands of the user. Within the value stream, all
activities are classified in one of three categories: creates value, does not create value but
is unavoidable given constraints, and has no value and can be eliminated [33]. The third
principle is “flow.” Once the waste has been removed from the value stream, the
remaining activities must work together to create a seamless flow. Small lot production
is used with single unit batch sizes as the ultimate goal [33]. Throughout the value
stream the effects of the fourth principle, “pull”, are felt. The customers pull of the
product at the end of the value stream cascades up the supply chain creating a just-in-time

nature within the enterprise. Finally, there is the principle of “perfection.” This is the
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realization that continuous process improvements can be made. Therefore, product
improvement, time savings and cost reductions are ongoing activities. With these basic
principles, the Lean Aerospace Initiative has sought to improve Air Force acquisitions

and has created many tools to help realize the this goal.
3.1.2.3  Tools and Techniques

One of the first tools available to organizations seeking lean was the Lean
Enterprises Model (LEM). This systematic framework encompasses the above
mentioned principles and was generated from research-based benchmarking. With over
sixty identified enabling practices contained within twelve overarching practices; the
LEM is designed to assess the leanness of an organization or process [32]. The
overarching and enabling practices of the Lean Enterprise Model can be found in
Appendix A. Another useful technique is found within the basic principles themselves.
By mapping the value stream of a process, an organization can readily identify those
areas of waste. This enhanced understanding is essential to process improvement.
Recently the LAI has developed “Transitioning To A Lean Enterprise: A Guide for
Leaders”, a three volume set of information about lean that detail activities for
implementation and outlines potential barriers [33]. The Lean Enterprise Self-
Assessment Tool (LESAT) is currently in development. This assessment is designed for
leadership to gain understanding of how effectively their organization is integrating the
concepts of lean within their core and supporting processes. It must be stressed that the
benefit of such a tool is not in the score received, but from the objective insight gained

and the additional knowledge of how to achieve lean [31].

3-5




3.1.3 Six Sigma

3.1.3.1 Foundation

Six Sigma emerged as the management principle responsible for the dramatic
change in Motorola in the 1980s. Through the use of Six Sigma, Motorola transformed
itself from a company on the verge of requiring government support to a company
receiving the first ever Malcolm Baldrige National Quality Award in 1988 [20]. In 1981,
Motorola senior management committed to improve overall quality tenfold. They
decided to track the single metric of “tc;tal defects” and through statistical analysis
managed to reduce waste, increase profits and reshape their entire organization [47].
With the opening of the Six Sigma Academy in 1994, this initiative has improved the
profit margins of many companies, including General Electric, Allied Signal, DuPont
Chemical, and Polaroid. Originally only applied to the manufacturing sector, General
Electric was the first to apply Six Sigma to services. The improvements at General
Electric, since the introduction of Six Sigma, have been exceptional, including an 11%

growth in revenue and a 13% growth in earnings [21].

3.1.3.2  Basic Principles

The meaning of Six Sigma comes from statistics and the incredibly small
percentage found under a normal curve, beyond six standard deviations from the mean.
Changes in the various level of standard deviation are depicted in Figure 3-1. If defects
can be confined to this small percentage, less time and money will be consumed
correcting problems, customers will be more satisfied and profits will increase.

Achieving this level of production is not easy. Traditionally, companies accept three or
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Figure 3-1 Typical Areas Under the Normal Curve [20]
Six Sigma is more than just statistical analysis. It is a long term, forward thinking
initiative to fundamentally change the way a corporation does business. Additionally, it
expands the normal scope of quality efforts to put the emphasis on economic value for

the customer and the supplier [21].
3.1.3.3  Tools and Techniques

Naturally, with an initiative named for a statistical region under a curve, Six
Sigma relies heavily on statistical analysis and measurement. But to accomplish this

level of performance requires other tools and techniques. Pyzdek notes that the
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techniques of Six Sigma are not new but rather are the tried and true methods proven over
many decades [44]. Six Sigma trains a small group of change agents in a handful of
proven quality methods and places them throughout the organization. These change
agents are broken into different levels, based on their experience, skill with Six Sigma
techniques, and level within the organization [21]. Some of the most important of these
change agents are those in senior level leadership positions. ~Since the actions of Six
Sigma will cut across typical organizational boundaries, only senior leadership can
successfully implement this approach [44]. The tools that these change agents utilize are
applied within the “Breakthrough Strategy.” This strategy differs slightly for each
segment of a corporation employing Six Sigma [21]. The business and operations
perspectives on the “Breakthrough Strategy” are given in Table 3-1.

Table 3-1 Six Sigma Breakthrough Strategy [21]

Business Perspective Operations Perspective
R |[Recognize the true states of your business Recognize operational issues that link to key
business systems

D |Define what plans must be in place to realize  |Define Six Sigma projects to resolve

improvements operational issues

M [Measure the business systems that support the |Measure performance on the Six Sigma projects
plans

A |Analyze the gaps inn system performance Analyze project performance in relation to
benchmarks operational goals

I |Improve system elements to achieve Improve Six Sigma project management system
performance goals

C |[Control system-level characteristics that are Control inputs to project management system

critical to value
S [Standardize the systems that prove to be best-  |Standardize best-in-class management system

in-class practices
I [Integrate best-in-class systems into the strategic (Integrate standardized Six Sigma practices into
planning framework policies and procedures

One of the more understated techniques of Six Sigma is the realization that incremental

steps must be used on the path toward achieving the desired level of performance. When
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Motorola earned the Malcolm Baldridge Award in 1988, they had not yet achieved a six
sigma level of performance. In fact their goal was to reach six sigma four years later in
1992 [47]. This approach is reiterated in the practice of focussing financial achievement
in 12-month increments [21]. The final technique of Six Sigma introduced in this thesis
is benchmarking. Through the use of benchmarking, companies can gain a competitive
edge over competition. Companies utilizing Six Sigma view benchmarking as an
essential tool and use it as a stepping stone for greater success. Six Sigma defines three
types of benchmarking. First, internal benchmarking focuses on common practices
among diverse functions within the same company. For example the supply practices of
the accounting department may be compared with the supply practices of the engineering
department. The second type of benchmarking is competitive and obviously focuses on
the practices used by competitors within the same industry. Finally, there is functional
benchmarking. Similar to internal benchmarking, functional expands the range of

comparison to other companies, regardless of industry [21].

3.1.4 Systems Engineering

3.14.1 Foundation

Unlike LAI and Six Sigma, which emerged from private industry, systems
engineering (SE) began within government projects [22]. Built on the best practices of
the 1940s, 50s and early 60s, systems engineering was essential to the success of early
national satellite systems of the 1960s. Additionally, systems engineering shares many
common practices with the highly effective Lockheed Skunk Works, responsible for such

aircraft as the U-2 and SR-71 in the late 1950s and early 60s [14]. While initiated for
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large, complex, multidisciplinary government projects, use of systems engineering has
spread throughout industry, to large and small businesses [22]. Today, the International
Council on Systems Engineering (INCOSE) seeks to refine systems engineering and

advocate its use [23].
3.1.4.2  Basic Principles

While there is ongoing discussion on what exactly constitutes systems
engineering, a few key points are universally accepted [30]. INCOSE offers the
following to the question “What is Systems Engineering”.

“Systems Engineering is an interdisciplinary approach and means

to enable the realization of successful systems. It focuses on defining

customer needs and required functionality early in the development cycle,

documenting requirements, then proceeding with design synthesis and

system validation while considering the complete problem” [23].

It seems natural that an organization seeking to successfully complete a complex
challenge would utilize both an interdisciplinary approach and early requirement
definition. Martin simply states “systems engineering is really about common sense”

[30]. Beyond direct application, systems engineering offers a way to see past individual
components, to see their interactions and the system as a whole [22].
3.1.43  Tools and Techniques

With such a broad definition of systems engineering it is not surprising that within
systems engineering there lies a wide variety of tools. The objective here is not to list all
possible tools and techniques available to systems engineers, but rather to highlight a few
of the key ones. Above all, the systems engineering processes are driven by

requirements. That is, throughout the project cycle, requirements are kept in the

3-10




forefront, shaping all actions [14]. This is best illustrated by the “Vee” model of the

project cycle in Figure 3-2.
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Figure 3-2 Systems Engineering ‘“Vee” Diagram [14]

Once understood and agreed to, the requirements are placed under project control and
subsequently serve to develop system ideas and specifications. Another model often used
in systems engineering is the spiral model. In the spiral model, the basic methodologies
of systems engineering are repeated throughout the life of a project. On successive
iterations, design features are improved and defined from an initial concept to a final
operational product. The spiral model is of particular use early in development to help
determine what other models and techniques should be used for a given project [30].

Knowing that a system is complex, cutting across many disciplines, the use of integrated
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teams is critical. Forsberg and Mooz cite the Clementine and Mars Pathfinder projects as
two that effectively employed co-located integrated product teams. Their respective
project managers deemed the use of these teams essential to project success [14]. Under
the guidelines of the given constraints, each area must work with the other to balance
their own requirements in order to obtain the most optimal design. Modeling and
simulation are also frequently used in the systems engineering process and is useful in the
identification and validation of requirements and the exploration of potential concepts.
The tool-set available to systems engineering is virtually endless. Furthermore, it is the
tailoring of existing tools and models, which makes systems engineering flexible and
applicable to such a wide range of projects [14].

A summary of some of the salient features of the three quality initiatives

discussed is provided in Table 3-2.

Table 3-2 Summary of Quality Initiatives

Lean Aerospace

Initiative Six Sigma Systems Engineering
. The Machine that Motorola Corporation Government Projects
Foundation | cy40ed the World
Remove all wasteful Reduce defects and Examine the system in its
o operations and processes process variability larger context and achieve
Basic Principles optimal balance between

system elements

Lean Enterprise Model | “Breakthrough Strategy” | Process's are requirement

driven
Tech'lll‘im:iz’s and Value Stream Incremental Improvements Spiral Development
M(?dels LESAT Benchmarking Co-located teams and IPTs
Transitioning to a Lean Change Agents Simulation Tools

Enterprise
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3.1.5 Similarities and Crossovers

With the shared goal of improved quality, faster and cheaper development, it is
not surprising that the three modern quality initiatives discussed have some commonality

in the principles, tools and techniques to achieve this goal.
3.1.5.1  Top Level Leadership

All three initiatives state the importance of senior management leading the way.
With the Lean Aerospace Initiative this fact is clearly spelled out in “Transitioning To a
Lean Enterprise: A Guide for Leaders”. In order for the transition to be successful it
must be lead by top management, who fully embrace and commit to the ideas of lean and
who are open minded to new concepts that may seem counter-intuitive [33]. This
matches very well with the statements of Six Sigma on the importance of leadership.
“Successful performance improvement must begin with senior leadership. Start by
providing senior leadership with training in the principles and tools they need to prepare
their organization for success” [44]. The role of the leader is to develop an infrastructure
to support Six Sigma and remove barriers to experimentation and change. Leadership is
also critical in systems engineering. As discussed earlier, since systems engineering calls
for the use of integrated teams spanning beyond normal organizational boundaries, it is
up to management to facilitate this activity. Additionally, the empowerment of project
managers and subsystem managers was deemed one of the top five reasons for the
success of the Clementine and Mars Pathfinder projects [14]. This level of empowerment
can only come from executive management. Furthermore, within the context of systems
engineering, part of the role of leadership is to clearly state and achieve consensus on

requirements, which are critical to further system engineering efforts.
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3.1.5.2  Spiral Development/Incremental Improvements

Another trait common among all three initiatives is the concept of incremental or
spiral development. Previously identified under “Tools and Techniques” of both Six
Sigma and systems engineering, incremental development is also an enabling practice
with the Lean Enterprise Model [32]. Under the overarching practice of “Maximize
Stability in a Changing Environment”, the shorter timelines associated with an
incremental approach allows for manageable improvements not as susceptible to
unwanted outside influence. Simply put, to effect dramatic change within an
organization takes time and if attempted all at once would be too large an undertaking.
However, if the steps towards improvement are divided into more tangible and
achievable objectives, success, albeit incremental, is more obtainable regardless of the
quality approach being used.
3.1.5.3  Modeling and Simulation

Modeling and simulation plays an important role in both LAI and systems
engineering. As discussed earlier, modeling and simulation is used in the system
engineering process to validate requirements and explore potential concepts. Similarly in
LAI, modeling and simulation is used to permit understanding and evaluation of the flow
process [32]. This provides insight to the value stream and identifies critical linkages and

areas of potential waste.
3.1.54  Integrated Product Teams

Also utilized by both LAI and systems engineering, integrated product teams

provide the project manager with a balanced solution. The importance of integrated
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teams was already discussed and is exemplified by the comments made by the project
managers of the Clementine and Mars Pathfinder projects [14]. An overarching practice
within the Lean Enterprise Model, “Implement Integrated Product and Process
Development,” calls for the use of people knowledgeable on all areas of the product’s life
cycle [32]. Perhaps the largest area of agreement between LAI and systems engineering,
the first enabling practice identified under this overarching practice, is for those seeking
lean to use a systems engineering approach in product design and development [32].
More than a mere overlap, the recognition of SE within the framework of LAI highlights
é necessity to utilize multiple approaches to achieve improved quality. Here, LAI is
stating the use of basic SE principles, such as requirement definition, problem solving
techniques and big picture approach, can be of particular benefit. This obvious overlap is
strengthened by the next enabling practice calling for the establishment of clear

requirements. Recall that requirements shape the entire systems engineering process [14].
3.1.5.5  Value Stream Analysis

Although not specifically called out within Six Sigma, the concept of the value
stream is applicable to all three of the modern quality initiatives discussed here. In order
to reduce defects, Six Sigma identifies and attempts to remove costs that provide no value
to the customer [44]. To identify these non-beneficial costs, some level of value stream
mapping must be conducted. Recall from the previous discussion of the Lean Aerospace
Initiative that the value stream is all activities required to transform raw materials into a
finished product in the hands of the user [33]. Weiss and Warmkessel further break the

product value stream into four component value streams as illustrated in Figure 3-3 [59].
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Figure 3-3  Components of Product Value Stream [59]
Focussing on the Product Development Value Stream (PDVS), they add that the systems
engineering process provides a structured method for analysis.

“The SE elements of requirements analysis and baseline validation are
applied to developing the specification of the required value. Functional
analysis is used to identify all the necessary activities and develop the
optional sequence arrangements of these to achieve the end product.
Synthesis trades those options against criteria generated to minimize
interfaces and eliminate unnecessary activities. This step also trades the
forms that will be used to communicate the tasks and their relationships
within the value stream. Finally, verification and validation looks again at
the PDVS to optimize flow and ensure that performing the specified tasks
in the network will provide the specified value. Many times this involves
an iterative process” [59].

The example of using the systems engineering process to aid in the definition of LAI
concept of value stream mapping, effectively illustrates that the quality initiatives are not
mutually exclusive, but rather operate very well together, each contributing to the others

effectiveness. This cooperative approach is summarized in Table 3-3.
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Table 3-3 Application of Systems Engineering Process to PDVS [59]

Systems Engineering Process Elements LAI PDVS Application
1. Requirements Analysis Establish specific product values. Include not only
performance characteristics, but also broader aspect
of value such as availability and appeal to user.

2. Requirements Baseline Validation Assess product values against enterprise value
expectations

3. Functional Analysis Define the specific tasks necessary to provide the
specified value. Develop the options for sequences of
task execution.

4. Synthesis Perform trades on options. Develop the full task

network looking for ways to eliminate unnecessary
activities and reduce number of interfaces and long
feedback loops.

5. Verification/Validation Review PDVS to optimize flow and ensure that it
produces product value in an effective way that is
consistent with enterprise constraints.

3.1.5.6  Requirements Definition

As illustrated in the previous section, there is a direct connection between LAI
and systems engineering in the area of requirements. The requirements analysis and
verification found in systems engineering are beneficial to the processes of LAl and value
stream mapping. Early, clear definition of requirements is essential for any project,
regardless of the management approaches being used. Requirements provide the goals

that guide a project through the various stages of development [14].

3.1.5.7  Benchmarking

Found within LAI, Six Sigma and systems engineering, benchmarking is an
essential tool for programs seeking to improve beyond current levels or seek to achieve
“world-class” levels. The importance of benchmarking to Six Sigma has already been
discussed, in the “tools and techniques” section of Six Sigma. Within LAIL

benchmarking is an enabling practice in the Lean Enterprise Model [32]. The

3-17




International Council on Systems Engineering (INCOSE) has established a working
group to identify examples of “world-class” and best practices, to aid future systems
engineering efforts [30]. Without doubt, benchmarking is a universally encouraged

practice and belongs in the tool-set to aid reusable launch vehicle development.
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CHAPTER 4 APPLICATION

With a basic understanding of the tools and techniques employed by the Lean
Aerospace Initiative, Six Sigma and systems engineering, as well és identification of
those areas of overlap between the three quality initiatives, those tools can now be
applied to the problem of reusable launch vehicle development. Because of a strong
foundation in common sense and infusion within modern engineering teachings, many of
the tools are already in place within the Air Force and NASA efforts. Beyond the initial
implementation, additional incorporation of these tools appears to offer considerable

benefit to the Air Force in their quest for a military spaceplane.

4.1 Modeling and Simulation

Recommended in the SE and LAI approaches, modeling and simulation (M&S)
provide many benefits to the program team, especially in the early stages of development.
Several examples exist of the use of M&S within the current RLV development efforts.
One such example is the AFRL Human Effectiveness Group in Mesa Arizona that has
developed simulators to test human in the loop operations for close proximity missions of
the SMV. These simulations are useful in determining the level of autonomy required,
the number of sensors needed to provide adequate situational awareness for operators and
the level of skill and training those operators require to handle the SMV in orbit [58].

Often a modeling and simulation effort is performed in conjunction with other
sets of analysis. This was the case with the military utility analysis (MUA) conducted by
the Developmental Planning Directorate of the Space and Missile Systems Center

(SMC/XR) and the Aerospace Corporation. Completed in 1999 for Air Force Space

4-1




Command (AFSPC), the MUA examines not only a modeling and simulation effort, but
also a mission analysis, technical assessment and life cycle cost analysis [49].

The modeling and simulation portion, of the MUA, included campaign level
modeling using the System Effectiveness Analysis Simulation (SEAS) and Thunder
programs. The contribution of a fleet of SMVs operated to support of fictitious theater
operations, set in 2015, was assessed. This analysis is useful in determining decision,
deployment and operational timelines to effectively utilize SMVs. Additionally, this
information can be used to help develop requirements for fleet size, turn around times
and first stage responsiveness.

The human in the loop work performed by AFRL and the military utility analysis
conducted by SMC/XR and the Aerospace Corporation are two examples of how
modeling and simulation are currently being used in the development of reusable launch
vehicles. Both examine different aspects of the SMV to advance the understanding of
operational issues and requirements. The MUA highlights the fact that modeling and
simulation are not performed in isolation, but rather are conducted as part of a larger
analysis effort. As identified by the Lean Aerospace Initiative and systems engineering,
modeling and simulation can offer considerable benefits to a program and, as illustrated
in these two examples, is an integral part of the current reusable launch vehicle

development effort.
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4.1.1 Issues in Application

There are a few key points that must be remembered when using modeling and
simulation in development efforts. First, the models and simulations used are only as
good as the information provided. Great care must be taken to insure the accuracy of
data, as it is currently known. Only with proper data input and skillful analysis will
relevant, realistic and useful results emerge. Furthennc;re, the models and simulations
represent only a basic understanding of reality. Many complex interactions cannot be
captured to match real world circumstances. For this reason, the results of M&S must be
understood in their context, with full knowledge of the assumptions and limitations
imposed. While modeling and simulation can be very useful in validating system
requirements and refining concepts of operations, they are merely an input into the
decision making process and not a substitute for thoughtful, well informed decision

making.

4,1.2 Recommendations

The current modeling and simulation analyses under the Air Force SOV and SMV
development efforts are on the right track. Further M&S activity should continue in a
similar manner. Future M&S activities should help further refine requirements and begin
to provide further insight into all aspects of MSP operations. While a great deal of
attention is paid to the capabilities and on-orbit operations of systems, the ground and
support infrastructure is equally important. At least part of the future M&S efforts should
concentrate on the supporting operations of the SOV and SMV systems. With continued

modeling and simulation activity, the Air Force can continue to define the characteristics
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and capabilities of the SOV and SMV systems, which will serve to gain increased support

from top-level decision makers.

4.2 Baseline Current System

Found within elements of all three modern quality initiatives, examining a
baseline system can be very beneficial in the development of subsequent programs.
Within the LEM, the enabling practice of performing benchmarking acknowledges the
presence of other systems and recommends learning from their experiences [32]. The
benchmarking activities found within Six Sigma also serve to define a baseline level of
performance [21]. In order to develop the requirements used within the systems
engineering process a basic understanding of current capabilities is critical [30]. While
the Air Force does not operate an existing military spaceplane, the Shuttle Transportation
System (STS) operated by NASA is the first generation of reusable launch vehicles and
offers a wealth of information for future development.

In 1997 the Space Propulsion Synergy Team (SPST) developed “A Guide for the
Design of Highly Reusable Space Transportation” [51]. The SPST was comprised of
professionals from NASA, industry and academia. The guide was developed to help
designers and decision makers focus on key factors and relationships in order to produce
more responsive, dependable and affordable systems. They developed sets of desirable
design and program features from the existing shuttle system and team member
experience. To rank each recommendation the team utilized the Quality Function
Deployment (QFD) technique. Figure 4-1 identifies the top 20 recommended design

features. The score along the horizontal axis represents each recommendation QFD score
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and is used for ranking purposes only. The pluses and minuses (+, -) to the right of each
recommendation indicate whether an increase or decrease in that factor is called for. A

complete listing of all design and program features is located in Appendix D.

TOP 20 DESIGN FEATURES
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Figure 4-1 Top 20 Desired Design Features for Reusable Launch Vehicles [51]
Topping the list of desired design features is a reduction in the number of
different toxic fluids used in both flight and ground operations. As a benchmark the
shuttle utilizes ten different toxic fluids, from the hypergolic fuels used in the auxiliary
power units (APU) to the waterproofing agents used for the tile thermal protection system
(TPS). These toxic fluids are significant contributors to the number of keepout zones,
which prevent the execution of other work and require costly infrastructure support. The

guide offers several improvement techniques, from simply using different fuels, to the
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use of batteries instead of fuels to provide power, improvements in thermal systems, and
a switch to electronic actuators from the current hydraulic versions. The guide provides
descriptions, shuttle benchmarks and recommendations for improvement for each of the
64 design features and 18 programmatic features [51].

A second example of Space Shuttle benchmarking is the work completed by
Robert Johnson, Chief of Fluids, Mechanics and Structures branch at Kennedy Space
Center (KSC) [26]. Utilized by the SOV technology office of AFRL, this work focuses
on baselining the current operational architecture and making recommendations on how
to reduce the time required preparing a space vehicle for its next launch. Many of the
recommendations, such as reduction of toxic fluids and increases use of automated built-
in-tests (BITs), are also included in “A Guide for the Design of Highly Reusable Space
Transportation” [25]. The inclusion of manpower and time factors in this analysis makes
it particularly useful when trying to reduce operational timelines to achieve the Air Force -
desire of airplane-like operation. Another example of recommendations is improvements
in the design of line replaceable units (LRU). On the shuttle, some LRU replacements
require the removal of LRUs in perfect working condition, which would not otherwise be
touched. This removal causes each LRU to be re-tested and revalidated, drastically
increasing the time required between launch. With a more accessible design, the LRUs
could be replaced with minimal impact to other systems. The goal is to design LRUs
“one deep,” with no other system needing to be touched [26].

These two examples of shuttle baselining provide some insight to the benefits of

such activity. With a thorough understanding of current capabilities and limitations, the
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designers of future systems can avoid the mistakes made in the past and provide new

levels of performance, reliability, time and cost savings.

4.2.1 Issues in Application

Benchmarking and baselining are sound and universally accepted practices to
identify the best aspects of existing operations and to determine what areas of current
systems require improvement. Care must be taken to understand what aspects of
operation need to be overhauled to ensure improved performance. It is simply not
enough to copy existing operations or pick-and-choose between a handful of operational
practices. Each aspect of a benchmarked operation needs to work together to provide a

coherent operational system.

4.2.2 Recommendations

The Space Shuttle has provided an excellent source for benchmarking. The
meticulous inspection of every aspect of shuttle operations has provided a wealth of
information for future MSP development. This type of analysis should continue, but may
not fulfill all the needs of MSP development. As identified within Six Sigma,
benchmarking of dissimilar systems and operations can also provide a great deal of
knowledge [21]. Additional benchmarking activity should focus on systems that
currently employ the fast paced, dynamic operations sought the SOV and SMV systems.
As an example, since airplane-like operations are the goal of the Air Force MSP
programs, flight-line operations would serve as a good benchmark. The incredibly fast
operations of an automotive “pit” crew may also provide useful information in ground

operations. While this may seem far-fetched, the importance of understanding that
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potential improvements may come from a variety of sources, some unexpected, cannot be

overstated.

4.3 Spiral Development/Incremental Improvements

As discussed earlier, all three quality initiatives suggest an incremental or spiral
approach to system development. This recommendation is being implemented within the
NASA efforts and translates to the Air Force development. With the Space Shuttle as a
first generation RLV, NASA anticipates many generations of RLVs; each subsequent
system improving performance and reliability over the last, as illustrated in Figures 4-2

and 4-3.

Reusable Launch Vehicles (RLV's)
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Figure 4-2  Planned Multigenerational RLV Development at NASA [29]
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As NASA’s Reusable Launch Vehicle web page explains:

“The Space Shuttle is the first generation reusable launch system
and represents only a part of what is possible in space. NASA’s first goal
is to develop the technology for a second generation RLV that is ten times
less expensive and ten times more safe. NASA’s investment in airframe
and propulsion technologies and the demonstration of those technologies
on the X-33, X-34 and X-37 experimental vehicles will accomplish this
goal. A third generation RLV will enable new markets, provide a
platform for new destinations and will be 100 times less expensive and
100 times safer. The plan for developing the new technologies needed to
meet requirements for the third generation is called Spaceliner 100” [29].
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Figure 4-3 RLYV Generational Features [29]
The Second Generation Reusable Launch Vehicle Program, headquartered at

Marshall Space Flight Center, is in the early phase of program development. Learning

from problems experienced during the Space Shuttle development, NASA has increased
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the preparation done prior to full-scale development. Extra work done early will
demonstrate that the technology needed has matured to the required levels. With a “tech-
freeze” scheduled for 2005, NASA hopes development will continue smoothly until
initial operations begin, around 2012. The use of a “tech freeze” means technologies
developed after 2005 will not be included in the initial production of the Second
Generation Reusable Launch Vehicle. Upgrades to the current shuttle fleet will extend
the life of the STS until the replacement vehicle is ready to begin operation [48].

The Air Force is looking to capitalize on NASAs efforts, by placing the
capabilities of the Space Operations Vehicle between the second and third generation
RLVs [17]. This will allow the Air Force to benefit from the technical advancements
made for the second generation RLV while preserving some technological superiority
over non-military systems. The SOV plans a “tech freeze” around 2010 with an initial
operational capability in 2014 [16]. The incremental approach is not confined to
complete systems, but is also present in the development activities used to mature the
technologies necessary for those systems. By partnering with NASA on some of the
various X-Vehicle programs, the Air Force is able to include its unique requirements in
current technology programs with minimal financial expenditure [58].

The most ambitious of these technology demonstration programs is the X-33.
Developed under a joint agreement between NASA and Lockheed Martin’s Skunk
Works, the X-33 will demonstrate the technology required for a future single-stage-to-
orbit (SSTO) RLV [39]. The X-33 is planned to conduct 15 autonomous sub-orbital
missions reaching speeds over 19,000 kilometers per hour in the coming years. Among

the many technologies being demonstrated are composite fuel tanks, linear aerospike
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engines, advanced thermal protection systems (TPS), and integrated Global Positioning
System (GPS) guidance. The linear aerospike engine is not a new concept, but until
recently has been too technically challenging to build and operate. The basic concept is
to use the airflow surrounding the rocket’s exhaust as the nozzle. This will allow the
engine to be 75% smaller than standard engines, a necessary size and weight
improvement required for SSTO. The wedge shaped, wingless design of the X-33 is an
evolution from earlier lifting body experiments conducted between the Air Force and
NASA [39].

A more modest demonstrator, the X-34 will advance flight and data testing as
well as ground operations. The X-34 is an unpiloted, winged vehicle being developed by
Orbital Sciences Corporation. The first of three planned vehicles is unpowered and
serves as a structural test vehicle in drop tests from an L-1011. The following two
vehicles will be powered sub-orbital flights reaching speeds of Mach 8 and altitudes of 80
kilometers.  The program’s objectives include demonstrating new lightweight
composites, a new thermal protection system, new avionics, rapid turnaround/re-flight
capability, inclement weather landings, and performance of the FASTRAC engine [40].

Unlike the X-33 and X-34, which are sub-orbital demonstrators, the X-37 will
eventually conduct orbital tests [36]. The X-37 is being developed as a 50/50 cooperative
agreement between NASA and Boeing with an additional $16 million being contributed
by the Air Force. With a total program cost of $173 million, the Mach 25 vehicle will
demonstrate 41 airframe, propulsion and operational technologies [8]. Similar to the X-
34, the first tests will be unpowered drop tests from a B-52. These tests are planned to

begin in 2001, with orbital powered tests in 2002 and 2003. The orbital versions will be
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released from the Space Shuttle, remain in orbit for several days performing tests, reenter
the atmosphere and land like an airplane [41]. The X-37 is a 120% scale derivative of the
X-40A, also built by Boeing for the Air Force. The X-40A is a prototype design of the
Space Maneuver Vehicle and does not utilize the advanced thermal protection materials,
rocket engine and experiment bay found on the X-37. From the X-37 point of view, the
X-40A testing is seen as a risk mitigation step [10]. The production of the X-37 is also
an example of the combination of many sound techniques. As Dave Manly, Boeing
Phantom Works X-37 program manager stated in a 1999 Space Daily report:

“Through Phantom Works, we are able to apply best practices and
approaches from across Boeing—in this case, rapid prototyping, lean
manufacturing, avionics, and three-dimensional modeling and simulation
— to help us improve the affordability, quality and performance of this
product” [8].

Figure 4-4 illustrates the variety in design present among the X-33, X-34 and X-37

vehicles.

Figure 4-4 X-33, X-34 and X-37 [64]
NASA is also developing other X-vehicles that may serve to advance the
development of reusable launch vehicles. The X-38 is a prototype for a crew return
vehicle (CRV) designed to act as a lifeboat for crewmembers of the International Space

Station [42]. The X-43 is a scramjet-powered aircraft developed to advance hypersonic
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flight technologies [43]. Appendix B contains NASA factsheets on each of the X-

vehicles discussed.

4.3.1 Issues in Application

Without question, the use of X-Vehicles and the plan for multiple generations of
reusable launch vehicle systems are a superb use of spiral development/incremental
improvements technique advocated by all three quality initiatives. Recent experience in
the various X-Vehicle programs provides additional guidelines for the use of this
technique. The technologies being demonstrated must be reasonably limited in scope.
Of course, they must push the current boundaries of technology, but a single program
should not attempt to push too many technologies at once. Both the X-34 and X-37
represent programs with a reasonable scope. Their efforts are on schedule and appear to
demonstrate the intended level of technology development. This is not the case with the
X-33. Nearly two years behind schedule; the X-33 is in danger of failing to perform a
single test flight [37]. Many, including a former X-33 designer and a congressional
staffer, are critical of the high-risk high-payoff strategy employed on the X-33. In a
recent CNN news artiéle, Dave Urie, a former designer on the X-33 program, stated “It
was in my view a mistake to abandon well-known and well-tested technology.” The
article also quotes Tim Kyger, a former congressional staffer, as stating, “I think the X-33
will never fly, and I'm not alone in that opinion” [37]. Jerry Grey, editor-at-large of

Aerospace America, had this to say about the X-33 setbacks:
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“What went wrong? The first, and by far the most important, flaw

in the program was the original requirement that it provide SSTO

capability. The key features in lowering costs of a space launch system—

which was the program’s main goal—are reusability and operational

simplicity. Imposing the SSTO requirement exacerbated the technical

risk. The budget was simply inadequate for the level of technology

development needed” [19].
In order to achieve the necessary weight limits to achieve SSTO, the X-33 must utilize
new oddly shaped composite fuel tanks and the un-flown linear aerospike engine. Both
systems represent new technology developments, which have led to considerable cost and
schedule overruns [37]. The technical challenges associated with SSTO are understood
within the Air Force SOV effort. The technical readiness of a SSTO design is considered
“on the ragged edge” by William Gillard, Program Manager of the Space Operations
Vehicle Technology Office [16]. For this reason, the Air Force is favoring a two-stage-
to-orbit (TSTO) design utilizing more mature technologies for its proposed SOV. All this
is not to say that SSTO will never be realized. Rather, the current technology levels do
not support such operations. But, with modest, steady technology programs, such a
system may be realized in the third generation of reusable launch vehicles.

Another issue related to the multigenerational approach exists within the Air
Force SMV development. As stated in the SMV CONOPS, the SMV will act to further
clarify issues for future SOV development [5]. Inherent in this stepping stone role of the
SMV lies a delicate balance. The SMV must, in and of itself, demonstrate sufficient
military utility to justify procurement. However, it must also demonstrate a necessity for
the space operations vehicle, or the much larger, more expensive SOV may never

proceed beyond the planning stage. During the Space Maneuver Vehicle Military Utility

Analysis conducted by SMC/XR and the Aerospace Corporation, first-stage
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responsiveness was identified as a driving factor in the utility of a SMV [49]. With this
fact established, MSP supporters may face a difficult challenge advocating SMV
development without an SOV and potentially face further difficulty advocating for the

SOV after the SMV is developed.

4.3.2 Recommendations

The use of X-vehicles as technology demonstrétors and the multigenerational
approach to RLV development are good examples of the application of spiral
development/incremental improvements, and should continue at a modest pace. Overly
ambitious projects like the X-33 will likely not yield the benefits of more manageable
programs such as the X-34 and X-37. Once the technologies required for RLV
development are demonstrated in the various X-vehicles, they must transition to
operational systems. Plans need to be established to insure this transition of technology
from test to operations is a smooth one. With a high degree of similarity between the X-
37 and SMV, the transition for this system will likely occur with little incident. The
transitions required for the SOV system will require greater attention, because of the
complexity of the SOV system. Working closely with NASA on the second generation

RLV can help alleviate this technology transition.

4.4 Integrated Product Teams

Strongly advocated within both LAI and SE, the use of integrated product teams
(IPTs) has become essential in the development of complex modern systems. This
practice is adopted by the Air Force. The MSP IPT is comprised of members throughout

the Air Force. Included in this integrated team are representatives from AFRL, SMC,
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and AFSPC. Together they serve the roles of MSP advocate, end user, developer and
analysts [58]. With most of the technology development conducted within NASA, this
team continues the long-standing and mutually beneficial tradition of the Air
Force/NASA partnership. In fact the Air Force liaison to NASA on RLV issues, serves
as the Deputy Program Manager for the X-37. These partnerships are an excellent step
towards integrating the MSP effort within NASA and the Air Force, but researches of
previous development efforts might suggest further action. As identified by Forsberg and
Mooz, one of the reasons the Clementine and Mars Pathfinder projects were so successful
was the use of co-located IPTs [14]. The current Air Force IPT is anything but co-
located. With the SMV office in Albuquerque NM, the SOV office in Dayton OH,
AFSPC in Colorado Springs CO, and SMC in Los Angeles CA, the IPT is spread
throughout the CONUS. Spread out, they cannot take advantage of the rapid

communication, shared knowledge and improved cooperation found with co-location.

4.4.1 Issues in Application

Conventional wisdom regarding integrated product teams, is that to maximize
effectiveness they should be co-located [14]. The current location diversity of the MSP
IPT seems to be a product of the organizational structure of the Air Force itself. With
operational commands, such as AFSPC, providing concepts of operation, Material
Command providing acquisitions, and AFRL supporting technology demonstration,
physical separation in development of new programs is standard. This separation is
compounded by the unique nature of the SOV system. Operating for part of its mission

in the atmosphere, the SOV may require air-breathing propulsion. Development of air-
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breathing systems is conducted at Wright-Patterson Air Force Base. Meanwhile, the
SMYV will operate almost exclusively in orbit, and therefore development efforts occur at
Los Angeles Air Force Base and Kirtland Air Force Base. This would seem to be a major
and unnecessary hurdle to impose on RLV development. However, because the current
role of the RLV effort is advocating reusable launch vehicle development, this physical
separation is actually advantageous. With small teams located throughout the Air Force,
support can be won across a broad base of Air Force decision-makers. Once the go-
ahead decision is made, however, development should continue from a single program

office.

4.4.2 Recommendation

With the space procurement and operations separated into two major commands
within the Air Force, the current MSP IPT structure is appropriate. Recent events suggest
that the split nature of space development and operations may not be ideal and could
undergo significant transformation. In the January 2001 “Report of the Commission to
Assess United States National Security Space Management and Organization” it was
recommended that the Space and Missile Systems Center be reassigned from Air Force
Materiel Command to Air Force Space Command [45]. Such an action would “create a
strong center of advocacy for space...” and would translate to improved support for space
programs, including the SOV and SMV [45]. With a single command overseeing MSP
development, the MSP IPT should have an easier task integrating their activities. While
the Air Force may face reorganization in the future, it is doubtful such a merger would

ever include NASA. The current relationship between NASA and the Air Force, in the
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area of RLV development, has a strong background, built over many years, and should
continue well into the future. The arrangement is mutually beneficial to both parties and

offers the greatest promise for RLV development.

4.5 Value Stream

As identified by Weiss and Warmkessel, the definition of requirements, found
within the system engineering process, can be very useful in the mapping of a products
value stream [59]. While a complete value stream analysis of the SOV system, the SMV
system or the current development efforts have not been accomplished, an attempt has
been made at identifying the multiple facets involved in achieving SMV launch
responsiveness. To achieve the level of responsiveness required to meet the Air Force
objective of airplane-like operation requires a complex web of interactions to effectively
work together. Within the SMV MUA, introduced in the modeling and simulation
section of this chapter, the Aerospace team began to assess the interaction between areas
falling within the five distinct areas of satellite control, payload & mission, SMV, launch
system, and range support [49]. The interactions identified are represented in Figure 4-5.
It demonstrates the complexity of the issue of responsiveness and highlights. the wide
range of factors that may be overlooked if only a cursory examination of the topic is
conducted. Often times the performance of a weapon system is viewed as unique feature
of the specific machine in question and not the network of supporting systems required

ensuring weapon system effectiveness.

4-18




Satellite SCN Mission Planning Continuous Ops Mission
Control and De-confliction and Maintenance i Support
¥ 3 5
I | > J
| v A 4
__| PL Mission PL Offline PL Mission
P ayl oad & Planning r Processing Operations I
. . F 3 [
Mission Y L Manufacturing o Payload PL Return and s
and Mods "| GSE Prep Refurbishment | | &
[
Y S
3 H
2
|| SMV Mission SMV Offline > SMV Fit & SMV Return 7
Planning Processing Orbit Ins and Refurb s
SMV g
2 4 L Manufacturing || .| SMV GSE | »| SMV Mission _T | 3
and Mods d Prep Operations §
o ||
-
1 — )
E
|| LV Mission > Lv Launch and 3
Launch Planning Processing v Flight Ops I
SVStem L Manufact Launch Site Integration l * Ground Sys
Y . > Sl Ly INntegrati Y
and Mods Processing and Test - Recertification
A F 3 |
Range [, Range Lnch .| Range Maintenance o| Range Safety Tracking and
Support Support Ping d and Testing d Comm Launch Support

Figure 4-5 SMV Interactions to Achieve Responsiveness [49]
While this analysis of interactions is not value stream analysis, in the strictest sense, it
does represent many of the attributes of a value stream. By identifying all of the
pertinent contributions to launch responsiveness, areas not of benefit and areas where

improvements are required can be identified.

4.5.1 Issues in Application

Perhaps the single biggest issue related to value stream mapping is completeness.
Only by completely identifying all relevant contributions to the final product can value
stream mapping be beneficial. Since a large component of value stream mapping is the
interactions of each of the contributing steps, any oversight could render the analysis

useless. Additionally, the non-contributing aspects must be identified for removal. If one
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such activity goes unidentified, the waste it generates will continue and hamper overall

system performance.

4.5.2 Recommendations

Value stream mapping offers two distinct opportunities of improving the
development of RLVs within the Air Force. First, with responsiveness and turn around
time being critical factors for military RLVs, by mapping the value stream of ground
operations the Air Force can eliminate wasteful and time consuming practices. This will
also serve to minimize the manpower required for ground operations and help to ensure
an adequate level of skill for each required action. These savings will greatly contribute
to the goal of achieving airplane-like operation. The second area of benefit is found
within the development effort itself. The value stream for the entire development process
can be mapped to identify what activities will best lead to an operational system. This
mapping will also identify which activities are wasteful in the development process, a
necessity given current manpower and financial shortages experienced throughout the Air

Force.

4.6 Requirements Definition

A key element of systems engineering, the clear definition of requirements is
critical to any development program. In the case of the MSP it is a critical yet missing
component. While AFSPC has produced a concept of operations for both the SOV and
SMV, from which AFRL based their technical and system requirement documents,
definitive user requirements are still forthcoming [2][3][4][5]. One of the major activities

for the AFRL team is to “coax requirements out of AFSPC” [57]. This is understandable
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given the revolutionary nature of the SOV system. While work with the NASA efforts
does help develop some requirements, distinct military requirements must come from

within the Air Force [58].

4.6.1 Issues in Application

The lack of military RLV requirements is compounded by the potential versatility
of the SOV and SMV systems. They can do too much for too many. As part of the SMV
MUA, conducted by the Aerospace Corporation and SMC/XR, a thorough review of Air
Force, DoD, and national literature identified potential missions for the SMV system.
Also considering the technical limitations and possible payloads, the team identified over
sixty potential missions. The complete list, contained in Appéndix C, covers a diverse
range of missions including monitoring drug trafficking, treaty verification, remote
sensing, spacelift, and space information denial [49]. Seemingly, with each additional
mission comes an additional customer. Potential national security users of the SOV
system include Air Force Space Command, Air Combat Command, the National
Reconnaissance Office, the Central MASINT Office, Drug Enforcement Agency, and the
Departments of State and Energy. While it may seem with so many potential users that
requirements would be easy to come by, the opposite is true. It may be that in a world
where procurement dollars are scarce, each agency is reluctant to voice a need for a
system external to their organization. Choosing instead to keep their needs and therefore
financial backing close to home. Another possible reason for the lack of requirements
being voiced is the novelty and unproven nature of the system. Each agency may be

waiting to determine what capabilities the SOV system will actually possess, before
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adding their unique demands. Whatever the reason, a lack of definitive requirements is

present and must be overcome in order for the development to successfully continue.

4.6.2 Recommendations

Some form of union must be achieved among potential users in order to develop a
single set of specific system requirements. Whether this union is accomplished by means
of a MSP conference, attended by potential users, or through a series of user IPT
meetings is not as important as the product of the union. Another hurdle in achieving a
single requirements list exits in the compartmentalized classification systems used by the
diverse array of potential users. Some form of mechanism needs to be established to
handle this sensitive issue. Without a single requirements list, the potential military
benefits of the SOV and SMV systems are diminished and the development costs

increased.

4.7 Gain Top-Level Support

Finally, all three quality initiatives agree on the necessity for top level leadership
support. Whether leadership serves as a change agent, as identified in Six Sigma, or
facilitate the effective use of IPTs, leadership must completely support the activity for
there to be any chance of programmatic success [30][44]. Within the Air Force, there
appears to be this level of support for the SOV system. During a panel discussion at the
ATAA Space 2000 Conference, both AFSPC Commander, General Eberhart, and AFMC
Commander, General Lyles, voiced their support for RLV development within the Air
Force [7]. General Eberhart stated that it is not a question of “if” RLVs will be

developed within the Air Force, it is a question of “when.” He continued by saying it
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will be a technology driven path and that the Air Force should keep its eyes on the future
and get there as quickly as it can. General Lyles, offered his strong support for the
current Air Force and NASA partnership and suggested that RLVs will be essential in
order to prosecute new missions in the future. While there is strong support within the
leadership of the Aif Force, this sentiment is not equally matched in the national
leadership. Since all development activities within the military are dictated by the
financial and political decisions made in Washington, this is where the leadership support
must be secured. The current national policy, first stated in the National Space
Transportation Policy of 1994 and echoed in the National Space Policy of 1996, limits
the Air Force to the development of expendable launch vehicles (ELVs) and assigns RLV
development to NASA [55][56]. The Air Force is only allowed the resources to maintain
the most meager effort. The Air Force MSP program offices consist of two military and
three full-time contractors for SMV and another three contractors for SOV, sustained by

Congressional add-money each year [57][58].

4.7.1 Issues in Application

With the largest hurdle to MSP development found in current national policy, it is
difficult to suggest recommendations without treading into charged, high-level political
discussions. This area is as complex as the technical challenges involved in the
engineering activities of RLV development. Political support can be a precarious thing,
requiring constant attention and upkeep. With this said, a few areas for improvement

may be cautiously broached.
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4.7.2 Recommendations

First, the efforts to advocate a military spaceplane should continue and begin to
expand beyond the confines of the Air Force. Support must be sought at the political
level. Here a “champion,” acting as a change agent, must be won to continue advocacy
in the political environment. With growing support in both the military and political
arenas, the prospects of obtaining an operational MSP are greatly increased. There is still
the matter of national policy, limiting the Air Force to ELV development. Again the
“Report of the Commission to Assess United States National Security Space
Management and Organization” offers potential support in this area. Another of the
unanimous recommendations of this report is establishing space as a national security
priority. To that end, the commission recommended a re-examination of national space
policy. This promising sentiment is strengthened by the fact that the chairman of the
commission was the Honorable Donald H. Rumsfeld, the new Secretary of Defense [45].
While the actions of high-level political figures cannot be forecast from a single
document, the overall political environment does appear to be ripe for garnering MSP
support.

Table 4-1 summarizes the findings of this thesis. The first column lists the seven
identified tools and techniques offering the most promise to RLV development. The
second column recognizes the modern quality initiatives that utilize each of the
techniques. The third column briefly states examples of current tool-set use within the
RLV development efforts of NASA and the Air Force. Finally, the fourth column recaps

the recommendations for future use within the Air Force RLV efforts.
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Table 4-1 Application Summar
PP y
Tools.and Identifying Quality Current Examples Recommendations
Techniques Approach
. e Continue Modeling and
e Human-in-the-loop . .

. Lean Aerospace . . Simulation Efforts
Modeling and Initiative Simulation e Devel d
Simulation o ¢ Campaign Analysis evelop grounc

Systems Engineering durine SMV/MUA operations simulation to
g aid in system design
. . o Continue to utilize
Lean Aerospace ¢ gingf fgeizgzsslggc(;f shuttle as benchmark
Baselining/ Initiative Trfnsyortation P ¢ Examine unrelated
Benchmarking ¢ Six Sigma P . operations
. . e Shuttle Operations . .
Systems Engineering Benchmarkin ¢ Ensure integration of
£ findings in design
Lean Aerospace Continue with modest
Spiral Development/ e P . development efforts
Initiative e X-Vehicles )
Incremental Six Sigma e Multigenerational RLVs |* Identify plans to
Improvements g . . g transition technologies to
Systems Engineering :
operational systems
Lean A e MSP IPT (AFSPC, Orgar%ize:t .develo'g:r'lental
Integrated Product eta.n . erospace AFRL, SMC) organl.za 1ons within
Initiative . operational command
Teams . . e Air Force/NASA . .
Systems Engineering Relationshi e Continue Air Force/
P NASA partnership
Hold conference among
¢ Concept of Operations potential users to obtain
Requi e System Requirements concensus on
equirements . . .
I Systems Engineering Document requirements
Definition

Document

e Technical Requirements

Implement mechanism
to include diverse
requirements

Value Stream

Lean Aerospace
Initiative

e SMYV Responsiveness
Interactions

e Map ground operations
e Map SMV/SOV

development efforts

Gain Top-Level
Leadership Support

Lean Aerospace
Initiative

¢ Six Sigma
e Systems Engineering

Force Leadership
currently exists

¢ Strong Support from Air

¢ Update National Policy
e Gain "Champion” within

government
Continue MSP advocacy
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CHAPTER 5 CONCLUSIONS

In the analysis of the Lean Aerospace Initiative, Six Sigma and systems
engineering and in their application to the reusable launch vehicle efforts of the Air Force
and NASA, several key points on the use of quality initiatives emerge. The first point
addresses pros and cons of using a mix of approaches versus the adoption of a single
initiative. The second two points relate to the use of tools and techniques to a particular
program. The fourth area examines the selection of a quality approach to match the
objectives of a specific program. Striking to the heart of modern quality initiatives, the

final point addresses the relevance of codified approaches to quality improvement.

5.1 Overlap of Initiatives

The first point is that no one initiative monopolizes the quality world. That is,
none of the three initiatives discussed completely encompassed the other two or
combletely filled all aspects of modern quality. While there is considerable overlap, each
approach represents a unique method at resolving development issues, bringing
innovative techniques to light. By examining which tools are best to use for a particular
project, program management teams will likely employ a mix of techniques from each
initiative and perhaps the tools of many other approaches. In selecting techniques in this
manner, project teams will be well equipped to handle a variety of potential issues. This
versatility does come with a cost. By not following the prescribed actions of one specific
initiative, a development team may not be able to call upon the resources, experience and
training of organizations such as the Lean Enterprise Initiative or the Six Sigma

Academy. Additionally, the structure, provided by following a specific approach, might
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facilitate greater and more rapid improvement. Many companies, including General
Electric, Polaroid, Allied Signal, Dupont, etc., who have adopted Six Sigma and enjoyed
dramatic improvements, serve to illustrate this point [21]. With this limitation noted, this
thesis has shown that for development programs, such as RLV, an application of a variety

of techniques from multiple sources is appropriate and, at least for the RLV effort,

preferred.

5.2 Tailoring of Tools and Techniques

The second notable point is that the tools and techniques of any approach must be
tailored to meet the unique needs of each program. The tools presented by the three
programs are broadly introduced, to allow use by a wide range of potential programs.
This means the same tool may manifest itself differently in different programs. To a
private company seeking to increase profits, incremental/spiral development may mean a
series of annual financial goals. But, to a development program such as RLV,
incremental/spiral development means the use of multiple technology demonstration
vehicles before achieving an operational system and then gradually improving the
performance of that system with separate subsequent systems. By altering the sound,
broad-based tools of the Lean Aerospace Initiative, Six Sigma and systems engineering,
the reusable launch vehicle efforts of the Air Force and NASA, or any other development
effort, can optimize application of the various techniques to match their unique

circumstances.
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5.3 Synergy of Tools and Techniques

The third key point is that while the tools and techniques were identified as stand-
alone practices, they interact and support each other with impressive synergy. To
illustrate this point, recall the role the requirement definition process played in the
development of product value streams [59]. To extend this example, consider the use of
IPTs suggested in Chapter 4 to help derive a single set of system requirements. Also
recall the impact leadership support may play in the potential re-organization of SMC
under AFSPC, which will simplify the work of the MSP IPT [45]. This clearly shows the
linkage between the identified tools and reinforces the point that modern quality

initiatives overlap one another.

5.4 Matching Initiatives to Programs

Despite the considerable overlap among initiatives, key differences in the nature
of each approach suggest programs should tend to favor different initiatives at different
times. For example, if an organization seeks to reduce waste in their processes, the
adoption of the Lean Aerospace Initiatives would be best. An organization seeking to
increase profits may choose, as so many others have, to implement Six Sigma. For
technically complex programs involving the integration of multiple components, systems
engineering is clearly the suited. Over the entire life-cycle, a single program may want to
incorporate each initiative as the focus of a program shifts from developing a product, to
refining a product and finally realizing a profit with that product. In selecting which
initiative to use, a program must first understand their current position and define their

immediate objectives.
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5.5 Role of Quality Initiatives

Finally, evidence of the application of quality techniques without first hand
knowledge of the source indicates several interesting points. Simultaneously, it
illustrates both the tools’ sound foundation in common sense and the infusion of quality
initiatives into modern engineering education. It also speaks to the fact that even modern
quality initiatives, seeking to highlight their individuality, rely on basic concepts, proven
over many generations. Today, an engineer doesn’t think twice about applying modeling
and simulation or utilizing technology demonstration to reduce risk. Those tools and
others like them just make sense and have been educated into the minds of developers. A
codified quality approach is not required to identify the usefulness of a tool. And yet, a
new quality approach seeking legitimacy cannot ignore proven techniques and will
therefore incorporate their usage. The natural question then emerges, what role, if any,
do modern quality initiatives serve? Modern quality initiatives advocate, re-educate and
otherwise offer a supporting framework for the use of quality techniques. They can
concisely present tools and thus save potential users time and effort that would otherwise
be spent on research. The International Council on Systems Engineering is an excellent
example an organization performing these roles and services to the general public [23].
While the step-by-step following of a single quality initiative’s technique may not be
required, the roles these organizations play and the support they can offer certainly justify
their existence.

Selecting and wholeheartedly pufsuing a single quality initiative may have more
to do with setting a tone for and conveying a message to an organization than it does with

the programmatic adoption of various tools and techniques. Management’s acceptance of
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a quality approach declares a deep commitment to a particular program and reinforces the
importance of customer satisfaction and cost-savings to the project team. Further, it lays
the foundation for how work will be conducted and establishes a standard for workers to
follow. By stepping forward and accepting one quality initiative as an organization’s
plan for improvement, management sets a new tone for the program. In quality terms, the
act of accepting a single initiative, whether it be the Lean Aerospace Initiative, Six
Sigma, systems engineering or some other approach, serves as a significant event to shift

the operational paradigm of the organization.

5.6 Areas For Further Research

This thesis has explored the use of modern quality teachings in the development
of reusable launch vehicle systems within the Air Force. In doing so, a few areas have
been identified as beyond the scope of this thesis. One such area is the commercial
development activities occurring around the world. Since no one can be certain where
the next breakthrough will occur, it is suggested that future research focus on the role
quality initiatives play in commercial programs and what advancements commercial RLV
development can bring to the Air Force and NASA efforts. Similarly, the specific
activities underway within industry to support X-Vehicle development should also be
explored. This would allow a deeper investigation into the technical areas of RLV

development and potentially offer many new applications of quality initiatives.

5.7 Final Remarks

This thesis has identified many areas of overlap between the Lean Aerospace

Initiative, Six Sigma and systems engineering. These overlaps were used to identify tools
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and techniques of unquestionable merit. Furthermore, the application of these tools to the
reusable launch vehicle efforts of the Air Force and NASA found a high level of existing
incorporation. Benchmarking, modeling and simulation, spiral/incremental development,
and integrated product teams are already well utilized within the current RLV programs;
while gaining leadership support, value stream mapping, and requirements definitions
have experienced limited implementation. The continued use of these seven techniques
will serve to advance the current state of reusable launch vehicle development and may
one day lead to the realization of the long standing goal of an operational military
spaceplane.

The application of quality techniques to the RLV efforts of the Air Force and
NASA has served as an example of the ways different approaches can be used to improve
quality. The overlap among the three initiatives discussed was more extensive than
originally anticipated. Despite this overlap in basic techniques, subtle differences and
nuances in each initiative’s application warrant distinction from one another. Anyone
seeking to improve their product or process, whether businessman or engineer, would do
well to examine multiple alternative approaches from a variety of fields, gleaming the

best techniques from each, before determining a course of action.




Appendix A: Overarching and Enabling Practices of the

Lean Enterprise Model [32]

i : w i

- Identify and Optimize Enterprise Flow

Establlsh models and/or 51mulat10ns to permit understanding and evaluation of the flow process

Reduce the number of flow paths

Minimize inventory through all tiers of the value chain

Reduce setup times

Implement process owner inspection throughout the value chain

Strive for single piece flow

Minimize space utilized and distance traveled by personnel and material

Synchronize production and delivery throughout the value chain

Maintain equipment to minimize unplanned stoppages

~"Assure Seamless Information Flow

Make processes and flows visible to all stakeholders

Establish open and timely communications, among all stakeholders

Link databases for key functions throughout the value chain

Minimize documentation while ensuring necessary data traceability and availability

"Optimize Capability and Utilization of People

Establlsh career and skill development programs for each employee

Ensure maintenance, certification and upgrading of critical skills

Analyze workforce capabilities and needs to provide for balance of breadth and depth of
skills/knowledge

Broaden jobs to facilitate the development of a flexible workforce

Make Decisions at Lowest Possible Level

Estabhsh mult1 d1scxp11nary teams organized around processes and products

Delegate or share responsibility for decisions throughout the value chain

Empower people to make decisions at the point of work

Minimize hand-offs and approvals within and between line and support activities

Provide environment and well-defined processes for expedited decision making

Implement Integrated Product and Process Development

Use systems engineering approach in product design and development processes

Establish clear sets of requirements and allocate these to affected elements of the product and processes

Definitize risk management

Incorporate design for manufacturing, test, maintenance and disposal in all engineering phases

Design in capability for potential growth & adaptability

Establish effective IPTs

Involve all stakeholders early in the requirements definition, design and development process

Use the “Software Factory” process

Implement design to cost processes

Maintain continuity of planning throughout the product development process
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= *“Develop Relationships Based on Mutual Trust and Commitment,
Build stable and cooperative relationships internally and externally
Establish labor-management partnerships
Strive for continued employment or employability of the workforce
Provide for mutual sharing of benefits from implementation of lean practices
Establish common objectives among all stakeholders
Continuously Focus on the Customer
Provide for continuous information flow and feedback with stakeholders
Optimize the contract process to be flexible to learning and changing requirements
Create and maintain relationships with customers in requirements generation, product design,
development and solution-based problem solving

- G, “Promote Lean Leadershlp at all Levels e
Flow- down lean pr1nc1p1es practlces and metrics to all organlzatlonal levels
Instill individual ownership throughout the workforce in all products and services that are provided
Assure consistency of enterprise strategy with lean principles and practices
Involve union leadership in promoting and implementing lean practices

: “Maintain Challenges of Existing Processes i ,
Establlsh structured processes for generating, evaluating and implementing 1mprovements at all levels

Fix problems systematically using data and root cause analysis

Utilize cost accounting/management systems to establish the discrete cost of individual parts and
activities

Set jointly established targets for continuous improvement at all levels and in all phases of the product
life cycle

Incentivize initiatives for beneficial, innovative practices

t Nurture a Learning Envi
Capture, commumcate and apply experience-generated learning
Perform benchmarking

Provide for interchange of knowledge from and within the supplier

: Ensure Process Capability and Maturation
Deﬁne and control processes throughout the value chain

Establish cost beneficial variability reduction practices in all phases of product life cycle
Establish make/buy as a strategic decision

i Maximize Stability in a Changing Envxronment s
LeveI demand to enable continuous flow
Use multi-year contracting wherever possible
Minimize cycle-time to limit susceptibility to externally imposed changes
Structure programs to absorb changes with minimal impact
Establish incremental product performance objectives where possible
Program high risk developments off critical paths and/or provide alternatives




Appendix B: X-Vehicle Fact Sheets
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X-34

ASA Facts
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X-37

ASA Facts
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X-38

‘NASA Facts

Nzhiong: Sderoraulics and
Hpacs Admiristation

Dryden Fiight Resoarch Center
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X-38

Ergimeers al NA&
Center, Edwands, Calif,, and the Jof mson ‘Zp. o Cm»
ter, {15C Houston, Texas, are Night-testing the X-38,
a prototype spatecraft that ceuld bevome e first now
e spucestaft bullt in the pasttwo decades st
wavels to g from orbit, The vehicle s being devel-
aped al 2 fraction of the cost of past hurnan space
vehicke. The goal i5 to ke advantage x}.{ availalle
equipment, and already developed 1ok
stk ax 86 peroers of the spaeeoraft’s ,z:-sig:n.

cobnoiogy and offahe-shel!
t antly reduees cost. The original

Lising av
eguigment §

54
&

eutimutes U Build o capsule-type crow retwm vebicle

$2 bit

(CRV) wors newe zhuu, i toval deselopoent

[EEEN

According 1o NASA projeet officials, the X-38
cemoep and four operational vehicles w 1 b Buth iy
oximately ome quarter of the orignal 52 b

Current Status

Admosphieric drop jests of the X-38 5 the Diyden
qy Rasesroh Center are anderyeay and will cone

ae for the next two vears, Thee test vebivles will be
asedd, The drog tests will event L:EE]}‘ increase fialt-

o SO0 feet and will ncTude longer figh thnes
sont orafl Defore it parafoil is deploved

N;

5

A-11

ol




Full-soale, unpiloted “eaptive cary” ;’”Ew'a Lests
began at Drylen in July 1997 i wiieh the yvehivle
resained woched w the NASS B-82 areralt.
Linpsilosed free-flight drop rests fram the B-32 hegan in
Mareh 1998 In 2000, ar: unpdloted spuce test vehicle
is planned w0 be deploved from u Space Sttt and
dessend 10 o lnding on sarth, The X-38 crow retsm
vehicle Is tareeted fo begin oprriions abourd the
Internazional Spare Suaion US‘. jRH

e

Project Goals

i’wi

38

The wanediae goal of the novative
ix o dlevelon the m&.:m.xn ay for a proledype mm'
gemey CRY, or Lifebost. for the 185, The projest alko
jengs 1o at develop 8 cres renam vehicle design tha
eouid he modified for other nses, such as & powsible
5& wrt 1.5, and intermationsd bumpan spacecraft that

& e Jaurchesd oo the Pronch Ariane 3 boosey

In the early voars of the Inermational Space Sta-
tion, 3 Rucsian & cer r;f will be attached 10
the stavion us o CRY Fut, 55 the sive of the crew
aboarsd the statinn IH0reases, 4 i wehicle that can
se up 10 six passengers will be peeded. The
URES & 1%1'!&“;;’ brn’}'v voncept originadly
tevelor s X-244 project 1 the
ke i)"(! 6. :‘ f:cr th wmb tengine snodude D jeri-
soned, § 38 would ghide from orbit unpowered like

e ‘sr:m: Shitli und then use i sieesuble, parafoil
shrachate, atechsuingy recenty developed by the A m}g
Em s i) desceit o hnsling. Tt Jarding, gesr would

comaks of skids rather tan whegds,

Technology

CHffghe- el technatogy dogsn’t mewn s ald
wehnology, Many of the techriclogies being nsed i the
3R have never before been applied 1o & burnan space-

“The X-38 Wight computer i commersial o uﬁmm{
that is currently nsed in wireraft, and the Hagh
opstating syseriiga comenercial svstern alnewd
i many seroapace applications, The video
the sernosplieric test vehicles is existing equipment, some
af which has siready Tlown oft the Space Shatte foe other
NASA mm:xmm The electromechanics sematads that
1 dnt NASA,
§ projest.

oveloped by MASA will
1o ke thant e
ssed on the Space Shole. The X
i prirary navigationsd e::gmgm; st the Tnersial Nav
gation SystenvGlobs! Positioning Sywtem, oaunit
atreaty inoose on Nvy fghters.

An existing spesiad enuting d
b msed v the X3 thernal tiles

durable than the ks

X-38 First Flight Profile

){;%&‘Xiﬁx
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Three view of X

Fulure Plans

Adthough the design eould one day be meadified for
other uses such us & crew mansport velicle, the X-38
wisuld srietty be psed ss a CRY in s current desigh,
It 15 hasetined with only eﬁmu@h fife suppoct supphies
101 fust shout aine hours ﬂ\-l? ee of the space station
mvorhit. The  Spuores I"néznﬂ wifl be wotally
auromated, alhough the crew will be able to swich w
puckup seaiems, control e orlentation in qrbit, pick
snd steer the parafoil, if necessary. The

frig fucted uttitude control
“hatteries {or power, The
A wili be 38,6 feet long, 145 fect wide. und
sonst 100G pounds,

A

udy of the K38
early 19935 In the summner of
1 eare were condusted of the parafoll
farfurms with 2 parafoll from an

G 1 by dropping pla
groralt ot the Armas's Yama Provipg Groand, Yema,
Arizona. In early 1998 u contraet was gwarded 1o

ted Commposites. Ing.. of Mojave, Calif. to bulld
all-ccale atuospheric tost airframes. The fud
vehicle sirframe was debivared 1o JSC in Sepremuber
1908, where & was oefined wib svlonies, compuser
ms, and ovher hardware in yummm* for the
weats g1 Drvden. A ol was delivered
s JRC in Dreowber 1990

A-13
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About 100 people wre cumrently working on the
project at Johnsts, Dryden, and the Langhey Research
Center in Humpon, Va, This is the flest time & prote
wype vehicle has bren Duilbup in-house at J8C, rathey
a1 contmeton an approsch that has oy
e, By bailding up the vebicls in-hoase,
enigingers have o hmm understanding of the problems
COBLACIONS EXNErILn e when they Foitd vehicles for

wASA, ISCTs %38 ream will bave a detailed set of
mqu:mzwnb far the congractr &y use to consin e
CRVs Tor the 188, This type of handson work way
done by the Natienal Advisory Cranmztes on At
pautics (NACHS, NASA s predecensor, before the
space age began. ’

Drwur conducted mode] Miphts in 1993, The
v i i the CRY spacecraft using a panaled]
"’i{“xww {3 mm:% The rosulis

aeteristics

K58 span seembers gt work

Mavch §998




X-43

National Aproraulics ang

Space Administralion

Dryden Flight Research Centur
D, Bk B73

Exwards, CGalfornia 3523

AT BO5-25R- 3448

FAX B05-250-3508

panddie nasa goy

LE B DR

Agtist conveption of X-33A

Dryden and the Hyper-X Program

Praject Background

At experimental bypersonic ighl-rescéren program. catled Myper Xl be among (i i
okt Besearch Cenger, Erbwnpde Cubif

smdersery 78 the WASA Drvden ]

wirframe- s, i Bresthing e

The medti-vear NASASudustey Hyper- X program seeky o dex
fading hypessome wnorad? Qaster

gips thal provaise o i pusy o caparity Tor I
and seusabie space Banchens

teuhian]

Murh 53

ro sradaiosally cartied

%

Conventional waeket engines gre posered by 1
e hrnsclipen

enbaused e aireralt. The Hisper X vohiches, designased X4
sxvegen needed e barn e fuel wil catte Froun e appenpha
airerafl, fmere hepersonic vebieles wall bave rosrn ©
fele iw Bt e Body of the adrorsf Stseti forg
i

w sl Al
B e himninating e pead W STy o

T
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NASA Dryden’s Role

3

foh i 1 jolny DrvdendNASA

i

reior toles in Plusee 1 of the Hlyper- X program, wh
Langley Research Center program being conducted wnder NASA's Aeronautics and Space Transpori@ion
TFechnolopy Enterprise. Dryden’s primary responsibality is v theee unpilotad X434 resenrch erhicles @
help prove both the engine wehnologies, the fypersonie design toolk and the hypersonic 125t facitiies developesl
at Langlor. NASA Langley, Humpton, V. e overal! manasement of the Hyper-X progeam and fesuls o
technotogy development effort.

NASA Drveden has soverpd

“Fhrsugh this LangleyTrvdesdindustry pastrership, the Hyper-X progrim falfills a key Agency powd of provid:
se deslen confidence and cut the design

inge pest-senerarion desizn taels and expedmental airorafl 1o nerea
X £ & }

- evele time for greraft,
Specificatly, Dryden wills

« Fly three unpileted X334 vehicles bebwern Tarssry 2000 und Seprember 2001

o Bvaluate the perfarmance of the X-43A research wehdoles ot Mack Tand 1L

» Tremonstrate the use of sir-hreathing engines during Mights of the X-134 vehiches.
» Provide flight research dats to validste results of wind wonel usts, analysis gnd o
siyn and gather informadion shout the vehigles.

1% wr agronagtical

resesreh tools used to de

As the Jead Cenror for the flight-research eftoat, Dryden engineers are working clusely with thelr eolizagues

fram Langley ond indastry 1o refine the design of the N-43A vehisles, Drryden also bs managing the fabrication
of buth the X-4734 vehicles and the sxpendable houster sockets that will serve as lounch vehivles, Pryden also
witl perform fhghs-ressarch planning s well as some vehicte instrumentation aml provide control of the tests.

~Hyg a8 e ight

3
. W
ity

I .
fl L Lrraeryet
L ek star)

L Hy prr X bocetny
5&1\1«1 g

FE O

ety SastseyRes
G gy el ¥

i Btz arearad

0,50 v

Ay basrch {Dver weter)

N e,

Ctike conventinnal sireraft, the X-33A vehicles will not take off wnder thelr own poner and chimb th @st
altitade. Instead. NAS rs BB aiveraft wifl climb 1 aboul 20,000 feet for the Tiow Glght and re
tannch vehicle. For ¢ s vehicle w the e comditons
vt where 1t wilf separate frows the boosier aad Ay smder s 0w
s X432 it ariginate from the DavdensEdwards Alr Foree
Sea Rage ol ke coast of California The carrent

o
A3

preaRy and preproRrImh iplhits ot t
Bame aron, ang the ¢ : ghin the Wesiers
fiight profile calls Py Laumnd

fength and Is oompletly over walen,
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The B-52 Drvden will use 1o carry the 434 and lgarch vehivle t st mmud\ ¥ I‘k oldest B-32 on flving
seatte. The wircraft, o foam froe the ULS. Al Force, fas heen usad on somme of the o nportant prijects in
perospace histry. I ixene of two B-525 nsed o gir launeh
e three X135 hypersonic aireraft fov resgarch Sights. It
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Appendix C: SMV Missions Identified by Aerospace

Corporation & SMC/XR [49]

Mission Area Mission ‘| Area
Anti-Satellite SC Remote Sensing Gov
Battle Management/C2 Augmentation FE Satellite Inspection Int/SC
Border Monitoring Gov Satellite Maintenance SS
Communications (Augmentation) FE Satellite Recovery SS
Counterair FA Satellite Refueling SS
Counter-Weapons of Mass Destruction | FA Satellite Replenishment SS
D4EN Airborne Targets FA Satellite Repositioning SS
D4EN Terr. Targets w/Non-Nuclear FA Space Order of Battle Updating SS
D4EN Terrestrial Trgts w/Nuclear FA Space Assets Deployment FE
Defensive Counterspace SC Space Attack Warning SC
Disaster Area Surveillance Gov Space Environment Forecasting FE
Disaster Relief Support Gov Space Information Denial SC
Drug Enforcement Support Gov Space Nuclear Detection FE
Drug Traffic Monitoring Gov Space Object Cataloging SC
Defensive Satellite Operations SC Space Object Identification SC
Electronic Warfare SC Space Surveillance SC
Exercise Support SS Space Target BDA/Status FE/SC
Global Agriculture Monitoring Gov Space Test Support SS
Global Mobility SS Spacelift Int/FE
Hard/Deeply Buried Target Detection FE Strat. Relocatable Target Detection FE
Intelligence Preparation of Battlefield Int | Target Designation FE
Intelligence Collection Int Terrestrial Environment Measurement FE
Launch Denial FA Terrestrial Nuclear Detection FE
Mapping FE Terrestrial Target BDA/Status Int/FE
Mobile (Air) Target S&TW FE Theater Intelligence Collection Int/FE
Mobile (Ground) Target S&TW FE Theater Targeting Int
Mobile (Sea) Target S&TW FE Theater Missile Defense Engagement SC
Navigation Augmentation FE Theater Missile Defense Tracking SC
Navigation Warfare SC Treaty Verification Support Gov
Nuclear, Biological, Chemical FE Unattended Ground Sensor Query FE
Detection Int=Intelligence, FA=Force Application, FE=Force
National Missile Defense Engagement | SC Enhancement, SC=Space Control, SS=Space
National Missile Defense Warning SC Support, Gov=Government

Offensive Counterspace SC BDA = Battle Damage Assessment

Operations Training Support SS S&TW = Surveillance and Threat Warning
Reconnaissance Int
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RLV Desirable Features [51]
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