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Preface

I naively began my research thinking that our failure as a nation to achieve truly robust,

reliable, and inexpensive space access (R*IS4) was simply the result of several misplaced
technology bets, poor timing, and bad luck. I was wrong. I soon discovered that one cannot
adequately address this complex topic without entering the realm of public policy, economics,
programmatics, as well as the technical complexity inherent with R*7S4 . Although I am critical
of NASA at times, without question, NASA is blessed with the services of some of the most
brilliant and dedicated scientists and engineers this nation has to offer. However, if NASA was
an organization in crisis before the tragic loss of Columbia, it will soon be under a state of siege.
This is wrong. Decisions spanning more than thirty years by the Executive Branch, Congress,
the Department of Defense, and the entire aecrospace community contributed to this tragedy. The
loss of Columbia brings some difficult issues to the forefront. NASA made a decision in late
2002 to defer pursuit of a second-generation reusable launch vehicle until at least 2009, and
instituted a shuttle life extension program to 2020. I personally believed this to be a mistake
prior to the loss of Columbia, and I can now say so with absolute certainty. Keeping the shuttle
flying until 2020 will almost certainly mean the loss of another vehicle and crew, as well as an
abrupt and permanent grounding of the remaining shuttle fleet. Failure, due to a “lack of
resources,” to immediately begin the pursuit of the design and build-out of a new space
transportation architecture that fails to include a solution for the shuttle not only puts a price tag

on human life but seriously jeopardizes the future of manned space flight. Recent Space Launch
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Initiative shuttle replacement cost estimates as high as $30-35 billion proved unaffordable for
NASA. Further, the NASA staff was unable to make the business case for the long promised
$1000 per pound to low-earth-orbit to its own administrator. Meanwhile, the Department of
Defense, unable to ride NASA’s coattails, struggles to find solutions to its aspirations for an
affordable, flexible, and operationally robust space launch system. Significant strides towards
defining force enhancement, counterspace, and force application requirements are encouraging,
but an enabling space launch system remains elusive. The commercial space industry is on life-
support with global capacity far outstripping demand for expensive and cumbersome launch
services. The DoD and NASA pursuit of independent space launch solutions is inefficient and
unaffordable. The answer to this crisis demands a national solution to earth-to-orbit operations
responsive to civil, military, and commercial requirements.

Is a national solution possible? Does it even make sense? Potential answers to these vexing
questions were painfully slow in coming. This paper suggests that there are indeed national
solutions that can deliver R°ISA. There are also quicker, riskier, technology leveraged
alternatives than those suggested here that could work. However, as a nation we’ve been down
that road before — placing several multi-billion dollar bets that failed to deliver. The approach
promulgated here — followed to its logical conclusion - is guaranteed to deliver R’ISA . There
are likely to be similar solutions that can deliver R*ISA even faster and cheaper; it is time for all
stakeholders to focus our effort to defining those solutions.

One observation I’ve made is that it would be very helpful if the aerospace community could
reach a reasonable consensus recommendation regarding a prudent road ahead. This would not
only help lift the fog that has virtually immobilized us for more than thirty years, but inspire

some sorely needed confidence in American leadership and her people. Unfortunately, without a
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clear mandate from our leadership, such consensus is unlikely. Hence, the decisions of our most
senior leadership within the executive, congress, DoD, and NASA will provide the direction and
resources to make R’ISAa reality. This paper is a modest, unbiased attempt to help prepare
them for that task.

My sincere thanks to the Center for Strategy and Technology and the unwavering support of
Dr. Grant Hammond, Mr. Ted Hailes, and particularly, Lt Col John Geis, who painstakingly
reviewed numerous drafts of this paper and provided invaluable editorial comment. I am also
sincerely grateful to Dr. Lanny Jines of the Air Force Research Laboratory and Dr. Dennis
Bushnell of NASA Langley Research Center for providing personal insight as well as generous
access to their respective organizations. Thanks to Dr. Kevin Bowcutt, Ramon Chase, Bill
Claybaugh, Dr. Harry Karasapolous, Dr. John Olds, Ming Tang, Edgar Zapata and others for
challenging the thesis of this paper and providing invaluable advice and assistance. Finally, I’d
like to thank my beautiful wife Heather for her unselfish support as well as my two-year old son
Patrick who never quite figured out where daddy went all those weekends.

Despite bleak characterizations of past failure, there is great hope for the future. As I
researched this paper, I was struck by the sheer magnitude and diversity of the technical and
programmatic discourse surrounding space exploration and exploitation. There is no shortage of
brilliant people and great ideas. Once R*ISA4 is achieved, I am convinced that we will witness a
renaissance in space not unlike that experienced in aviation during the interwar years of the 20™
Century. Today’s earth-to-orbit operations are reminiscent of the challenges and risks of Charles
Lindbergh’s foray across the Atlantic. We have yet to build the space equivalent of the DC-3.
Any personal agenda I may have brought to the debate amounts to nothing more than one day

hoping to affordably buy a ticket to earth orbit -- and one more thing. To inspire my son, and his
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generation, in the same way I was inspired by the men and women who built Apollo and safely
delivered a dozen men to the lunar surface and brought them home again. I’d like to claim that I
was part of the next generation who built the ships that permanently bridge the gap between air
and space — both inspiring and enabling my son’s generation to begin an awe inspiring journey of
their own.

This paper is dedicated to Dr. Ron Humble, an aerospace enthusiast with whom I had the
pleasure to co-edit a text entitled Space Propulsion Analysis and Design and who passed away in

2002 at 44 years young. We’ll miss him.



Abstract

The principal barriers to unconstrained civil, military, and commercial exploitation of space
are the high cost and elevated risk associated with access to low-earth-orbit and beyond. The
road ahead remains clouded and ambiguous despite thirty years of trying. This paper is intended
to empower senior level decision-makers with the insight and objectivity needed to ask tough,
probing questions, as well as provide a course of action that illuminates a path toward truly

robust, reliable, and inexpensive space access (R°ISA) for the 21* Century. It will be made
clear that: 1) R’ISA will never be achieved with expendable launch vehicle technology.
Reusable launch vehicles are the only economically and operationally viable path toward
achieving R’ISA. 2) Existing technology limitations make pursuit of a single-stage-to-orbit
solution imprudent at this time, while a two-stage-to-orbit reusable launch vehicle is the logical
next step towards R>ISA. 3) Despite conflicting requirements, a common “national” solution
for civil, military, and commercial application is both possible and desirable. 4) Fundamental
reforms are essential to make R’ISA a reality.

This paper provides a concrete, quantifiable definition and a theoretical construct for
R’ISA . Tt then presents the historical context, divergent requirements, and disparate technical
perspectives that comprise the confusing state of affairs engulfing the space transportation debate

and concludes with a set of lessons learned. It will then explore the current physical, economic,
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and technological challenges associated with achieving R°ISA. From this, it then outlines the

technical solutions to R*ISA focusing on rocket and air-breathing reusable launch vehicles. A
set of proposed “national” space launch system architecture attributes are introduced as well as a
proposed solution to the current impasse. Finally, this paper will present a set of conclusions and
recommendations for the successful pursuit of R*IS4. Along the way, this paper will frame the
critical issues and key questions that must be asked and answered before the United States
commits billions of dollars towards a future space launch architecture. A fundamental question
considered is whether R*ISA is best achieved through separate (but coordinated) civil, military,
and commercial endeavors, or if a single “national” solution makes sense. This question is vital
to framing a debate that transcends technological challenges, interagency rivalry, and political

expediency, and may ultimately determine the difference between success or failure.
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Chapter 1

Introduction

The Air Force was born of a new technology — manned powered flight.
Innovation will enable the Air Force to evolve from an air force to an air and
space force on its path toward space....We are now transitioning from an air
force to an air and space force on an evolutionary path to a space and air force.

—~Global Reach—Global Power

Robust, reliable, and inexpensive space access (R’ISA) is the holy grail of space
transportation. It is universally accepted that the principal barrier to unconstrained civil,
military, and commercial exploitation of space are the high cost and elevated risk associated
with access to low-earth-orbit and beyond. It is evident that the United States has yet to
introduce a space transportation architecture that delivers R*ISA despite numerous abortive
attempts to do so. Equally disappointing is the clouded and ambiguous road ahead despite thirty
years of trying. It didn’t have to be this way.

This paper is intended to empower senior level decision-makers with the insight and
objectivity needed to ask tough, probing questions, as well as provide a course of action toward
truly robust, reliable, and inexpensive space launch for the 21 Century. It will be made clear
that: 1) R*ISA will never be achieved with expendable launch vehicle technology. Reusable
launch vehicles are the only economically and operationally viable path toward achieving
R’ISA. 2) Existing technology limitations make pursuit of a single-stage-to-orbit solution

imprudent at this time while a two-stage-to-orbit reusable launch vehicle is the logical next step



towards R*ISA. 3) Despite conflicting requirements, a common “national” solution for civil,
military, and commercial application is both possible and desirable. 4) Fundamental reforms are
essential to make R”ISA a reality.

This paper will begin by providing a concrete, quantifiable definition and a theoretical
construct for R*ISA. It then presents the historical context, divergent requirements, and
disparate technical perspectives that comprise the confusing state of affairs engulfing the space
transportation debate and concludes with a set of lessons learned. It will then explore the current
physical, economic, and technological challenges associated with achieving R*ISA4 . From this, it

will then outline the technical solutions to R*ISA focusing on rocket and air-breathing reusable
launch vehicles and propose a set of “national” space launch system architecture attributes and

conclude with a proposed solution to the current impasse. Finally, this paper will present a set of

conclusions and recommendations for the successful pursuit of R*IS4. Along the way, this
paper will frame the critical issues and key questions that must be asked and answered before the

United States commits billions of dollars towards a future space launch architecture. A

fundamental question considered is whether R’ISA is best achieved through separate (but
coordinated) civil, military, and commercial endeavors, or if a single “national” solution makes
sense. This question is vital to framing a debate that transcends technological challenges,
interagency rivalry, and political expediency, and may ultimately determine the difference

between success or failure.

R2ISA DEFINED

Robust, reliable, and inexpensive space access is a qualitative construct describing the
essential characteristics of any successful civil, military, and commercial space launch system

architecture. However, quantification is necessary to scope the problem, define usable metrics,



and permit objective decision-making. Although any quantitative rationale is subject to debate, a

R?ISA definition is nonetheless provided.
Inexpensive

The term inexpensive is used in lieu of affordable with premeditation. “Affordable” is
whatever a customer is willing to pay based upon overall mission value or imperative.'
“Inexpensive” represents a threshold where there is no longer a cost disincentive in considering
space-based alternatives to specific mission requirements. The complication arrives when
attempting to define that threshold. Typically, between the civil, military, and commercial arena,
the lowest cost threshold lies within the commercial realm. Thus, the commercial standard is
used to define the threshold for “inexpensive” space launch.

The National Aeronautics and Space Administration (NASA) sponsored a collaborative
government/industry Commercial Space Transportation Study in 1994 that is recognized as the
most comprehensive and authoritative effort to date in quantifying the commercial space
market.” It was intended to address the global perception that: 1) significant untapped
commercial markets existed if the cost of access to space could be lowered an order of
magnitude or more, 2) a new launch system could provide such a reduction in launch costs, and
3) such a reduction would result in a “space industrial revolution” with very large increases in
users and traffic.’ The analysis concluded that a non-linear change in demand relative to price
(called market elasticity) begins to enter the commercial space launch market at around $1000
(FY93) per pound to low-earth-orbit and is well established at $600 per pound.* For the
purposes of this paper, the threshold for commercial viability begins at $1000 (FY02) per pound
to low-earth-orbit and is used as the threshold for a second generation launch system.” Based

upon the author’s interpretation of Commercial Space Transportation Study estimates, $100 per



pound to low-earth-orbit can provide a sufficient return-on-investment to make the subsequent
development of profitable commercial launch system architectures self-sustaining. Thus, the
price threshold of $100 per pound is used for third generation launch systems.® However, this
optimism does not negate the fact that another order of magnitude drop in costs to $10 per pound
is necessary to approach “aircraft-like” costs. Further, the study concluded that “as a commercial
investment measured at standard industrial return-on-investment levels, the investment cost for a
new space launch system must be kept in the range of a few billions of dollars.””’
Reliable

There are two distinct dimensions of reliability that have a large impact upon overall system
cost and performance. The first is the probability of mission failure, which is relevant to both
manned and unmanned systems. The second is probability of catastrophic loss of either a
mission payload or crew. The former drives critical commercial considerations to include
customer confidence and the cost of insurance (which can be a high percentage of launch costs)
as well as directly impacting the probablity of mission success in the military realm. The latter
deals with crew safety and implies a “crew-rated” system demanding significantly higher safety
margins than unmanned systems, adding weight, complexity, and cost. Higher margins for
crewed systems can be addressed one of two ways. The first is to augment a non crew-rated
vehicle with a crew-escape system to make the system safer. This approach can provide
improved safety margins, but with a significant penalty (typically manifested as weight) to
overall system performance. The second is to build a vehicle with sufficiently high reliability to
make the crew-rated distinction irrelevant, as is the case with existing aircraft operations.

Space launch systems have historically operated at very low reliability and safety thresholds

relative to aircraft operations. Based upon Bayesian reliability theory (where the benefit of



learning is factored into statistical analyses), the first human launch of the Mercury Redstone
(Alan Shepard) appears to have carried a 61 percent probability of vehicle launch failure. The
first human launch of a Mercury Atlas (John Glenn) carried a 63 percent probability of launch
failure. Both of these values are based upon the heritage of the their respective launch vehicle
development to that date.® To deal with unacceptably low demonstrated reliability, a crew
escape system was added with a five percent probability of failure. With crew escape, safety
now becomes the product of the two numbers yielding a probability of both the launch vehicle
and the crew escape system falling to three percent, or alternatively, a 97 percent probability of
crew survival.” Although expendable launch vehicle reliability has improved dramatically since
the early 1960s, demonstrated system reliabilities to this date range between 94 and 99 percent.
Current NASA shuttle reliability numbers vary, and there is a large disconnect between the
desired reliability of its future generation reusable launch vehicles and reality. One unpublished
NASA source projects shuttle reliability against loss of vehicle as “marginally higher” than the
originally specified 98 percent reliability (implying a catastrophic loss of one vehicle in every 50
launches)."”  An internal NASA “bottom-up” failure analysis predicts the probability of
catastrophic failure at 1 in 247."" The space shuttle, despite its overwhelming complexity, is
without question the safest and most reliable space transportation system to ever fly. However,
relative to aircraft operations, the shuttle is a very dangerous machine. NASA articulated a
desire to achieve a two order of magnitude improvement with its second generation reusable
launch vehicle development under the auspice of the Space Launch Initiative to reduce the risk
of crew loss to approximately 1 in 10,000 missions.'> Note that another order of magnitude
improvement to 1/100,000 probability of loss of vehicle is necessary to approach “aircraft-like”

reliability.”” A more realistic and achievable failure probability goal for a second and third



generation reusable launch vehicle is 1/1000 and 1/10,000 respectively. One can safely conclude
that aircraft-like reliability for space launch systems is well beyond existing state of the art.
Robust

The term “robust” is a multifaceted mission and system dependent component of R*1S4
that can carry significantly different meanings in the civil, military, and commercial realms. An
important goal of a national solution to RIS is an amelioration of these differences that is
addressed in the following chapter. This axis of the R*/SA parameter space can be defined in
any fashion, but for the purpose of this paper, robustness is simply the launch vehicle preparation
or recycle time, measured in hours. Figure 1 below graphically depicts the R*IS4 parameter
space for existing expendable and reusable launch vehicles, as well as second, third, and fourth

(aircraft-like) generation space launch systems.
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Finally, a brief discussion of important definitions is in order. The FAA Office of
Commercial Space Transportation defines four payload mass classes: small (5,000 Ib or less),
medium (5,001-12,000 Ib), intermediate (12,001-25,000 Ib), and heavy (more than 25,000 lbs) to
low-earth-orbit."*  For the purposes of this paper, medium and intermediate are merged into
medium class payloads. Low-earth-orbits are used as the baseline for objective cost and
performance assessments and to define some common terms. Low-earth-orbit is defined as
circular orbits in the range of 185 kilometers (100 nautical miles) to 460 kilometers (250 nautical
miles) with the lower threshold used in this paper.”” Orbital velocity is important because it
represents the minimum speed and direction at which immediate active propulsive thrust is no-
longer required to counteract the earth’s gravitational acceleration and the trajectory can be

sustained indefinitely (absent losses due to drag , gravitational anomalies, solar activity, etc).

R2ISA KEY LINKAGES

R*ISAis directly linked to the overall vehicle design that is in turn influenced by an

overarching space architecture. Earth-to-orbit operations, of which R*IS4 is directly concerned,

is a part of this larger space architecture. Since a system-of-systems perspective is essential to

achieving an optimized R’ISA solution, two important observations are now made. First, the
successful oversight of these elements can only be accomplished by very senior level decision-
makers. Secondly, these interrelationships can get very complicated very quickly. Figure 2
below graphically illustrates these relationships and can be considered a topical “roadmap” of
discussion for this paper. Although the details of this figure are not discussed here, the reader is
encouraged to refer to it often as more detailed information and actionable arguments are

presented in this paper.
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Figure 2 R2ISA Linkages to Vehicle Design and Space Architecture



Chapter 2

Background

The earth is covered by two-thirds water and one-third space launch studies."’

—Secretary of the Air Force Sheila A. Widnall, December 1992
Regarding his predecessor, Daniel S. Goldin’s $1,000-per-pound-to-orbit goal:
I’'m not an archeologist; I'm not a forensic pathologist. I don’t know where this
stuff came from, and I'm really not interested in going through an excavation or a
dig around the agency to figure out who came up with what number when. That

is a bumper sticker, and I haven'’t found anybody who can attest that there is any
technology that can achieve that."”

---Sean O’Keefe, NASA Administrator, November 2002

HISTORICAL PERSPECTIVE: THE ROAD TO NOWHERE

In the late 1960s, two very different approaches emerged as potential means of
significantly reducing the cost of access to low-earth-orbit. One approach proposed using
simplified expendable boosters; the other a winged, fully reusable, manned launch system.'® In
1972, the US government officially came down on the side of the winged, fully reusable system.
The space shuttle was established as America's future space launch vehicle and a solution to high
cost. Although the ultimate shuttle configuration was only partially reusable, cost analysts at that
time nevertheless predicted an order of magnitude reduction in launch costs to $162 per pound to
orbit (FY71) relative to existing expendable systems.'"” The space shuttle proved to be an

engineering marvel providing a wide range of on-orbit capabilities; however, as a launch system



it was, and continues to be, an economic failure. In order to get the funds to build the shuttle
during the lean 1970s, NASA was forced to trade higher operational costs in the future for lower
developmental cost in the present. The ramifications of that political trade-off eventually came
home to roost, as shuttle operations had and continue to dominate the NASA budget.*’ The
shuttle is most expensive heavy-lift launch vehicle in the US inventory, whether based on cost
per launch or on dollars per pound to orbit.*'

In 1987, the DoD began a cooperative effort with NASA to develop a new simplified
rocket booster called the Advanced Launch System that was intended to succeed where the
shuttle had failed. Once again, the goal was to achieve order of magnitude launch cost
reductions. Congress specified in November 1987 that any Advanced Launch System request for
proposal would include the target of $370 or less per pound of payload to low-earth-orbit.”
Budgetary and political pressures caused the original Advanced Launch System initiative to
eventually be transformed into a follow on program called the National Launch System. This
system represented a family of simplified expendable boosters that depended on shuttle-derived
hardware for some key components and advocates claimed it held great promise for reliable,
responsive space transportation. The National Launch System program de-emphasized the goal
of $370 per pound to low-earth-orbit. Program managers emphasized a simpler design approach
to keep manufacturing and operating costs low, but cost projections for the development of the
new launch vehicle continued to rise.”> Congress cancelled the program in 1992 when non-
recurring development cost projections for the National Launch System exceeded $10 billion.**
The subsequent joint Space-Lifter program, called “Shapeshifter” by some (due to its ability to
mutate according to changing political demand), survived only a year and was cancelled in

1993.%
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The post Challenger environment was a politically turbulent and uncertain one for space
policy. Between 1987 and 1992, coinciding with the birth and demise of both the Advanced
Launch System and National Launch System programs, this uncertainty manifested itself in an
abundance of high-level space policy studies to include: Pioneering the Space Frontier, the
1986 report of the National Commission on Space; the 1987 Leadership and America's Future in
Space report generated by a panel chaired by America's first woman in space, Sally Ride; the
Space Architecture Study done by DoD in 1988; the 1990 Report of the Advisory Committee on
the Future of the U.S. Space Program (the Augustine committee); the 1991 Synthesis Group
Report (the Stanford committee); the 1992 reports from the National Space Council and the
Vice-Presidents Space Policy Advisory Board, The Future of U.S. Space Launch Capability and
a Post-Cold War Assessment of U.S. Space Policy, and the 1992 national research council report
From Earth to Orbit. All examined, and most stated as a priority, the imperative of low cost
earth-to-orbit transportation.”® The National Commission on Space stated, for example, that “the
most significant contributions the U.S. government can make to opening the space frontier are to
ensure continuity of launch services and to reduce drastically transportation costs.”’ One
concludes that the need for change within the existing space transportation system was
recognized, yet interagency/political consensus proved elusive.

Meanwhile, an alternative to a rocket based solution to low-earth-orbit access was being
pursued. The US Air Force and NASA initiated the X-30 National Aerospace Plane program as
a single-stage-to-orbit vehicle using a supersonic combustion ramjet (scramjet) and slush
hydrogen propellant. This decision was made despite the fact that a scramjet had never flown
nor had slush hydrogen propulsion ever been successfully demonstrated as a propellant. The

program plan allocated $3.33 billion over eight years (soon raised to $5 billion) to build and test

11



two vehicles (later cut to one) by 1990. The National Aerospace Plane was to enable aircraft-
like operations with a 24-hour turnaround time and a 100-person ground crew. As the program
progressed, the scramjet technology, thermal protection system, and a host of integration
challenges became problematic. Defense Secretary Richard Cheney reviewed the program in
1989. At this point, first flight had slipped a decade, and total costs estimates were as much as
500 percent over initial estimates. Secretary Cheney terminated DoD investment in the National
Aerospace Plane, killing the program.*®

In 1996 NASA began the X-33 competition for the next generation Space Shuttle. The
Lockheed-Martin Skunk Works was awarded the contract to build a wedge-shaped, vertical take-
off horizontal landing lifting body powered by a linear-aerospike engine and incorporating
metallic thermal protection system and composite fuel tanks (all unproven technologies). The
sub-scale unmanned X-33 demonstrator was designed to reach Mach 15, a velocity adequate to
validate the technology necessary to build an orbital reusable launch vehicle. The X-33’s first
flight was originally scheduled for March 1999. Numerous technical challenges slipped the
launch date and added costs. The failure of a composite liquid hydrogen tank forced the use of a
heavier aluminum alternative and destroyed what little design margin existed. Scalability and
traceability to the orbital reusable launch vehicle was in serious doubt. A September 2000
revision of the NASA-Lockheed Martin agreement posited first flight in 2003, contingent upon
the X-33 winning funding from the new Space Launch Initiative. Funding was not forthcoming
and the X-33 program died in late 2001 when the USAF, after a six-month review, chose not to
resuscitate it. NASA had spent $912 million and Lockheed Martin an additional $365 million on
the X-33 before it was finally cancelled.”” Also in 2001, NASA deferred further work on a

smaller X-37 spaceplane prototype, and killed the air-launched X-34 Mach 8 hypersonic
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demonstrator that had gone over budget.® However, The X-37 was resurrected in November
2002 when NASA awarded a $301M contract to Boeing Phantom Works to continue the
development of the X-37 Approach and Landing Test Vehicle as well as the design of the long-
duration orbital vehicle.*'

NASA unveiled the $4.85 billion Space Launch Initiative®®, often referred to as the second
generation reusable launch vehicle program (shuttle replacement), in May 2001. It was a near-
term (2001-2006) business plan for NASA, and its partners, to include DoD, to investigate new
space transportation architectures and advanced technologies required to profitably implement
them.” Stated objectives were: 1) “Invest in technical and programmatic risk reduction
activities, driven by industry needs, to enable full-scale development of commercially
competitive, privately owned and operated, Earth-to-orbit reusable launch vehicles by 2005; and
2) Develop an integrated architecture with systems that build on commercial Earth-to-orbit
launch vehicles to meet NASA-unique requirements that cannot be economically served by
commercial vehicles.” **

NASA solicited and initially received hundreds of proposals and selected 15 for further
consideration in April 2002. Among the 15 rocket-based concepts, five were based solely on
hydrogen fuel, another five used a mix of hydrogen and kerosene, and the last five tapped hybrid
mixtures and unconventional launch concepts.”> On 21 October 2002, NASA indefinitely
suspended a system requirements review slated for the following month that would permit a
down-select and pursuit of three Space Launch Initiative designs through 2005.°® A total of $2.3
billion was cut from the Space Launch Initiative, with the decision on whether to develop the
vehicle at all pushed back from 2006 to no earlier than 2009. The NASA justification says that

they “had hoped to pay for the new vehicle by amortizing its estimated $10 billion development
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cost across the commercial and NASA launch market. The assumptions proved too optimistic
given the declining launch market.” Further, four independent cost estimates projected the total
development cost of the new reusable launch vehicle at $30-35 billion.*’

The USAF did a better job, albeit with a significantly more modest goal, to successfully
upgrade the Delta and Atlas expendable launch vehicle families (Delta IV and Atlas V) to initial
operational capability in 2002. In the 1994 Space Transportation Study chaired by Air Force Lt.
Gen. Thomas Moorman, roadmaps for four space launch options were developed: “maintaining
the status quo; undertaking a limited evolution of current systems or components; beginning a
new, clean- sheet expendable launch vehicle development; and developing a reusable launch

vehicle.”*

However, no specific recommendations were presented with the report. Eventually,
the Evolved Expendable Launch Vehicle -- the evolutionary approach -- was initiated as a
politically acceptable response. The primary motivation was to provide responsive “assured
access” to space at reasonable cost. It was never intended to be a cure for the transportation
problem, rather only a treatment to permit a cure to be found.”* The Air Force awarded $500M
to both Boeing and Lockheed Martin in October 1998 to develop their respective launch vehicle
families and supporting launch infrastructure. The contract also included options to purchase 19
launches worth $1.38 billion to Boeing and $650 million to Lockheed Martin.*® The Evolved
Expendable Launch Vehicle program goals included: 1) reduce launch costs by 25-50 percent,
2) launch with 98 percent design reliability within 10 days of scheduled launch, and 3) capable
of launching pre-integrated payloads within 45 days of government notification.”’ Current Air

Force estimates are that it will pay between $75 and $150 million for medium and heavy class

payloads respectively.** Both the Delta IV and Atlas V had a successful launch debuts in 2002.
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Yet today the space transportation situation remains virtually the same as it was in 1985,
with only the modest improvements of the Evolved Expendable Launch Vehicle as the notable
exception. In fact, within the reusable launch vehicle arena, the situation has deteriorated
considerably since the inaugural launch of the shuttle in 1981. The shuttle was the first attempt
beyond totally expendable rocket designs, which initially became operational in the 1950s. If
space transportation is assumed to drive and leverage cutting-edge technology, something is
terribly askew. Clearly it is not another study that is needed.

Why has so little progress been made within the realm of space transportation for the past

thirty years? First, a new space transportation system that truly delivers R’IS4is not really
necessary to continue limping along and perpetuating the status quo. Between the Shuttle, Titan,
Delta, Atlas, and other international expendable launch vehicles in existence, the current payload
manifest can be easily met. Second, “incrementalism”” has permeated US space policy.
Elements of the government bureaucracy remain locked in debate over policy, requirements,
technology, and resources that derails efforts towards rational decision-making. Unfortunately,
the aerospace community, to include government (DoD and NASA), academia, and industry has
done little to clarify the issues and help settle the debate. What is needed, more than all else, is a
rational, deliberative, and enduring effort to solve the space transportation mess. Outsourcing
the problem to industry (discussed in detail in Chapter 3) won’t work. The systems are too
expensive and the markets too thin to support this at present. The status quo ensures that space
launch maturation will remain stalemated and future space exploration and exploitation will
remain stagnant.

Until recently, the government was assumed to bear the burden of all serious space

transportation solutions, with NASA playing the historical leadership role in that endeavor.
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Although NASA'’s agenda was not always synchronized with commercial or military needs, (as
repeatedly demonstrated by strife over joint programs to include Advanced Launch System,
National Launch System, Space-Lifter, X-30, and Space Launch Initiative to name a few) it was
intended that it be endowed with the resources and technical expertise to lead these efforts.
NASA has had great success with the latter, but the resource challenges have worsened
dramatically. The continuing operational challenges associated with shuttle and the international
space station will continue to hobble NASA. Both are projected to consume more than 51 and
48 percent of NASA’s annual $14+ billion FY03 and FY04 budgets respectively.** This results
in an inability to fund its own proposed initiatives or demonstrate the wherewithal to see
promising technology demonstrations to completion.

The recent Space Launch Initiative debacle, and NASA’s decision to defer any decision

on a second generation reusable launch vehicle to no earlier than 2009, left unanswered,

removes the possibility of R*ISA for at least another 20 years. It is unclear whether this
decision was based solely on current fiscal pressures, the agency’s inability to articulate a clear
and convincing case to its own administrator as to how $1000 per pound to low-earth-orbit was
possible, or the $30-35 billion price tag. There is no credibility to NASA’s vision for a return to
the moon and subsequent human exploration of the solar system until it effectively addresses the
fiscal and managerial burden of shuttle and the international space station and secures R”ISA as
the key enabler for its space exploration initiatives. Put simply, NASA has been forced to
abdicate (at least for now) its historical role as a catalyst for US space launch system innovation
and development.

The DoD could be allowed to pursue its own specific space launch systems that satisfy

specific military requirements, and left to its own devices will likely do so. Based upon The Air
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Force’s commitment to the Evolved Expendable Launch Vehicle program, there is reason to
believe it would stay the course on whatever future solution it chose. However, is this the most
prudent path for the nation? Certainly a strictly military solution would have marginal civil and
commercial benefit. A successful national “compromise” solution to the stalemate may be the
best way to permit NASA to regain its footing, and deliver valuable military and commercial
capability as well. Is a national solution to the current impasse possible? Does it make sense?

The remainder of this paper will endeavor to answer these questions.

DIVERGENT REQUIREMENTS

There are unique requirements to civil, military, and commercial space launch. Differences
in the areas of payload size and weight, launch rate, payload integration, mission turn-time, and
cost can be significant. A military vehicle is driven to high sortie rates, smaller payloads with
maximum mission flexibility, and minimum integration time. Civil (primarily NASA)
requirements include medium to large payloads, lower launch rates, and deliberate/predictable
payload integration. Although cost currently permeates all three sectors, not surprisingly,
commercial launch vehicle service providers consider manageable costs the highest priority.
Examination of all three sectors is intended to establish some “common ground” from which a
national solution might prove possible.

Civil & Military Convergence?

Figure 3 highlights some of the important differences in civil/military requirements along
functional lines. Taken at face value, one could quickly conclude that these “requirement” sets
irreparably drive NASA and the DoD to two completely different system solutions where

collaboration beyond mutually supporting technology initiatives is both technically infeasible
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and operationally unwise. Although this thinking is deeply entrenched in both the civil and

military space communities, there are “joint” solutions that merit serious consideration.
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Figure 3 Civil and Military Requirements Comparison45

It will become evident later in this paper that the military’s need for responsive operations, rapid
turn time, and high sortie rate are the key operability elements that deliver order of magnitude
reductions in cost. NASA’s experience with the shuttle will clearly illustrate this point. Further,
the apparent differences in payload delivery can be ameliorated through other elements of the

space transportation architecture.
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NASA'’s needs fall into two general categories: 1) launch of satellites for environmental
monitoring and planetary exploration, and 2) launch of astronauts and payloads in support of the
manned space flight program to include the International Space Station. Each of these currently
require medium to heavy-lift payload capability to low-earth-orbit. The added complexity
associated with a crew-rated system may also need to be considered. At present, NASA is
publicly committed to the development of an orbital space plane,*® and upgrades to the shuttle to
keep it flying until at least 2012.*”  International Space Station logistical support may also
require a heavy-lift capability that is currently being serviced by four Space Shuttle missions
annually, at $800M per launch.*®

Military space mission areas include space force enhancement, space forces support, space
control, and space force application resulting in a diverse set of specialized payloads..” DoD
payloads often use commercially provided medium payload class expendable launch vehicles
which deliver a wide variety of force enhancement systems to include navigation,
communication, environmental, and information/surveillance/reconnaissance satellites. Future
trends in the force support arena point to the proliferation of smaller satellite systems to include
“gap filler” systems launched in time of crisis. Defining payload requirements for space control
missions is problematic. The Air Force has no existing offensive/defensive counterspace assets
but has publicly articulated its intention to develop such systems in the future.® Virtually all of
these systems will be developed in a highly classified realm. However, it is generally accepted
that these payloads will be relatively small, and RAND research studies indicate that there are a
variety of useful small launch vehicle class space control payloads possible.”’ Force application
from or through space to effect the terrestrial battlespace - particularly lucrative, time-critical,

remote, hardened, or heavily defended targets beyond the capacity of terrestrial based aerospace
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forces - is an attractive option for space planners. Some proposed future systems that might
accomplish these missions can be quite large, with space based kinetic and directed energy
systems requiring heavy-lift low-earth-orbit payload delivery and other concepts demanding
small to medium class capability.’*

RAND concluded in 1996 that a military vehicle capable of a 1,000 to 5,000 Ib payload
delivery capability may be sufficient for most of the space control missions. Further, many of
these military missions would require launch-on-alert within minutes to hours, lack launch
predictability, and demand a rapid turnaround and launch reconfigurability to be most effective.
These characteristics imply aircraft-like operations to include alert status in times of crisis.
Finally, such levels of responsiveness demand aircraft-like supportability and reliability achieved

with the smallest vehicle possible.>

RAND considered the feasibility of a Trans-atmospheric
Vehicle, or space plane as a flexible approach to satisfying these requirements. Flexibility is
defined as the capability of a space plane to deliver payloads to a variety of orbits and to operate
from a number of different bases.”® Other considerations included launch infrastructure, reentry
cross-range capability, and ability to perform other missions, such as that of a long-range
bomber. RAND concluded that a first-generation space plane, once demonstrating reliable
operations, could provide significant long-term cost savings in terms of reduced launch costs.”
Such a system currently appears attractive for an important segment of the future DoD space
launch requirement. However, it fails to address some of the larger more recently recognized
payloads concepts such as the Space Maneuver Vehicle or Common Aero Vehicle that may
follow.

Where might common ground between NASA and DoD exist? The “120-Day Study”

chartered by the Secretary of the Air Force and the NASA administrator in October 2001 was a
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joint NASA-USAF effort to develop a “credible, comprehensive plan for the joint development

of the next generation of reusable launch vehicles.”®

The subsequent “Red Team” study
observation was that it was chartered to address a “point solution,” consistent only with
overarching NASA second generation Space Launch Initiative objectives, and that a broader Air
Force analysis of alternatives was prudent.”’ Although it must be conceded that such direction
inevitably narrowed the trade space, NASA and the Air Force did find agreement in operational
requirements to include: initial operational capability between 2012 and 2014, reliability
between 1:750 to 1:1000 (probability of failure), full payload deorbit mass, abort to orbit,
rendezvous capable, and full access to a full range of orbital inclinations (equatorial to polar and
sun-synchronous). Overlap in the areas of payload mass and responsiveness is even more
significant. USAF weapons and information, surveillance and reconnaissance preliminary
requirements fell between ten and fifteen thousand pounds to low-earth-orbit. NASA science
and international space station support ranged between ten and fifty thousand pounds to low-
earth-orbit (or the equivalent of five to twenty thousand pounds delivered to the International
Space Station).”® The team concluded a common booster with a payload range between 25-45
thousand pounds to low-earth-orbit was possible, and a wider payload range could permit a
common orbiter.”” NASA expressed a desire for a 48-hour call-up for crew rescue purposes, in
contrast to the Air Force’s 12-24 hour call-up for contingency operations.”” Overall, the team
concluded that “architecture options were identified that meet USAF and NASA needs.”®!

The Air Force believes it needs to further refine space missions, requirements, and concepts
of operations before it can commit to any joint DoD/NASA reusable program, although a NASA

deferral of any decision regarding a next-generation reusable launch system appears to make this

point moot. It is noteworthy however, that the 120-Day Study Red Team also observed that
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“multiple reusable launch vehicle development programs was most likely unaffordable and
recommended that NASA and DoD leadership should both commit to some flexibility on
requirements in order to control costs.”®  Certainly the RAND and 120-Day Study Team
conclusions bound the Air Force payload requirement between one and fifteen thousand pounds
to low-earth-orbit. The articulated NASA requirement exceeds forty-thousand pounds to low-
earth-orbit. However, NASA’s decision to build an orbital space plane that is launched from an
Evolved Expendable Launch Vehicle greatly reduces this requirement. The two remaining
missions are cargo delivery to the International Space Station (currently Russian Progress
missions delivering 4,000 pounds of cargo) and earth observing/interplanetary missions ranging
from two thousand to twelve thousand pound payloads.” Exploitable overlap now exists
between civil and military payload requirements.
Commercial

The most important attributes of any commercial launch system include 1) reducing costs
to compete effectively in the worlds market, 2) performing to scheduled launch manifests, 3)
developing payloads sized to the market, and 4) provide preplanned flight profiles without major
anticipated changes. Most commercial satellites today require medium to heavy lift launch
vehicles. The relatively low global demand for commercial launch services (33 actual and 32
forecast worldwide commercial launches in 2002/2003)** and the crowded launch services
market, which includes US, French, Russian, and Chinese makes the launch services industry
very competitive. The vast majority of commercial missions require a geostationary transfer
orbit in lieu of low-earth-orbit mission orbits that are the equivalent of a 20,000 to 45,000 Ib low-

earth-orbit class delivery.
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The Commercial Space Transportation Study examined a plethora of potential commercial
markets to include communications, space manufacturing, remote sensing, unique civil/military
missions, transportation, entertainment, space utilities, extraterrestrial resources, advertising, and
new missions.””  Although there was significant variability among system architecture

requirements between segments, some important common system attributes and requirements

emerged and are summarized in Table 1.

Table 1 Commercial Space Transportation Study Attributes and Requirements“

Category Attribute Requirement Range
Dependability | High probability of launching on schedule | 99% within scheduled hour
99.999% within scheduled day
Schedule Minimum advanced booking time 6 months to 24 hours
Reliability Equal to or greater than existing system 1/100000 probability of loss
Cost Minimum cost per launch Less than $1000/1b to orbit
minimum $10,000 per event
Operations Standardized and simplified payload | Maximize payload capability
interfaces with customer base
Capabilities - Support multiple payload classes 3000 pounds sub-orbital
- Provide delivery to multiple destinations package delivery to 7,000
- Provide on-orbit rendezvous and docking | pounds to  geosynchronous
- Provide delivery and return capabilities transfer orbit
Availability High probability that the system will be in | 90% to 99.9%
an operational rather than stand-down state
Responsiveness | Minimum response time for launch on need | 30 days to 24 hours

There is a striking similarity between these commercial requirements and those articulated

for the military case. For example, fast package delivery was the most operationally stressing
case examined by the study and drove the most aggressive requirements captured in Table 1. It
was estimated that a 3000 pound cargo capability with a 10,000 nautical mile capability could
capture between 70,000-1,000,000 pounds of cargo delivery at $1000/Ib and 1,000,000 —

100,000,000 pounds at $100/Ib based upon 1991 prices and markets.’” One can reasonably
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conclude that a militarily suitable reusable launch vehicle that pierced the $1000/1b to low-earth-

orbit cost threshold may have significant commercial viability.

BROKEN PROMISES and LESSONS LEARNED

Three experiences with reusable launch vehicles, one resulting in a flight vehicle (shuttle)
and two that did not (X-30 and X-33) provide a unique opportunity to learn some important
lessons. Closer examination of these programs will make it apparent that there is much more to
high shuttle costs than complexity and a lack of true reusability, just as immature technology is

not the only culprit behind the demise of the X-30 and X-33.

Space Shuttle
As the Apollo program was approaching its zenith, NASA’s next goal was to first build

and deploy an already mature space station design while simultaneously beginning the
development of a fully reusable two-stage-to-orbit space shuttle. Shrinking budgets forced
NASA to postpone space station development when it became apparent that it was not
economical without a low-cost supply system. Hence, shuttle was at the forefront of
development in the 1970s, with the space station shelved for at least a decade. In July 1970,
NASA awarded contracts to North American Rockwell and McDonnell Douglas to design a
shuttle with a 25,000 Ib to low-earth-orbit payload and 200-1500 nautical mile cross-range
capability. Further in-house studies that year prompted NASA to opt for a delta-winged orbiter
with a 65,000 1b low-earth orbit payload and 1500 nautical mile cross-range capability in 1971.
This configuration came under intense criticism in both congress and scientific communities.
The $10 billion developmental cost for this configuration was considered too expensive, so
alternative booster designs were studied. NASA decided to scrap the fully reusable shuttle for

political, technical, and economic reasons and scrambled to complete a new plan within six
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months in time for fiscal year 1973 appropriations. The final “thrust assisted orbiter concept”
selected in 1972 consisted of a manned orbiter, expendable external tank, and reusable solid
rocket motors characteristic of today’s shuttle system.

Cost analyses conducted in 1971 at the request of the Office of Management and Budget
(OMB), estimated development costs of a fully reusable shuttle at $12.8 billion ($56.8B FY02)
and stated that the development of a less expensive $5.15 billion ($22.9B FY02) partially
reusable system was justified within a level of space activity between 300 and 360 flights
between 1979 and 1990. The estimated cost per flight was $10.5 million (FY71) ($46.6M
FY02) based upon a flight rate of 50 per year and a first launch in 1978. By 1980, development
costs had increased 20 percent to $6.2 billion (FY71) ($27.5B FY02) and a cost per flight to
$15.2 million (FY71) ($67.5M FY02). The spectacular first-flight of Columbia occurred on 12
April 1981. A maximum annual flight rate of nine had been demonstrated in 1985 before the
catastrophic loss of Challenger and her crew on 28 January, 1986. Extensive redesign and
system improvements/upgrades were incorporated into shuttle, resulting in maximum payload
reduction from 65,000 1bs to 53,700 1bs.%

The fundamental question is this: How could initial 1971 shuttle launch cost estimates of $
46.6 million (FY2002) equating to $717 per pound to low-earth-orbit have been more than an
order of magnitude in error? At the risk of oversimplification, the answer lies with a large
annual flight rate shortfall illustrated in Figure 4 below. Once the magnitude of this impact is
understood, attacking its root causes goes a long way towards enabling R*IS4. The original
shuttle orbiter maintenance turnaround operations envisioned a simple vehicle to operate and
maintain, very little infrastructure, simple payload integration, and low labor intensity enabling a

flight rate of forty per year.”” The “vision” of operations was rendered circa 1974, prior to a
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detailed systems definition. The shuttle flight and ground support architectures matured as first
flight approached and grew in complexity to meet the servicing, inspection and checkout

required by the vehicle design. As a result, spacelift performance expectations (top of the graph
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which is a product of the flight rate times the single mission lift capability) versus its actual
performance (the lowest area on the graph) in Figure 4 diverged radically.”” Emblematic of this
performance shortfall is the current need to remove and replace 50-100 line replaceable units
between each flight due to failures found in flight (10 percent), on the line (55 percent), or while
under test or inspection (35 percent), respectively.”” A stable flight rate of about eight per year
for a fleet of four vehicles had been achieved through 1997, with a decline to four per year by
2002. Likewise, the single lift capability had not met expectation, dropping from the original
65,000 Ibs concept to 50,000 Ibs actually fielded for operation. Although the vehicle

performance shortfall was small compared to the flight rate shortfall, the combined effect had
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tremendous implications on the shuttle flight and ground architectures, undermining total
spacelift performance.”

The flight rate shortfall can be attributed in part to the design compromises made to lower
developmental costs, as well as the NASA approach to forgo “Y-prototype” development that
permits the rigorous testing and experience necessary to inject operability and maintainability
improvements into the objective system design. Hence, an important design parameter that
should be examined, estimated, and ultimately verified before production of the objective system
is the “single vehicle” capability. Verification is accomplished with frequent flights of the Y-
prototype in an operationally stressing environment. Arguments that a “stressing” high single
vehicle capability rate drives unnecessarily high cost into prototype development fail to
recognize the importance of flight rate capability and fall into the same trap graphically
illustrated by shuttle. These issues emphasize the importance of the conceptual design phase as
the first opportunity to establish first-order-of-magnitude ground infrastructure and cycle turn-
around time requirements that are ultimately verified in a Y-prototype. Any launch system’s
total flight rate and vehicle performance (payload capacity) drives total payload throughput and
defines a system’s overall spacelift performance capability.”

X-30 and X-33

The X-30 National Aerospace Plane program of the late 1980s and early 1990s was
preceded by a program of the same name in the late 1950s and early 1960s, both were cancelled
before a flight vehicle was ever built. The first program demonstrated a number of important
technologies such as real-time air liquefaction and hypersonic refueling.”® The second program,
X-30, called for a single-stage-to-orbit fully reusable system based upon a complex combined

cycle propulsion concept with several air-breathing components. The original program goal was
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to insert a manned air-breathing single-stage-to-orbit vehicle into low-earth-orbit. However, the
high risks associated with the propulsion concept, as well as other vehicle design aspects,
prevented it from proceeding beyond the technology development phase.”” At the time,
computational fluid dynamics was not sufficiently advanced, nor ground test facilities sufficient
(upper limit was Mach 10) to preclude the need for extensive flight-testing. Further, the vehicles
depressed ascent profile (to permit air ingestion) resulted in high skin temperatures and potential
heating of internal structure and components. This environment demanded an advanced thermal
protection system that included active cooling of leading edge surfaces. The combined cycle
engine was to provide smooth transition from a slower subsonic/transonic mode to ramjet and
eventual scramjet mode of operation to achieve orbital velocity. The Defense Science Board
Task Force reviewed the program in 1988 and found six critical technology areas:
aerodynamics, supersonic mixing and fuel-air combustion, high temperature materials, actively
cooled structures, control systems, and computational fluid dynamics. The Defense Science
Board concluded that the development schedule for all of these technologies was unrealistic.”®
The program was cancelled after $1.7 billion was spent and it became clear that an operational
prototype would cost $10 billion or more.”” Remnants became an advanced technology
program.™

NASA initiated the X-33 program in 1995 with the goal of demonstrating key single-
stage-to-orbit technologies by the year 2000, leading the way for an eventual operational vehicle
that could replace the space shuttle as well as existing expendable launch vehicles.*! The X-33
was a subscale technology demonstrator intended to show scalability and traceability to a full-
scale single-stage-to-orbit reusable launch vehicle. Lockheed Martin Skunk Works was awarded

an $837M contract on July 4, 1996 to design a lifting body vertical-take-off/ horizontal-land
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vehicle using a linear aerospike engine. NASA had budgeted an additional $104 million to
support its own program infrastructure, with Lockheed Martin investing an additional $212
million for X-33 development. Lockheed Martin had estimated a fleet of two to three full-sized
vehicles would cost between $4.5-5.0 billion at the successful conclusion of the X-33 program.®
The significant technical risks outlined by the Lockheed Martin program manager, Dr David
Urie, at the outset of the program included vehicle integration, structures, propulsion, and
thermal protection. To achieve single-stage-to-orbit capability, Lockheed Martin would have to
successfully overcome specific design challenges in the X-33 that included flight stability and
control (the Lockheed Martin design was aerodynamically unstable); a very lightweight,
structurally efficient vehicle; and highly efficient, performance driven propulsion.®

Economics played a dominant role in X-33 development. Lockheed Martin intended to
transform the X-33 into a commercially viable single-stage-to-orbit reusable launch vehicle that
could compete successfully against expendable launch systems. Corporately, Lockheed Martin
had to achieve revenue and profit objectives within corporate capital investment constraints and
reasonable reusable launch vehicle market demand. This included recouping sub-scale X-33 and
full-scale Venture Star development costs within a reasonable time frame at an acceptable

. 84
investment rate of return.

The following business objectives had to be satisfied to make a
reusable single-stage-to-orbit vehicle economically viable: 1) having the first reusable launch
vehicle to enter the marketplace; 2) building a reliable launch vehicle that had a successful first
flight; 3) meeting market-based “cost-per-pound-to-orbit” pricing targets, 4) designing for low
operations costs; 5) establishing long-term cash flows and a predictable launch rate, 6) lining up

customers; and 7) establishing good returns on a space-port type launch services.®> The X-33

began development at a time when a fairly robust demand for launch services prevailed and was
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expected to continue. Based upon the aggregate of all three competitors mission models, average
demand varied between 32 and 46 space launches per year. At that time, this represented nearly
the combined US government and commercial launches projected by the 1994 Moorman panel
and implicitly assumed an anchor tenancy (guaranteed market access) for NASA and DoD
payloads.*® There was also agreement among the three competing contractors that DoD payloads
in excess of 20,000 Ib low-earth-polar orbits fell within the Titan-IV heavy-lift vehicle class and
was outside the design limits of a marketable reusable single-stage-to-orbit concept. All three X-
33 concepts were designed to capture the majority of the Delta and Atlas class payloads.®’

By 1999, technical problems with the vehicles internal composite fuel tanks, linear-
aerospike rocket engine, and thermal protections system had, in turn, precipitated cost increases,
revision of key performance objectives, and significant delays in the vehicle’s flight test
schedule.®®  After the failure of a composite liquid hydrogen tank in ground testing, NASA
restructured the program as a competitor for Space Launch Initiative bidding. The X-33 failed to
secure NASA funding after an agency-wide review concluded that the costs of continuing the
program outweighed the benefits they were expected to produce. Mr. Art Stephenson, director
of NASA Marshall Space Flight Center concluded, “One of the lessons learned is that our
technology has not yet advanced to the point that we can successfully develop a new reusable
vehicle that substantially improves safety, reliability and affordability.”® Dr Dennis Bushnell,
Chief Scientist of NASA Langley Research Center, concluded that a key lesson learned from
both the X-30 and X-33 programs is that “revolutionary goals require revolutionary technology
and a ‘going in’ large ‘cushion’ in terms of expectations versus metrics.” Both of these

perspectives place a premium on technology and claim that the technology isn’t ready.

Technology is indeed a key enabler for R*ISA ; however, there are other equally important facets
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of space launch vehicle design directly impacting system maintainability and operability that
cannot be ignored. The space shuttle space-lift performance shortfall is a case in point.
Additional Lessons Learned

A recent paper from Booz Allen Hamilton®' cast a larger net by examining the experience
base from a broader set of past reusable launch vehicle projects,”” as well as other successful
aerospace endeavors™ to make a set of technical/programmatic and “environmental” project
comparisons. The analysis and conclusions from this paper not only reinforce the shuttle, X-30,
and X-33 experiences but add additional insight as well. A synopsis is highlighted in Tables 2

and 3 below.

Table 2 RLYV “Technical/Programmatic” Development Lessons Learned

Characteristic Discussion

Technology In every case, including both successful and canceled RLV programs, the
technology required was more difficult to develop than most proponents had
originally forecast. Successful programs exceeded original budget estimates
to solve technology challenges and were supported to completion.

Risk Cost, schedule, and performance are inextricably linked. Sufficient trade
space must exist between them to be successful. Low failure tolerance by
management negatively impacts cost and schedule. Incremental versus
substantial leaps in technology or performance is the prudent path.

Requirements Solid mission requirement and/or clear market demand must exist.

Credibility Overselling the capabilities of a vehicle results in loss of credibility, leading
to much more difficult funding. Shuttle, X-30, and X-33 were all oversold.

Realistic Cost & | Part of the overselling problem.  Sometimes the result of honest

Schedule underestimation but also from deliberate dishonesty. Typically, the largest

Estimates cost overruns are associated with immature technology where precise cost
estimating is not possible

Organization Successful X-vehicles have traditionally been produced by organizations

Matters that were kept “lean” and collocated as the scope of the project allowed.

The most intriguing observation that can be made regarding these technical/programmatic
lessons learned is that they could describe any high-risk government acquisition program, many

of them successful. This in turn implies that the space shuttle performance shortfall and the X-
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30 and X-33 program failures were avoidable. Either the “system” should have permitted a

better risk assessment and more realistic funding, or they should never have been funded in the

first place.

Table 3 RLYV “Environmental” Development Lessons Learned

Lesson Learned

Discussion

Credible and A clear, credible, and compelling mission is essential. A solid business

Compelling Need | case to justify the substantial investment in lieu of technical and business
risk associated with the development.

National Top-level, enduring commitment at the national level is a necessary, as

Commitment well as significant commercial and public support to ensure project
stability.

Recognize A radical departure from the status quo can be viewed as threatening to

Competing organizations and institutions that benefit most directly from established

Interests approaches. Very real political and industrial base considerations must be
addressed

Realistic The vehicle cannot be oversold. Although design variations may address

Expectations additional missions, claiming at the outset that it will do all or most related
space missions will result in another Space Shuttle.

Parallel Parallel approaches to mitigate higher risk elements of the supporting

Approaches technology base is essential for program success.

Small Steps versus | Unreasonable to expect too much from a demonstrator. No X-vehicle ever

Giant Leaps completed has had operational capability. Smaller steps associated with a
clear sustainable evolutionary path is the proven approach.

Focused While many organizations may contribute, leadership must be in the hands

Leadership of a single organization, one not bound to legacy systems. History is clear

that breakthrough aerospace projects have a program office or other
organization with real authority and long-term commitments from the
agencies and contractors involved.

The environmental factors highlighted above are political and institutional in nature. Due to

the high front-loaded developmental costs inherent in R*ISA, one must ask if indeed there is a

compelling need — and can an enduring national commitment be reasonably expected. With the

tragic loss of Columbia, the entire civil space program is under review, with the future of

NASA’s manned space flight program at the center of the debate.

The DoD is clear in its

32




position: “Space transportation represents the sine qua non of space power: unless sufficient lift
capability becomes readily available at significantly less cost, U.S. capabilities to place its
projected systems on orbit in sufficient quantities to achieve mission objectives will increasingly
lag behind demand. Major technological advances leading to improved launch capability will be
needed to achieve the very first of USSPACECOM’s objectives for the future — Assured Access
to Space—without which its other objectives may remain beyond reach.”  American
commercial space launch is in siege mode, with the current glut of global expendable launch
capacity exceeding demand by a factor of 300-400 percent. The compelling need exists. It must
now be recognized, communicated, and acted upon by senior leadership. Experience has taught
us that a successful reusable launch vehicle development program hinges as much upon a
national commitment to a politically sensitive, realistic, focused, evolutionary solution as it does
to making the appropriate design choices responsive to a compelling mission/market defined by

clear and unambiguous requirements.
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Chapter 3

Defining the Problem

The last ten percent of performance generates one-third the cost and two-thirds of
the problems.

—Augustine’s Law Number XV

[ think that if I'd been at Kitty Hawk in 1903 when Orville Wright took off, 1
would have been farsighted enough, and public spirited enough—I owed this to
future capitalists—to shoot him down. I mean, Karl Marx couldn’t have done as
much damage to capitalists as Orville did.”

—Warren Buffet
This section introduces two key underlying elements of R*IS4, namely: the Newtonian
physics and thermodynamics that define the fundamental limits of space technology, and the
linkages between the inelastic space transportation market (broadly defined as civil, military, and

commercial) and the prohibitively expensive space technology upon which it is based.

ROCKET SCIENCE 101

The past thirty year history of space transportation indicates that there has been some basic
misunderstanding by some - who should have known better - that the laws of gravity and
thermodynamics are non-negotiable. Ignore or defy them at your own peril. This section
endeavors to briefly introduce, in as plain English as the subject will permit, the basics that must

be mastered and understood to permit any meaningful technical discourse on the subject of

R*ISA .

34



The introduction of several basic equations is necessary to best explain commonly used
measures of merit. English units are used throughout the text and in the tables to maximize
familiarity and comfort with these topics. Unfortunately, English units are ill-suited for use
within the context of modern science and engineering, as the recent loss of the Mars Climate

Orbiter in September 1999 will attest. Hence, only metric units are used in the equations

below.”®

Measures of Merit

The most common propulsion performance parameter is specific impulse (/,,), with higher

values indicating greater efficiencies. It compares the thrust generated by a propulsion system to
the propellant mass flow rate and can be considered a measure of thrust generation efficiency

(much like gas mileage in your car).

Isp = ; :
g, 8o

where [, specific impulse (s)

F = thrust magnitude (N)
n& = propellant mass flow rate (kg/s)
g, = acceleration due to gravity, 9.807 (m/ s7)

¢ = effective exhaust velocity (m/s)
Equation 1 Specific Impulse and Effective Exhaust Velocity

Specific impulse permits the direct comparison of propulsion systems using different types of
propellant (such as a hydrogen versus kerosene fueled liquid rocket engines), or dissimilar
systems (such as a hydrogen/kerosene fueled liquid rocket and a supersonic combustion ramjet).
The unit of seconds is disconcerting to some, but the concept is not that unlike miles per gallon
as an efficiency measure for automobile internal combustion engines or specific fuel

consumption of aircraft turbojet engines. However, the mass flow component of specific
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impulse is different for rocket systems (where all of the propellant is contained within and
consumed by the vehicle) and airbreathing systems (where internal fuel is mixed with external
air). The specific impulse calculation for airbreathing systems does not need to account for the
external air flowing through the engine, thus resulting in much higher effective specific impulse.
Another useful performance parameter is effective exhaust velocity “c” where the force

of thrust “F” in the specific impulse equation is replaced with “mf¢” and appropriate

substitutions yield ¢ =17 g,. Thrust, whether aircraft, rocket, or from a deflating toy balloon is

generated through the acceleration of the exhausted propellant. Thrust is maximized for a given
mass of propellant by accelerating it to the highest velocity possible, hence higher exhaust
velocities typically indicate more highly efficient propulsion and provide another method of
direct comparison between propulsion systems. Engine thrust-to-weight is an intuitively
straightforward parameter that captures the “engineering” efficiency of an engine. It is the total
thrust generated by the engine divided by the engine weight, where higher ratios are desirable.
Table 4 highlights the range of performance both within and between chemical rocket
and airbreathing propulsion systems. The very large increases in specific impulse in airbreathing
versus pure rocket based systems makes their use in space launch systems highly desirable.
However, hypersonic airbreathers remain technologically immature, and the benefits of higher
specific impulse is partially offset by lower thrust, thrust-to-weight, and limits to its operating

range.
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Table 4 Key Propulsion Performance Characteristics

Demonstrated Technology *Isp (s) Sea Level Thrust to Range of
Thrust (1bs) Weight Operation

Chemical Rocket
- Liq Oxy/Hydrogen (SSME)’’ 454 418,000 59.8 No Restrictions
- Liq Oxy/Hydrogen (RS-68)*® 410 608,000 41.8 (Sea Level
- Liq Oxy/Kerosene (RS-27 A)99 302 200,000 79.1 to Vacuum)
- Solid 260-300
- Hybrid 290-350

**Airbreathers

- CF6-80C2B6 (B-767)'" 10770 60,800 6.3 0-Mach .9

- F100-PW220(E-15C)"! 1713 23,770 73 0-Mach 2+

- Notional Hydrogen Scramjet'®* | 1-3000 Mach 5-20

- Notional Kerosene Scramjet'”® 1000 Mach 5-8

*Note that rocket Isp values are ideal vacuum performance. Seal level (launch) performance is
typically only 80% of the ideal value.

** Includes the mass of fuel only

Another important set of vehicle “technology” metrics are the inert and propellant mass

fractions as well as the structural ratio.

graphically and mathematically in Figure 5.

1t Stage

Vehicle Payload
L% (pavload)
2nd Stage

M2 tinerty
M2 (propellant)

M1 (inert)
M1 (propellant)

R =

The vehicle mass relationships are highlighted both

linert

First Stage Payload is the sum of 21d
Stage plug Vehicle Payload mass:

f - linert
liners +
ml prop n1'lznerf
FR
f - brop
L prop
ml Brop + m 1imert
flprop =5 =~ flmenf

liners

m pavioad

mZx’nerﬁ + m2pr‘op + mvehchepayfoad

Figure S Two Stage Vehicle Mass Contributors
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_ minert . _ mpmp . _ 1 . R _ minert
-f;'nert - ’ fprop - s fprop -1 ﬁnert H -
m prop + minert prop + minert m payload
where f,,, = inert (structural) mass fraction
S ooy = propellant mass fraction
R = structural ratio
m,,, = inert (structural) mass (kg)
m,,, = propellant mass (kg)
M ,.0a= Payload mass (kg)

Equation 2 Launch Vehicle Mass Fractions

The inert mass fraction ( f, ) i1s an excellent indicator of the overall structural efficiency of a

launch vehicle, or any aerospace vehicle. Lower values indicate higher efficiency. The
structural ratio ( R ) is the ratio between inert vehicle mass and payload mass, with lower
numbers approaching unity most desirable. Structural ratio is a direct measure of how efficiently
overall vehicle dry weight is allocated to useful payload. Table 5 below shows representative
mass fractions and vehicle structural ratios for both expendable and reusable launch vehicles as

well as aircraft.

Table 5 Mass Characteristics of Aerospace Systems

Vehicle 1* Stage 2"’ Stage
Soii: | S | TR S | S | Soin | S

Delta I1 0.06 |.91 2.4 .055 .94 137 .86

Atlas II 0.06 |91 1.8 .062 .94 11 .89

Titan 11 23G 0.04 .96 3.6 .033 .96 092 91

Pegasus (L-1011 stage 0) | 0.10 .90 5.0 .084 92 .096 .90

Space Shuttle System 134 .85 11.2 15 .85 12 .87

Space Shuttle Orbiter 73 .16 2.8

X-15"" 42 |54 |24

X-33 0.09 .88 33

F-15'% 46 | .28 1.7

B-777-300"" 52 |21 1.9

*Launch Vehicle payloads normalized to 100 nm 28.5 deg incl except Titan II (polar)
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There are some important trends revealed in Table 5 that warrant comment. First, all of
these are or were operational vehicles, with the exception of the X-33 which did not fly. Note
how expendable, single use, space launch vehicles tend to have inert vehicle mass fractions
between 0.04 and 0.10, indicating very highly structurally efficient systems. At the other end of
the spectrum you find highly reusable aircraft with inert mass fractions between 0.42-0.52. The
higher mass fractions are primarily the result of heavier (less expensive) structural materials,
higher margins of safety, and the operability and maintainability inherent with high reusability.
When one considers the amount of design work and resources that are allocated to keeping an
aircraft as light as possible, one can begin to appreciate the implications of inert mass fractions
below 0.10. Now consider the required inert mass fraction required for the performance driven
X-33. The technologies envisioned for this vehicle were beyond existing state-of-the-art, with
virtually no design margin available for future weight growth. The wide disparity between
demonstrated mass fractions of expendable and reusable systems imply that there are some
formidable technological challenges in transitioning from expendable to reusable launch vehicles
as well as making reusable launch systems “aircraft-like.”

The ideal rocket equation is an elegantly simple equation that provides powerful insight

into the first order concerns surrounding launch vehicle design and performance:

m, mim’r +m 70, +m ayloa
AV :golsp ln{m—lngolsp ln{ 1 prop payl d]

7 m +m

inirt payload

where AV = change in velocity (m/s)
m = initial mass (kg)

initial

m,,, = final mass (kg)

Equation 3 Specific Impulse
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Where AV represents the change in velocity (without accounting for losses due to gravity,
steering, atmospheric drag, and earth’s rotation) that a vehicle can attain based solely upon
specific impulse and initial/final vehicle mass. This equation, coupled with a velocity budget
associated with a given mission, defines the boundary conditions for launch vehicle design. An

example of such a budget for ascent into selected low-earth-orbits for rocket based launch

systems is summarized below:

Table 6 Velocity Budgets to Low-Earth Orbits for Selected Launch Vehicles'"”

Vehicle Otbit: i xh, | AVyy | AVpw | AViie | MV | AV, DAV
Inclination (deg)

Delta 7925 175x319 7842 1150 33 136 -347 8814
339

Atlas 1 149x607 7946 1395 167 110 -375 9243
27.4

Titan v/ 157x436 7896 1442 65 156 -352 9207

Centaur 28.6

Space 196-278 7794 1222 358 107 -395 9086

Shuttle 28.5

X-33

=|SST

oits of AV are in m/s.

The first term (AV,,,) is calculated using the ideal rocket equation. The additional values are

added v