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Abstract

As a result of technological progress, we are now on verge of developing
cost-effective reusable launch vehicles (RLV) for space. This study reviews
the strategic implications of the emerging vision within the U.S. Department
of Defense for using these vehicles. Although the U.S. Air Force is making
the transition to a force that relies increasingly on space, the best path does
not necessarily involve replicating the traditional air missions in space. This
study of potential missions for RLVs concludes that, while these are capable
of numerous missions (e.g., reconnaissance, global strike, cargo and
personnel transport), the most important mission for the immediate future for
both the U.S. military and commercial firms is in the area of traditional
spacelift. The two broad conclusions that emerge from this study are that the
U.S. military should move away from the spacelift business by obtaining
spacelift through commercially procured launch services, and second, that
the U.S. military should not develop militarized RLVs that are designed to

perform the traditional air operations in space.

v



|. Introduction

The survival and prosperity of the United States depends in part on its
ability to exploit space and use space-based assets for a variety of national
purposes. The U.S. Air Force and Department of Defense recognize that the
role of space is critical to U.S. security interests." At present, the U.S.
Department of Defense (DoD) exploits space primarily by launching and
operating a wide variety of sophisticated satellites, which provide a wealth of
intelligence, surveillance, and reconnaissance information, as well as vital
communications, navigation, early-warning, and environmental monitoring
services. The commercial industry also exploits space on a worldwide basis,
and the preponderance of its activity in the communications arena.

By any standard, space is big business. It is forecasted that more than
$500 billion in both public and private funds will be invested in space on a
global basis between 1998 and 2000.> Space activity is a truly global
enterprise in which more than 1,100 commercial companies in 53 countries
are engaged in developing, manufacturing, and operating space systems.” In
the case of the United States, $100 billion is being invested in space today,
and that level of investment is increasing.* At least 500 U.S. companies are
directly involved with space activity, with revenues projected to be $122
billion in 2000.” As of mid-1999, 27 states in the United States are seeking to
expand space activity, as exemplified by the development of licensed
commercial spaceports.’

While the future is indeed bright for the expansion of governmental and
commercial space activity, the high costs of getting into space remain the
most serious impediment to fully realizing the potential offered by space. On
the governmental side, the U.S. Air Force Evolved Expendable Launch
Vehicle program focuses on reducing the costs of spacelift through
derivatives of existing boosters. The program goal is a 25 percent reduction
in the cost of spacelift and the hope that a 50 percent reduction in costs can
be achieved.” If this cost reduction is achieved, it will be a significant step in
the right direction, but it should be noted that cost reductions on the order of
10-100 times current cost are needed if we are to fully exploit space.® This
means that the United States needs to reduce the cost of access to space as
well as continue to design, build, operate, sustain, and protect our space-based
assets. At the same time, the United States may want the capability to deny
space operations to other states.



The concept of RLVs is to substantially reduce launch costs and thereby
provide “routine” access to space as well as dramatically expand the ability
of the United States to operate in space. This study examines the utility of
reusable launch vehicles as it relates to the use of space for military and
commercial purposes.

For the purposes of this study, RLVs are defined as vehicles that are
capable of carrying at least 20,000 pounds into low Earth orbit, returning to
Earth for servicing, and then performing another mission within days. A
number of concepts for RLVs have been proposed, including single-stage to
orbit, two-stage to orbit, and Trans-atmospheric vehicles, all of which seek
routine access to space at greatly reduced cost. While none of the concepts
for RLVs have reached this elusive goal, it is possible for the United States to
produce a reusable launch vehicle within the next ten years if it makes a
significant investment in technology. This study does not focus on the
performance of RLVs, but examines the more significant military missions
and commercial applications for RLVs and their strategic implications.9

The principal theme that emerges from this study is that, while the
pursuit of traditional air power roles in space with RLVs is a logical and
perhaps inevitable progression from current technology, it is unwise to
design these vehicles for specifically military applications. The U.S. national
objective should be to reduce the cost of access to space, which implies that
the first generation RLV should be designed to minimize commercial cost
rather than maximize military performance.'” While a number of national
security benefits are associated with RLVs, it is critical for civil or
commercial firms, rather than the military, to dominate the development of
RLVs for the United States. Indeed, the military pursuit of a militarized RLV
may be counterproductive because it may encourage adversaries as well as
allies to engage in the behavior that the U.S. seeks to deter, most notably an
arms race in space.

There are differing perspectives within the U.S. Department of Defense
on the strategic implications of developing RLVs for military purposes. A
dominant theme in the current debate is to “weaponize space” once RLVs are
available, and thus to use RLVs to accomplish traditional air power missions,
including control and precision engagement, among others.

This study begins with the argument that space is a growth industry, that
the exploitation of space is vital to U.S. national security, and that the United
States must reduce the cost of access to space. The emergence of RLVs will
influence how all nations and industries exploit space in the future.



The next section reviews the history of the development of RLVs and current
concepts and programs. One conclusion that emerges from this review is that it
is possible to develop RLVs in the relatively near future. Section Three analyzes
the potential missions and applications of RLVs for both the military and
industry. In the case of military missions, this study examines the U.S. Air Force
Space Command’s concept of operations for a space operations vehicle as well
as various industrial applications. The study concludes with recommendations
for how the United States should proceed with the development of RLVs.



II. Understanding the Development of Reusable Launch
Vehicles

In March 1998, the U.S. Space Command released its long-range plan
for the year 2020, which examined how the future environment would affect
space operations. In so doing, this plan identified six key themes, including
market forecasts for potential missions, the history of RLVs, technical
challenges, economic considerations, national and international policy, and
the potential threats facing reusable launch vehicles.!' The most fundamental
reason for developing RLVs is profit.

Space Activity Forecast

The key to exploiting space is to have satellites on orbit. In the early
days of satellites, the government was the only customer, but commercial
satellite users soon entered the market. In 1996 commercial launches
exceeded military launches for the first time in the United States.'? Today, 75
percent of all satellites launched worldwide are commercial, and it is likely
that the commercial sector will dominate the space industry."?

This shift is reinforced by a review of projected launch rates. By the year
2007, it 1s estimated that roughly 1,700 commercial communication satellites
will be launched."* During this same period, it is predicted that only 129
Western military satellites will be launched, which is only 10 percent of all
launches worldwide.'® The demand for launch services continues to increase
dramatically, as exemplified by the fact that roughly 2,700 satellites will be
launched through the year 2017.'° This is an explosive level of growth given
that there are roughly 600 active satellites on-orbit today, of which 134 were
launched in 1998."7 The economic impact of space and space-based services
is large today and growing.

Today, the United States places satellites into orbit primarily with
unmanned, one-time use or expendable boosters that are derived from
intercontinental ballistic missiles developed in the 1950s and 1960s. This
approach worked well for years. While the space launch business could
hardly be called routine, it has become very profitable for the firms that
provide launch service worldwide. Production forecasts bear this out,
predicting that 1,700 expendable launch vehicles worth roughly $110 billion
will be produced over the next 20 years in response to the growing demand
for launch services.'®



The entry of more firms into the launch services market increases
competition. The actual cost of a launch service has always been an
important consideration among buyers, but launch availability and reliability
are also important factors. The future leader in the business of providing
launch services must be able to beat competitors in terms of availability,
price, reliability, and launch flexibility. The key objective is to develop a
space launch capability that is routine, reliable, flexible, and affordable. The
company that succeeds in developing the first practical RLV will capture a
substantial share of the global market for spacelift.

Emerging concepts for commercial space operations might use RLVs for
satellite servicing, manufacturing, space tourism, and the transportation of
cargo or personnel through space. One study indicates that the commercial
market may support a high-speed, point-to-point parcel delivery service with
delivery prices up to $500 per pound.” Another study suggests that while
space tourism is highly sensitive to price, it is a potentially profitable area.?
Other studies estimate that some RLVs could generate more than ten times
the daily revenue of current cargo aircraft, but at only twice the cost.”' Given
that these potential commercial space activities are all contingent on low cost
access to space, the worldwide commercial space industry, private investors,
and the United States government all are investing in various RLV
concepts.”

The United States Government is interested in RLVs for both civil and
military reasons. On the civil side, the Space Shuttle will eventually require
replacement, even though the plan is for the Shuttle to perform the bulk of
the space lift that is necessary to construct the international space station. The
vehicle that replaces the Space Shuttle will perform the bulk of resupply
missions for the international space station. On the military side, the
Department of Defense is examining several potential military uses for
RLVs, including reconnaissance, satellite servicing, global strike, global
transport, space control, and spacelift missions.*

If the U.S. truly intends to lead the world in space accomplishments and
capabilities, it is inevitable that RLVs will be a central element of the U.S.
national space strategy. It is therefore mutually beneficial for the United
States to promote partnering relationship with industry in technology
programs for RLVs. This discussion turns to a review of concepts and
programs for RLVs.



Historical Background

The idea of RLVs is certainly not new. In the past, numerous technology
programs for RLVs were pursued at varying levels of activity. In the late
1950s the DynaSoar (X-20) was followed by the Space Shuttle in the early
1970s, theNational Aerospace Plane (X-30) in the 1980s, and the Delta
Clipper program in the 1990s.%*

The history of the Space Shuttle program is particularly interesting.
While the Space Shuttle is an effective vehicle, it is not efficient. It also
holds the distinction of being the most expensive, and technically complex,
project in the history of space exploration.””> A contributing factor to the
Space Shuttle’s shortfalls in cost, complexity, and schedule was the decision
to incorporate military requirements, in particular dramatic changes in the
Space Shuttle design that were directed by the U.S. Air Force.? Initially, the
USAF viewed the Space Shuttle as a replacement for expendable boosters,
but the program expanded into a multi-purpose vehicle that would support
the desire of the military services for manned spaceflight. The decision to
add on-orbit checkout, re-supply, and the retrieval and repair of satellites, as
well as requirements for surveillance and national reconnaissance programs,
all affected the design of the Space Shuttle.”” As the requirements advocate
for the DoD, the U.S. Air Force guided the military performance
requirements, including the payload size, weight, and orbital capabilities of
the Shuttle. One telling example is the water-recoverable solid rocket
boosters that were advocated by the U.S. Air Force. The final solid rocket
booster design evolved from an Air Force 1960s development program,
which lowered overall development costs by approximately $400 million, but
more than doubled the operational costs to $10.5 million per mission.®

NASA’s workhorse for nearly two decades, the Space Shuttle is
perhaps the most familiar example of a “reusable” launch vehicle and is the
only operational RLV today. For the foreseeable future, the primary mission
of the Space Shuttle will be to haul astronauts and cargo to the International
Space Station during its construction and initial operation through the year
2012. After the space station becomes fully operational, the Space Shuttle's
future is uncertain, but it could still be flying in 2025.%° At that point, the
United States will need either a refurbished Space Shuttle or a new RLV to
re-supply the space station.”



The concept of reusability is attractive because it reduces the cost of
placing objects in orbit. To reduce costs requires vehicles that are reusable
and have sturdy, yet lightweight components. The traditional method of
increasing the amount of payload that can be put into orbit is to discard
unneeded weight, often through the use of multiple stages. For example, after
the Space Shuttle jettisons its two solid rocket motors, it recovers,
refurbishes, and reuses these motors, but this is an expensive approach to
reusability.’’

The two other approaches that are favored by developers today are to
use single-stage and two-stage to orbit vehicles. The single-stage to orbit
vehicle is reusable because the engine and structure are so lightweight that it
reduces the required quantities of propellant. The two-stage to orbit approach
optimizes the first stage for atmospheric operations, while the second stage is
optimized for operations that are at the upper reaches of the atmosphere or in
space.

Reusable Launch Vehicles Recent History and Current Programs

The U.S. government has been investing in RLVs for decades, and
continues to do so. The U.S. Air Force spent approximately $115 million on
studies for RLVs between 1992 and 1997.°% During this period, NASA’s
investment in RLVs was more than $ 1 billion, excluding the cost of the
Space Shuttle. The majority of these funds were spent on programs and
concepts that evolved from the Delta Clipper program, which is still in
various stages of development. These programs and concepts include
NASA’s X-33 and X-34 (see Figure 1 for a timeline for these concepts and
programs).

Figure 1. Reusable Launch Vehicle Concepts/Programs Timeline 33
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Delta Clipper Experimental (DC-X). The DC-X began as a private
initiative that was funded by the Strategic Defense Initiative Organization,
and managed by the U.S. Air Force Phillips Laboratory at Kirtland Air Force
Base in Albuquerque, New Mexico.>* McDonnell Douglas built the DC-X in
the early 1990s as a one-third scale model for a conceptual single-stage to
orbit vehicle. The eight DC-X test flights, which occurred from August 1993
to July 1995, lasted from 59 to 136 seconds and reached an altitude of 8200
feet. The DC-X demonstrated the ability to integrate critical subsystems for
future RLVs with capabilities for sub-orbital or orbital operations.” The DC-
X was instrumental in demonstrating that it is possible to develop vehicles
that involve relatively low-cost operations, and that RLVs can be operable
and supportable.*®

Delta Clipper Experimental Advanced (DC-XA). The DC-XA was the
DC-X modified for NASA and DoD under the Reusable Launch Vehicle
Program. The major objectives of this program were to test advanced
composite cryogenic tanks, improved reaction control systems, and other
improvements to enhance its operability. The first flight of the DC-XA
occurred in May 1996, lasted 62 seconds, and reached an altitude of 800 feet.
The DC-XA hardware, support equipment, and crew demonstrated the ability
to conduct a nine-hour turnaround between the second and third flights.”’
The third flight lasted 142 seconds and reached 10,300 feet in altitude. The
DC-XA successfiully completed three test flights before human error on the
fourth flight resulted in damage so severe that it has not flown since July
1996.*® Perhaps the most significant contribution of the DC-XA program was
to demonstrate the technologies and system design characteristics that enable
quick-turnaround operations.

NASA X-33. The X-33 is a NASA-Lockheed Martin program that is
designed to demonstrate the “aircraft like” operational aspects of RLVs. The
federal government will fund $941 million, while Lockheed Martin will
invest another nearly $300 million.”” The X-33 plans to use a longer,
shallower re-entry profile than the Space Shuttle to reduce re-entry heating.*’
The X-33 will be unmanned, take-off vertically, and land like an airplane.
Fifteen test flights, which are planned to begin in late 1999, are designed to
reach altitudes of 60 miles and speeds of Mach 15.*! The goal of the program
is to reduce business and technical risks, and thereby enable a cost-effective
single-stage to orbit rocket system that eventually may replace the Space
Shuttle. The goal is to reduce launch costs from approximately $10,000 to
$1,000 per pound for low Earth orbit.**



NASA X-34. The X-34 is a NASA program conducted with the Orbital
Sciences Corporation that seeks to design, develop, and test “key
technologies” for integration in a reusable launch vehicle. The X-34 will use
a single-engine rocket in an airplane-like vehicle that has short wings and
small tail surface.” The X-34 serves as a bridge between the Clipper Graham
(DC-XA) and X-33 programs. The Orbital Sciences Corporation will build
the vehicle, while the government will provide the engine. The technical
objectives include 25 test flights within one-year, subsonic and hypersonic
flight (Mach 8 at 250,000 feet) autonomous flight operations, the use of
composites (structures, tanks, lines, ducts), and low cost avionics.*

USAF Space Operations Vehicle (SOV). The SOV is best understood as
a military spaceplane. The SOV is an Air Force concept, and while no funded
program currently exists, programs such as the X-33 could be the basis for
the SOV.* The SOV is envisioned as a RLV that is based in the continental
United States, exhibits “aircraft-like” operations, will launch directly into
low Earth orbit, and perform a wide variety of military missions in either
manned or unmanned configurations. These missions include reconnaissance,
global strike, satellite servicing, space control, and spacelift.*® The SOV
payload could include a number of Space Maneuver Vehicles (see below),
and specialty orbital transfer vehicles that are designed to transfer SOV
payloads to higher orbits. One such concept currently under study is the
Modular Insertion Stage that would be used to transfer payloads into medium
earth and geostationary orbits.*’

USAF Space Maneuver Vehicle (SMV). The SMV is a reusable orbital
vehicle that deploys from an expendable launch vehicle or SOV, performs
on-orbit missions, returns to Earth for refurbishment, and is prepared for
another mission.* The SMV concept involves a reusable upper-stage that
provides substantial on-orbit maneuver capabilities, and functions as a space-
based platform for carrying and deploying a variety of payloads. After its
return to Earth, the SMV can be loaded with different payloads and readied
for its next mission. The Air Force is currently testing a 90 percent scale
version of a SMV atmospheric drop test vehicle that is being built by Boeing
and which is designated as the X-40A. The full-scale version should be
capable %f carrying 1200 pounds of payload after on orbit deployment from
an SOV



While the U.S. government is involved in several partnerships with
contractors in RLV projects, such as the X-33 and X-34, commercial
contractors and private industry are pursuing their own RLV concepts. The
commercial space industry is anxious to reduce the cost of access to space as
well as other potential business areas, including global commercial travel,
global parcel delivery, and space tourism. See Table 1 for a list of active
efforts to develop RLVs.

Many of these efforts, especially those that involve manned crews, are
pursuing the $10 million “X” prize.”® This privately financed prize, which
was announced on May 18, 1996, is designed to stimulate the development
of commercial space tourism. The first private effort that builds and flies a
reusable spaceship carrying three people on a sub-orbital flight will win a
$10 million prize.”' Two other prizes have been announced for $250,000 and
$50,000, which are known as the “Cheap Access to Space” prizes. The
$250,000 prize will go to the first group who can place 4.4 pounds in a 120
mile orbit by November 8, 2000, while the $50,000 prize will go to the first
group that lofts a 4.4 pound payload to an altitude of at least 74 miles. The
primary criterion, which is that the rocket must be “privately designed,
developed, and built,” is intended to spark creative approaches for low-cost
access to space. 52
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Table 1 Private Reusable Launch Vehicle Efforts 5

Company | Vehicle Design Crewed | Test Flight
Kistler K-1 2-Stage Vertical No Mid 2000
Takeoff with
Parachute Return
Rotary Roton 1-Stage Vertical Yes (2) | Late 1999
Takeoff & Landing
Kelly Eclipse 2-Stage Horizontal Yes(l) |?
Astroliner Takeoff & Landing
Pioneer Pathfinder 2-Stage Horizontal | Yes (1) | 2000
Takeoff & Landing
Space Aerospace 2-Stage Ramjet No 2001
Access Horizontal Takeoff
and Landing
Rutan Proteus 2-Stage Horizontal | Yes (3) | Stage 1
Takeoff & Landing flew Aug
1998
Advent Mayflower 1-Stage suborbital, | Yes(7) |?
water launch and
landing
Vela SpaceCruiser | 1-Stage suborbital | Yes (8) | 2001
Techno- Horizontal Takeoff
logy and Landing
Lone Star | Cosmos 1-Stage suborbital | Yes(3) |?
Space Mariner Horizontal Takeoff
Access and Landing
Lockheed | VentureStar | 1-Stage Orbital No 2001
Martin Vertical Takeoff
and Horizontal
Landing

Source; Author.
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Among private RLV ventures, Kistler plans to have its K-1 RLV ready
by mid 2000. K-1 could be poised to capture a substantial share of the market
for launching small communication satellites because it would be the lowest
cost provider of space lift. The firm estimates that the cost will be $17
million per launch. To put that price in perspective, to orbit a similar sized
payload today using the Delta II booster would cost approximately $55
million.>* Kistler recently signed a contract with Space Systems/Loral for 10
launches of Globalstar satellites after the turn of the century.’

Kelly’s Eclipse Astroliner also has an agreement for launch services.
Motorola selected Eclipse Astroliner to launch 10 replacement satellites for
the Iridium mobile satellite communications program, with a total price of
reportedly $89 million.”® Eclipse Astroliner is sized for small to medium
class payloads into low polar or equatorial orbits. It is estimated that the
market for this payload service will be $8 billion annually starting in 2002.>

Another unique concept is Pioneer’s Pathfinder, which involves aerial
fueling. The Pathfinder approach, which evolved from the “Black Horse”
concepts in the U.S. Air Force Spacecast 2020 study, uses conventional jet
engines to carry the payload and Rocket Propellant-1, which is a highly-
refined form of kerosene. At 25,000 feet, the Pathfinder rendezvous with a
tanker to load 130,000 pounds of liquid oxygen, which is consumed by a
single RD-120 rocket engine that propels the Pathfinder on a sub-orbital
trajectory of 80 miles where the payload is released. The payload is placed in
orbit using a small but as-yet undetermined upper-stage, and the Pathfinder
lands downrange using conventional jet engines.’®

Rotary’s Roton is an unusual design that launches vertically like a
conventional rocket, but deploys rotors after reentry to land vertically in the
same fashion as an auto-rotating helicopter. Roton is 53 feet high, 18 feet in
diameter, and has a payload capacity of 7,000 pounds. The Roton is designed
to service the low-earth orbit communications spacecraft market. Target
launch costs are $7 million per launch with first operations planned to occur
within the next five years. >

Another commercial concept is the VentureStar, which is Lockheed Martin’s
full-scale version of the NASA X-33. VentureStar targets the traditional
spacelift mission with the objective of $1,000-$2,000 per pound of payload,
seven-day turnaround, and extremely high reliability.®” VentureStar will
compete with other RLV projects.

12



The foreign firms are also interested in RLVs. The European Space
Agency, with Great Britain in the lead, initiated the Skylon program in the
1980s. This program investigated the viability of developing cheap and easy
access to space without the need for the traditional infrastructure or large
ground crews. The program centered on a 270-foot long space plane that was
capable of carrying 20,000 pounds into low Earth orbit." A number of
European states continue to have interest in RLVs.

Recent study efforts of the European Space Agency included the
Ascender project, which is a sub-orbital airplane that is suitable for carrying
passengers. It takes off from an ordinary airfield using a turbofan engine,
which at 26,000 feet starts a rocket engine and climbs vertically at Mach 2.8
to reach a maximum altitude of over 325,000 feet. Ascender plans to carry
two crew and two passengers, making it a possible European entrant for the
X-Prize. Follow-on plans include a fully orbital spaceplane that is suitable
for small satellite delivery to orbit, which is called the Spacecab, and is
designed to be 100 times less expensive than the Space Shuttle. An even
larger design, called the Spacebus, is designed to carry 50 people to and from
orbit or fly passengers from Europe to Australia in 75 minutes. *

The Japanese government has actively pursued the research and
development of a space plane concept called the HOPE-X, which is an
unmanned winged space vehicle. This technology demonstrator will be
launched from a Japanese H-IIA rocket. HOPE-X is scheduled for its first
flight in 2000. To date, the Japanese have conducted several technology
demonstration flights and experiments in support of HOPE-X. In February
1994, they conducted an orbital recovery experiment, in February 1996
completed a hypersonic flight experiment, and conducted automated landing
flight experiments in July-August of 1997.% The ultimate purpose of HOPE-
X remains unclear, but it demonstrates that Japan remains active in RLV
research and development.

There is also interest among civil firms in RLV technology. Lawrence
Livermore National Laboratory engineers proposed a concept for spacelift
that is called the HyperSoar, which is an “aircraft-like” vehicle that could
serve as the first stage of a two-stage launch system. HyperSoar uses a
rocket-based combined-cycle engine that is used throughout the flight.
HyperSoar uses a cyclic trajectory (the engine cycles on and off producing an
oscillating altitude) ranging from 115,000-200,000 feet and achieves speeds
of MagP 10-12. To place a satellite in orbit, HyperSoar will use an upper
stage.
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In summary, there are continuing and substantial efforts on the part of
governments and private firms to develop RLVs. While it is still too early to
pick the likely “winners,” the most viable contenders at this point appear to
be partnerships between the U.S. Government and Lockheed-Martin, Boeing,
and Orbital Sciences Corporation. The next critical step is the development
and integration of technology into practical vehicles.

Technical Challenges

The most significant technical challenges to developing RLVs are
operability and reliability. To be truly reusable, the launch system must be
highly functional with minimal servicing. High operability must extend to the
launch vehicle, its components, and several ground facilities, while minimal
servicing means that refueling occurs after the flights. To operate from a
wide variety of commercial spaceports, rather than remote government test
ranges, the launch system must be as reliable as commercial airliners. Of the
numerous technical challenges to achieving the required operability and
reliability, the principal are thermal protection systems, reusable propulsion
systems, non-toxic propellants, lightweight structures and components, and
integrated launch vehicle health monitoring systems.®

Thermal protection systems are essential if vehicles are to survive reentering
the earth’s atmosphere. Friction between the atmosphere and the spacecraft
traveling at high speeds generates extreme heat that will: consume
unprotected vehicles. For near earth orbits, the reentry velocity closely
approximates the orbital velocity. For example, the Friendship 7 Mercury
capsule piloted by John Glenn achieved a maximum speed of 25,700 feet per
second at an altitude of 100 statute miles.® Exact values are contingent upon
a variety of factors, including the reentry angle and ballistic coefficient of
reentering object, but typical surface temperatures on the vehicle reach 3000
degrees Fahrenheit and the surrounding air can reach temperatures of 20,000
degrees Fahrenheit for steep reentry angles.”” To put this in perspective,
aluminum melts at 1,220 degrees Fahrenheit, low carbon steel at 2,760
degrees Fahrenheit and Titanium at 3,135 degrees Fahrenheit.®® The Space
Shuttle’s thermal protection tiles have been a problem because moisture or
any physical impact (such as bumping) can easily damage the tiles, which
must be inspected, repaired, and replaced by hand after each Space Shuttle
flight. For true operability, the vehicle must have a highly damage-resistant
thermal protection system that does not require servicing between flights.
One intriguing possibility under study is “hot metal,” or titanium-based
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derivatives, which can survive the extreme heat of reentry without thermal
protection.®

Reusable propulsion systems are vital to the success of RLVs, but
significant research and development is needed in this area. Currently, only
the Shuttle main engine and a few Russian rocket engines are capable of
supplying the required thrust. However, the Shuttle engines are far too
complex and expensive for commercial users. They require extensive, time-
consuming, and expensive work after each flight. The Russian engines are
not sufficiently reusable because each engine is designed for only 10 flights.
There are no engines currently in developments that are suitable for RLVs.
While Rocketdyne has an engine design that may work, this conceptual
design is not yet in development.’® The lack of an existing rocket engine with
the desired operability and reliability characteristics represents an enormous
technical challenge for the development of RLVs. This technical roadblock
looms is quite significant given that developing a new engine can involve
hundreds of millions of dollars, which very few private companies can
afford.

Associated with the need for a suitable rocket engine is the type of
propellant used by that engine and other on-board power generating systems.
Current propellants, usually chosen for their high energy content per pound,
are highly toxic. Non-toxic propellants are highly desirable because they are
far easier and safer to handle, store, and use. Two sets of propellants, liquid
oxygen with liquid hydrogen for fuel, and liquid oxygen and JP-8 as fuel, are
emerging as the preferred options for RLVs. The advantage is that these
combinations are relatively inexpensive, plentiful, easy to manufacture, and
environmentally sound. However, with the exception of JP-8, the propellants
are cryogenic and therefore require special handling and storage.
Additionally, they are extremely flammable and the quantities necessary to
achieve orbit are so large that on-board storage tanks will be required. The
challenge is to minimize the weight of these large, specialized storage-tanks
because this will allow the vehicie to carry more payload into orbit, which is
essential to the success of RLVs. The DC-XA program demonstrated the
utility of lightweight composite cryogenic tanks in 1996, and NASA’s X-34
program will test advanced composites in tanks and other key components.’!
Another issue related to weight management is the ability to replace the
hydraulic components that move control surfaces with electromechanical
actuators.
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The drive toward simplified maintenance will depend on integrated
systems for monitoring the health of the vehicle. Current maintenance
practices, such as those used on the Space Shuttle, require a labor-intensive
and expensive process of inspection, testing, re-qualification and replacement
of components after each launch. RLVs will need systems to monitor and
assess the status of vehicle components, predict which subsystems are
degrading, and recommend maintenance. This type of a monitoring system is
essential to keeping costs low while achieving high operability and
reliability. To address the variety of technical challenges, NASA, the U.S.
Air Force Space Command, and the Air Force Research Laboratory formally
agreed to combine and coordinate their RLV efforts in October 1997.
Specifically, the Air Force will identify and fund military-unique
technologies for RLVs and develop specialized payloads, while NASA will
lead the development of technology demonstration vehicles.”

NASA is pursuing a number of technical programs for the development
of RLVs. NASA formed the Space Transportation Programs office in the
mid-1990s to “develop and demonstrate key, critical technologies which will
significantly reduce the cost of space transportation and enable future space
missions.”” These programs include the previously mentioned X-33 and
Future-X as well as the Advanced Space Transportation Program Boeing was
selected in December 1998 as the contractor for the next Future-X
technology demonstrator, which is known as the Advanced Technology
Vehicle. This Future-X program involves a cost-sharing arrangement in
which each partner provides $150 million over four years.

Future-X is aimed at increasing U.S. global competitiveness by reducing
the cost of getting to space. '+ To accomplish this, the Future-X program
includes a core technology development effort which focuses on low-cost
space transportation, Pathfinder vehicles, which is a series of approximately
$100 million efforts that require flight tests to validate their technologies; and
Trailblazer vehicles, which are integrated flight demonstration vehicles to
validate technologies, operations, performance, and cost.”” Under this
approach, the X-34 is essentially the first Pathfinder program and the X-33 is
the first Trailblazer.”® This NASA research programs consists of 29 specific
demonstrations in the areas of on-board propulsion, onboard intelligence
planning system for autonomous abort landings, integrated-vehicle health-
management system, thermal protection systems, propulsion technologies,
and advanced cryogenic upper stages.

16



The Advanced Space Transportation Program is pursuing several
technology areas that are directly applicable to RLVs, including airframes,
lightweight structures, thermal protection systems, automated checkout and
health monitoring, and long-life propulsion components. Through the Future-
X project, NASA is pursuing technologies that are beneficial to both the
military and commercial industry. In particular, the Air Force identified a
number of specific technological and operational areas in the Future-X that
support specific Air Force requirements.”® At present, it appears that all of
the essential technology efforts for developing RLVs are underway to some
extent. The principal concern at this stage is that the pace of technology
efforts may not be sufficiently intense to support the development of critical
technologies, particularly in the area of propulsion.”” NASA, the DoD, and
industry are sharing the workload and cost of these technology efforts.

Information gained from the NASA-led development efforts in these
critical technology areas is being shared with industry and the Department of
Defense NASA also has organized a comprehensive research program that is
consistent with the National Space Transportation Policy and the
development of RLVs.* The NASA-led Space Transportation Architecture
Study will draw heavily from these technology efforts and ultimately
influence how NASA funds the development of future spacelift. *'

Economic Considerations

A reasonable projection is that commercial firms will continue to invest
heavily in space technology, products, services, and spacelift. Given the
competitive marketplace, the commercial space industry in the United States
is likely to succeed in the development of spacelift in areas that are of
interest to the military.

The development of RLVs is an expensive proposition. Some have
estimated that the development costs will be equivalent to developing a new
commercial airliner, which in the case of the Boeing 777 aircraft exceeded $5
billion dollars.*> While private investments of this magnitude do occur,
private investors are likely to pursue a number of less-costly alternatives to
RLVs because the development costs will be so expensive that no one
company will pursue it alone.* Nor is it likely that the U.S. government can
be relied upon to fully fund the development of RLVs. One approach is to
outsource the development of RLVs®. While it is by no means assured that
spacelift is a vital wartime function that should be outsourced, the
Department of Defense should expect that there will be increasing pressure to
outsource all scheduled space launches to U.S. commercial firms.
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The Evolved Expendable Launch Vehicle program, which follows the
current expendable launch vehicles, appears to be a step in this direction.

Legal and Policy Issues

The essence of U.S. national space policy is to preserve space for all
humanity to use for peaceful purposes, to ensure that space systems are
sovereign property, and serve the rights of all nations to safe passage in space
that is free of interference.*” In addition to national policy, a number of
international treaties, agreements, and domestic laws affect U.S. space
activities. In the case of RLVs, states are responsible for governmental and
private space activities, launching sites are liable for damage caused by space
objects they launch, and parties must register objects that they launch into
space.®® U.S. policy is that NASA is responsible for manned space activities,
and ensures that NASA will dominate any manned space government-
sponsored research and development. Accordingly, the U.S. National Space
Transportation policy that was formalized on August 5, 1994 assigned roles
for NASA and the US Air Force regarding reusable launch systems.®’

U.S. policy also mandates that NASA will work with the private sector
on reusable launch systems, and specifically, that NASA and private sector
teams will conduct technology demonstration programs that will support
informed decisions about RLVs by the end of the decade. The DoD, which
represents the defense and intelligence sectors, is charged with ensuring that
an appropriate launch system capability exists to meet national security
needs. To accomplish this, DoD needs to maintain the nation’s present
expendable launch capability as well as to prepare for future launch needs.
DoD is interested in reusable launch systems because these may potentially
reduce costs and increase access to space.™

The U.S. Congress has influenced how both the U.S. government and
U.S. companies have pursued the development of space technologies. Some
of the most pertinent legislation deals with commercializing space, including
the Commercial Space Launch Act of 1984 and the Commercial Space Act
of 1998. The main thrust of the legislation is to encourage the development
of a commercial space industry. This legislation includes provisions for
licensing commercial launch and reentry vehicles, commercial use of excess
government launch facilities, prohibition of government competition with
commercial entities, and the requirement for the Federal government to
procure commercial space transportation services.*
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Threat Considerations

A variety of threats exist to the uninterrupted use and exploitation of
space. These threats range from man-made such as space debris and hostile
acts, to natural aspects of the harsh environment of space, including meteor
showers. The threats addressed here are man-made, which may directly
affect the planned use of RLVs by the U.S. military, commercial companies,
and private citizens.

The “military threat” consists of an adversary’s direct military action
against U.S. satellites, their communication links, and the potential for an
adversary to use commercial space data such as imagery against the United
States Military attacks on ground facilities supporting space programs, while
potentially effective, are not addressed in this study.

The types of responses the United States might want to make generally
fall into the two categories: negating and protecting. Negating can include
actions that disrupt, degrade, deny, or even destroy an adversary’s space
capabilities. Protecting can incorporate a wide range of activity, but is the
essence of space control—defined as “Operations to assure the friendly use
of the space environment while denying its use to the enemy.”° Several
potential adversaries currently possess the means to disrupt or deny satellite
communications, as well as data and command links. It is conceivable that
states could initiate disrupt or deny actions against both commercial leased
and dedicated military satellite communications.’!

The existing direct-attack military threat against our assets has been
principally monolithic, consisting of the Soviet anti-satellite capability of
both kinetic kill and directed energy applications. In 1997, Russia stated that
it had developed but abandoned its anti-satellite capability, but the DoD
disputes this position. Recent reports suggest that China now has the
technology to construct ground-based lasers that are capable of damaging
some spacecraft sensors.”” Incidentally, the commercial industry remains
unconvinced and unconcerned about potential threats to their systems. They
have declined to adopt protective or defensive measures in their vehicles
even after the U.S. military outlined the threat °> Some have used the analogy
that commercial airlines do not carry chaff and flares for self-defense, but
rely on the military to ensure their freedom to conduct commerce. To the
commercial community, spacecraft design involves significant business
decisions, and no one has made a successful case that they must change.
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Another threat to the U.S. is the possible use of commercially available
products by an adversary to gain intelligence that the U.S. would rather they
not have. An example is satellite imagery about U.S. force dispositions.
Commercial space systems will continue to increase capabilities and in some
areas may eventually rival specialized national intelligence assets. These
specialized products will be readily available to any nation or individual with
sufficient funds. As an example, a Colorado-based company, Space Imaging,
is poised to offer “satellite-quality spy pictures” (three-foot resolution) for
sale, to anyone who provides them with coordinates. The operational
significance of three-foot resolution is substantial. To put three-foot
resolution in perspective, the recently unclassified National Reconnaissance
Office CORONA satellite images collected between 1960 and 1972 achieved
a ground resolution of only six feet.”* Aside from the ability to monitor troop
concentrations, aircraft on runways, massed vehicle formations etc., three-
foot imagery provides substantial capabilities. >

The most serious threat to U.S. national security may be the economic
threat of losing the race to develop viable RLVs. The company or nation that
achieves low cost, routine, and reliable spacelift on the order of $1000 per
pound to low-earth orbit will dominate the international spacelift market.
When a viable RLV emerges, current and planned expendable launch
vehicles may well become obsolete. To meet the U.S. National Security
Strategy of “maintaining leadership in space,” the U.S. must be the first
nation to develop a viable reusable launch vehicle.
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Table 2. Reusable Launch Vehicle Development

Category

Environmental Aspects

Activity Forecast

Today 75% of satellite launches worldwide are
commercial

By 2007, another 1,715 satellites are forecast
for launch, of which only 129 are Western
military satellites

Over the next 20 years, at least 9 countries will
manufacture a total of 1,700 expendable launch
vehicles in 28 distinct types

A high speed (space vehicle) point to point
parcel delivery market may be feasible at a
price of $500 pound

Technical

Most significant technological challenges to
developing reusable launch vehicles are
operability and reliability

Specific challenges include thermal protection,
reusable propulsion, user-friendly propellants,
and vehicle health monitoring systems

Economic

Development of commercially viable reusable
launch vehicles will be so expensive as to
prohibit one private company from pursuing it
alone. U.S. government financial participation
is required.

Legal/Policy

Domestic policy and international agreements

govern U.S. space activity. Some major

national policy elements are:

- Space is for all humanity and for peaceful
purposes

- Space systems are sovereign property

- All nations have a right to free safe space
passage

- NASA is lead for all manned space activity

- DoD is to ensure launch capabilities meet
national security needs

Commercial Space Act 1998 encourages

development of a commercial space industry

Threats

- Threats exist, both natural and man-made, to the

continued  uninterrupted use and exploitation
of space
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This section has reviewed the environment within which reusable launch
vehicles are being developed and Table 2 summarizes the major points.
Given that space will be a booming business for the next twenty years, RLVs
can arguably play a large role in realizing the potential of the space growth
market for both the U.S. government and commercial community. The next
section assesses the utility of potential RLVs for military missions and
commercial applications.
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ITI. Analysis of Reusable Launch Vehicle Missions

Table 3. Reusable Launch Vehicle Missions andApplications Assessed

This section examines RLV missions and applications.

Military Missions

Commercial Applications

Reconnaissance — supplement
on-orbit intelligence,
surveillance, and
reconnaissance systems

Global Strike — bring precision
combat power to bear directly
against an enemy’s war-
sustaining capabilities or will to
fight

Satellite Servicing — provide
means to refuel, upgrade,
reposition or recover space
assets

Global Transport* — transport
troops or material rapidly
around the globe to prepared
sites

Space Control — conduct
counterspace actions which
could temporarily disrupt
hostile space assets while
protecting our space-based
assets, both military and
commercial

Spacelift — provide rapid
response to complement
dedicated spacelift assets at
low cost

Satellite Servicing — provide means
to refuel, upgrade, reposition or
recover space assets.

Global Transport — transport
people or cargo rapidly around the
globe to prepared sites

Spacelift - provide routine, reliable,
cost-effective (goal is one tenth or
less the current cost) and user-
friendly scheduled access to space
for deploying satellites, re-
supplying space stations, or other
activities such as conducting
experiments and manufacturing.

Tourism — provide round trip,
routine and reliable access to
space for anyone with $20,000.

* Global Transport is no longer a primary military mission as envisioned by Air Force

Space Command
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Earlier sections in this study focused on the fact that space is important
to U.S. national security for both military and economic reasons. It also
argued that global demand for space products and services continues to grow
rapidly, that the U.S. must reduce spacelift costs, and that the best way to
reduce the costs of spacelift is to develop RLVs.

Military Utility of Reusable Launch Vehicles

The U.S. Air Force vision for RLVs rests on the Space Operations
Vehicle (SOV) and its complementary “upper-stage,” the Space Maneuver
Vehicle (SMV). The SOV is an Air Force concept for a reusable launch
vehicle, which is also known as “military spaceplane,” but as of this writing
is not a funded program. The Air Force plans the SOV/SMV combination to
be the U.S. first space superiority weapon system.”®

Current U S. Air Force thinking on the military utility of RLVs is
outlined in the Air Force Space Command’s Concept of Operations for the
Phase I Space Operations Vehicle. This document describes how the Air
Force Space Command believes that the SOV should be deployed, employed,
and operated. The Air Force Space Command suggests that RLVs should
augment, rather than replace, conventional air-breathing aircraft for the
traditional missions of air superiority, strategic bombing, mobility, search
and rescue, and close air support. The U. S. Air Force of the future will most
likely be called upon to enforce no-fly zones or perform other missions that
require a significant inventory of diverse traditional aircraft, including
bomber, transport, command and control, fighter, attack, surveillance, and
tanker aircraft. In this way, a military RLV will become an integral part of
the mix of aerospace vehicles. This new force will require considerable
analysis if we are to achieve an optimal balance of vehicles, support
facilities, and manning.

The Air Force Space Command’s Concept of Operations for the Phase |
SOV presents a survey of potential missions for a military SOV. This
concept of operations emphasizes the multi-mission nature of the SOV,
which strongly suggests that the total utility is greater than the “sum of
utilities” of separate missions. While officers at the Air Force Space
Command suggest that this broad synergy should be the basis for pursuing
the SOV, this concept does not lend itself to objective assessment.
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The Concept of Operations document does not prioritize missions,
which means that this study of the utility of the SOV for multiple missions is
essentially a compilation of individual missions.

A related issue is whether RLVs should be manned or unmanned. As the
Concept of Operations for the Phase I SOV System notes, “It will be flown
manned or unmanned with the type of mission determining the need for an
on-board crew.”’ It addresses the ideas of flight training for take-off,
landing, en-route navigation, and instrument flight rules, and suggests the
possible requirement. For a companion aircraft that is modified to emulate
the sov.”® This clearly implies the SOV will be piloted. While officials in the
U.S. Air Force Space Command confirm the possibility that SOVs may be
piloted, the collective judgment is that unpiloted SOVs are the preferable
option. The only mission that might require manning are those that require
human skills, as exemplified by servicing satellites in orbit. In that case, the
crew would serve as technicians rather than pilots. This preference for
unpiloted vehicles is gaining technical support from in-progress utility
studies, but this view is not unanimous. Powerful constituencies in the Air
Force remain convinced that delivering weapons must be manned. While the
Concept of Operations does not recommend that any specific military
mission should be manned, the question of manned versus unmanned
remains unresolved. Accordingly, this study will proceed with the
assumption that the military hopes to develop a RLVs that are manned for
global strike and satellite servicing missions. This section evaluates the six
military missions that are under consideration for reusable launch vehicles
based on the ideas outlined in the document published by the U.S. Air Force
Space Command.

Reconnaissance Mission. The objective of the reconnaissance mission is
to supplement intelligence, surveillance, and reconnaissance satellite
systems, which includes imagery and signal information, among other
capabilities. The objective is to provide the operational community with
complete theater coverage. Many observers believe that today’s
reconnaissance systems do not have global coverage and that there are
significant time lags between the time the data is requested and the time the
data is provided to the consumer.”” A Space Maneuver Vehicle (SMV) with
reconnaissance payloads could supplement existing reconnaissance systems
by providing more focused coverage because it has the ability to respond
rapidly as well as maneuver.'*
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The essential attributes for a militarily responsive RLV for the
reconnaissance mission include rapid response, small to medium payload
capacity, and high maneuverability.'”! Each of these attributes affects the
design of RLVs. This study shows that the military objectives will not be
achieved by standard payload interfaces because rapid response capability
and maneuverability directly and fundamentally affect the design of reusable
launch vehicles.

A prudent assumption is that the U S. technical community will be able
to solve the key issues that are associated with creating viable RLVs, and that
the military will be able to use these vehicles to deploy smaller
reconnaissance satellites. While this study does not address the cost of
developing reusable launch vehicles, the SMV reconnaissance mission faces
a number of challenges, including the organization of the intelligence
community, the philosophy of disseminating reconnaissance information, the
equipment available to the operational force, and the time it takes to get
information to the right organizations.

The current intelligence structure directs reconnaissance data into areas
of expertise depending upon the data collected. Data is analyzed, fused and
forwarded to users and the chain of command as appropriate. A SMV-
deployed sensor that collects high-quality reconnaissance data and delivers it
directly to a consumer is different from the existing and planned system for
disseminating intelligence information. A direct downlink of reconnaissance
data is strongly advocated by some consumers, and strongly resisted by
others. A significant debate, which is not limited to SOV’s, is the merits of
direct downlink versus centralized processing.

A related debate coupled to direct downlink is the issue of the equipment
that the consumer used to receive intelligence information. The Department
of Defense’s Joint Vision 2010, which is the operational framework for U.S
military forces, emphasizes interoperability.'’” Plans to provide direct
downlink intelligence, surveillance, and reconnaissance data must be
consistent with the vision of interoperability among all U.S. forces.

A challenging barrier to reconnaissance with RLVs is the operational
implication of improving national collection systems and timelines. One of
the major reasons for developing a reconnaissance mission for reusable lauch
vehicles is to improve the timeliness of intelligence information for the
operational community. In the past, there were many reasons for delay, but
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substantial progress has been made in national intelligence collection and
delivery timelines, and further improvements are planned.'” When the U.S.
is at war or in a crisis, all national resources, including national intelligence
assets, will be available to the regional Commander in Chief (CINC). Most
recently, the combat experience in December 1998 against Iraq raises
questions about the need for major improvements in combat intelligence
support from space-based reconnaissance systems. While intelligence
timeliness and products can be improved, it is clear that national intelligence
data can provide timely support to the combatant commanders.

If weather precludes national systems collecting data, other space assets
are not likely to perform any better. In the case of being out of position, this
will be resolved in some finite time given the geographic location of the
target and the orbits of national assets. It is likely that in some instances
national assets will be able to image the target before a satellite that is
deployed by a RLV. If the RLV could deploy numerous reconnaissance
sensors, this could improve the overall coverage and revisit rate for specific
areas. The associated “cost,” however, is an increased demand for command
and control of these newly deployed assets. Furthermore, command and
control challenges involve more than just traditional telemetry, tracking, and
commanding, and include deciding who “owns,” operates, and tasks these
assets as well as who gives the launch command. None of these challenges
are insurmountable, but they highlight the fact that implementing
reconnaissance missions with RLVs is a formidable task.

One major hurdle to developing a reconnaissance capability with RLVs
is that the regional CINC must define a requirement for this capability. While
the regional CINCs have clearly articulated intelligence requirements, they
also have substantial intelligence systems at their disposal. Their historical
preference is for organic systems that are under their exclusive control. The
fact that the CINCs will demand regular opportunities to train and deploy
with the systems they will employ in war means that the concept of SOV-
deployed reconnaissance satellites must include routine deployment and
training with military forces.

In order for an SOV-deployed reconnaissance payload to outperform
national assets, it must have a substantially greater capability.104 It would
require an inventory of reconnaissance satellites, the ability to place those
assets on-orbit, and ensure that they can operate over the area of interest
within eight hours. The key challenges are whether reconnaissance sensors
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will be ready to launch on short notice and be capable of “instant on-orbit
checkout.” At present, it takes about 70 workdays to prepare a military
communication satellite for launch and over four months to check it out once
it is on-orbit.'” Additionally, competing with the timelines for national
systems requires a “ready fleet” of RLVs. As a benchmark, the “Black
Horse” RLV concept requires an annual budget of $100 million to operate
and maintain eight RLVs.'%

There are numerous alternatives to relying on SOV-deployed sensors to
provide combat units with critical intelligence, surveillance, and
reconnaissance data. Those alternatives include commercially available
information, relying on national assets, and the use of Uninhabited Aerial
Vehicles (UAVs). In the future, the proliferation of imagery systems by
numerous commercial companies and nations virtually ensures that we will
have regular access to global imagery. The proliferation and capabilities of
these commercial systems will be so significant that many believe U.S.
adversaries will be able to exploit these commercial products. If these
commercially available products would be operationally significant to an
adversary, it is likely that they could be operationally significant for U.S.
forces.

The USAF acknowledges that commercial satellite imagery is rapidly
becoming a key source of information for current USAF operations. As an
example, commercial imagery is used to support mission planning, including
the selection of landing and drop zones. The USAF uses commercially
procured imagery today to meet regularly unfulfilled imagery requirements
that are caused by gaps in coverage or competition for scarce national
resources. The Air Force further predicts that the next generation of U.S. and
foreign commercial satellites will provide a significant military value that is
comparable to government sources.'”” While the military is unlikely to rely
on commercial sources as the principal method for obtaining imagery, this
remains a viable and inexpensive source that complements other capabilities,
such as national reconnaissance and theater organic assets.

A comparison of the overall performance of an SOV-delivered
reconnaissance satellite with an existing national capabilities raises questions
about the advantages derived from SOV-deployed satellites. If one assumes
that the two satellites have comparable capabilities in terms of sensor
performance (which is not quite realistic), the satellite deployed by a RLV
will still have limited access to the target area because it is in low-earth orbit.
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While deploying additional satellites from RLVs will increase the coverage
and provide the desired revisit rates (one example uses three sensors to
provide coverage every 90 minutes),'” the addition of each new satellite
compounds the command and control problem. To achieve the ideal spacing
of sensors requires substantial separation between the sensors. This
requirement means that several RLVs missions will be necessary to deploy
sensors in the proper orbits, or the use of extremely maneuverable upper
stages for deploying the sensors from one RLV. Initially, the RLV could
deploy the sensor over the area of interest at a specific time to achieve
coverage on the first pass, but that will be short target for roughly one half
day.

Uninhabited aerial vehicles (UAVs) may have several advantages over
manned and high altitude/orbiting systems because they can function under
cloud layers, are relatively inexpensive, and can be deployed rapidly.'” The
weather through some UAVs can fly may degrade the performance of an
optical satellite, and there is no postulated operational concept for RLVs that
can deploy the sensor to a theater before the deployed forces can launch
UAVs. UAVs are not the solution in themselves, but working in conjunction
with on-orbit assets and other theater reconnaissance assets, “UAVs clearly
demonstrated their ability to complement other information systems,
providing unprecedented views of the tactical battlefield for field
commanders and operational level decision makers.”' "’

This assessment of reconnaissance suggests that the military will benefit
from the employment of RLVs. A second conclusion is that the
reconnaissance mission is essentially the same as the traditional mission of
spacelift in which the payloads are reconnaissance sensors. That being said,
the reconnaissance mission does not provide a sufficiently compelling reason
for the Department of Defense to start a major new program.

Global Strike Mission. The objective of global strike is to bring
precision combat power to bear directly against an enemy’s military
capabilities or will to fight. RLVs launched from the United States have the
potential to achieve orbit and deliver precision guided weapons to enemy
targets on a global basis.''! There are numerous advantages to this capability,
including the ability to respond globally on a rapid basis, the ability to
standoff yet still achieve precision effects, and the need for fewer forward-
deployed U.S. units. Such a capability would be an integral part of a future
Air Expeditionary Force because it would allow the United States to
minimize
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putting personnel at risk, respond to a crisis anywhere, and operate from
bases in the United States. Nor would the United States have to worry about
permission for the overflight of states.''? Thus, the essential design
characteristics for RLVs that are capable of global strike include rapid
response, possibly manned/crewed vehicle, highly maneuverable system; and
a payload capability of up to 20,000 pounds.'"”

Many of the concepts for delivering weapons focus on the Common
Aero Vehicle, which is a maneuvering reentry vehicle that is carried by the
SOV. The SOV releases the Common Aero Vehicle, which dispenses those
weapons in the atmosphere. The concept is analogous to precision guided
munitions that are carried by conventional aircraft. The Common Aero
Vehicle has the necessary thermal protection, guidance, and maneuverability
systems to deliver precision guided munitions to pre-determined release
points, where it will achieve the desired accuracy of ten feet or less. Various
studies suggest that a Common Aero Vehicle will weigh 2,250 pounds, of
which 1,200 pounds will be the weapon payload.'"*

The primary challenge for the global strike mission is to achieve better
cost and operational effectiveness in comparison with existing and planned
weapon systems. While any meaningful examination of cost is beyond the
scope of this study, a prudent assumption is that RLVs performing the global
strike mission must be affordable.'"®

Another factor is the range of the RLV. As examples, the air-launched
cruise missile, AGM-86B, has a range of 1,500-plus miles, the AGM-86Cs
range is 600-plus miles.''® The submarine or ship-launched land attack cruise
missile, Tomahawk, has a nominal range of 1,000 miles.!"” These ranges
allow U.S. forces to strike land targets worldwide without the need for the
launch platform to violate a nation’s sovereign territory, with few exceptions.

For these target exceptions, other strike options exist, such as
penetrating specialty strike aircraft (e.g., B-2, F-22, F-117). The response
times for cruise missiles launched by deployed forces are measured in hours,
which is essentially the same as the response time that is postulated for RLVs
performing global strikes.''®

At present, air-launched cruise missiles and their B-52 host platforms

are stationed in the CONUS. In 1991 and again in 1996, B-52s were
launched from CONUS, and fired 48 cruise missiles against Iraq.'"
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The round trip was over 14,000 miles and took 35 hours, which required air
war planners to launch the B-52s about 18 hours prior to the start of
hostilities. Given the level of planning and coordination that is required for
these attacks, a rapid response is desirable, but the time that it takes to deliver
weapons is not the limiting factor in the execution of military options.

One final challenge for global strike with RLVs is their capacity. In the
December 1998 combat action against Iraq, U.S. forces launched 425 cruise
missiles.'” If one assumes that RLVs carry ten Common Aero Vehicles,
each of which carries one 1,000 pound precision guided munitions,'*' the ten
weapons per sortie would be half the capacity of a B-52 bomber. This means
that more than 42 sorties would be necessary to match the current delivery
means. Assuming RLVs based in the continental United States are capable of
one sortie per day for each vehicle,'” and given a four-day campaign goal, a
minimum fleet of ten vehicles is necessary. Given the training and
maintenance to support a posture for major theater wars, a squadron of at
least fifteen or more RLVs will be necessary for global strike missions.

The development of a military RLV may detract from U.S. national
security if it drives other states to engage in an arms race.'>> Given the high
cost of developing, procuring, and operating RLVs, it is unlikely that another
nation will obtain an offensive capability with RLVs capability in the
foreseeable future.'** But other states may pursue countermeasures to RLVs
in order to erode or nullify the U.S advantage. While it is a less likely
response, other countries may develop their own “orbital or sub-orbital space
bombers” in response to U.S. deployments, which could spur the
weaponization of space.

One concept for global strike, which is known as HyperSoar, has a
payload of 11,000 pounds, which is equal to roughly five weapons per sortie.
The nature of global strike is fundamentally different from space launch
because achieving orbit demands a different design than a strike vehicle in
terms of payload, size, type of propulsion, heat dissipation, and landing
concepts, among others.'” Some within the military argue that RLVs for
global strike should be manned and possess a rapid response capability.'*®
This supports the case that military missions and commercial applications
require fundamentally different types of RLVs.

There are several alternatives to conducting global strikes with RLVs,
including cruise missiles and specialized strike aircraft, but each of these
alternatives involves substantial “costs” that are well-known in the defense
community.
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However, significant national policy decisions will have to be involved
before the United States employs weapons from space. As a practical matter,
it is highly unlikely that the United States will be the first to use weapons in
space.”’ While some argue that using RLVs is escalatory because it
constitutes an attack from space, proponents of RLVs argue that the
precedent for using weapons is derived from inter-continental ballistic
missiles (ICBMs), which is another form of surface-effect weapons.'?®
ICBMs have not been employed in war, and when Iraq during the 1991
Persian Gulf War used short-range ballistic missiles, it strengthened the
resolve of the coalition partners. For senior policy makers, weapons launched
from RLVs represent a substantial change in the conduct of war. Wargaming
experience shows a strong reluctance by the National Command Authority to
initiate space warfare because by the time the National Command Authority
authorizes the use of weapons from space, conventional cruise missiles could
have been used.'” As technology historically increases the distance between
the human and the weapon, the use of a manned platform in space for
launching conventional weapons is consistent with the pattern of
technological progress. '*°

Some advocates of global strike argue that these missions should be
manned because this will preserve positive human control over weapons."'
But as a high value item that it will never be procured in large numbers,
policy-makers will employ this technology only in the most extreme
circumstances. While a global strike SOV may be survivable because it never
penetrates hostile airspace and is not vulnerable to conventional air defenses,
this system will be expensive, procured in small numbers, and reserved for
use in special circumstances. Even if one argues that RLVs will be reserved
for serious circumstances, there is still a limit to how many of these systems
the United States can afford."*?

The development of a military RLV that can perform the global strike
mission is the next logical step because this capability would strengthen the
ability of the U.S. Air Force to strike on a global basis. This would be a
highly desirable option because the U.S. military could project power
globally without the constraints of 35-hour B-52 missions. It also might
reduce the size of conventional aerospace forces. For instance, if a fleet of
RLVs could accomplish 50 percent of the required precision strikes, fewer F-
16s, F-117s, FISEs would be needed, which would further reduce the need
for in-theater tankers as well as maintenance and support personnel.
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It is unclear whether the U.S. Air Force would want to eliminate some of
its F-16, F-ISE, and F-117 squadrons to fund a global strike RLV.
Furthermore, the Navy would wonder whether a sufficient number of U.S.
Air Force RLVs would be so capable of global strike that it negates the
rationale for aircraft carriers. Following World War II, during the budget
battles among the services, the Air Force argued that the arrival of nuclear
weapons delivered by long-range bombers made aircraft carriers obsolete.'*?

The investment required for global strike RLVs is estimated to be in the
range of $750 million and $1 billion per RLV for manufacturing costs
alone.** When ground facilities, training, operations and maintenance, and
ordnance costs are considered, the total cost of the program may equal the B-
2 program. While a global strike RLV has enormous military potential,
affordability is determined by what the nation is willing to spend. The
problem is that expensive capabilities sometimes provide low returns on
investment that cannot be supported indefinitely. The global strike mission is
essentially a “spacelift” mission in which the payload is ordnance. Thus, this
study concludes that the global strike mission is not sufficiently compelling
to warrant the requisite investment in a major new program at this time. An
alternative is that this capability may be more suitable for second or third
generation RLVs.

Satellite Servicing Mission. One concept is that a RLV with supporting
upper stages, such as the USAF SMV concept, could rendezvous, refuel,
upgrade, reposition, or recover space assets.">> The essential capabilities for a
military RLV that is used for satellite servicing include rapid response, small
to medium payload capability, high maneuverability so that it can have the
extended range that is necessary for servicing distributed satellites, and rated
for a human operator.

The ability to orbit and rendezvous with spacecraft that occupy a wide
variety of orbits, and to do so without human intervention, requires a degree
of technological sophistication that the United States can achieve but has not
demonstrated. For example, while supply missions to the Mir Space Station
demonstrated the ability to conduct autonomous docking, this operation
experienced notable problems, including a collision with a supply spacecraft
in 1997.%¢ The even greater challenge is the actual servicing of parts that
require human presence.
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The idea of servicing satellites in orbit is appealing in view of several
public successes, of which the most prominent involved the Hubble
Telescope and Solar Max. Neither, however, was a military satellite. In fact,
the orbits at which a RLV might service satellites do not contain Department
of Defense satellites today and are not likely for the foreseeable future.'*’
While the problem with satellite servicing is that satellites are not designed
for on-orbit servicing, satellite servicing is a worthwhile objective.

For instance, if the United States deploys weapons in space (e.g., space-
based lasers or kinetic energy systems for national missile defense), then
servicing missions may become necessary for replenishing consumables and
keeping weapons operational. However, before this potential mission is
pursued by the military, there must be a convincing reason why contractors
could not perform the servicing mission. The servicing of space-based
weapons is analogous to servicing military aircraft, which is accomplished in
many cases by private contractors. But until the U.S. military designs and
deploys satellites in orbits that are reachable by RLVs in low-earth orbits,
this potential capability has no apparent military utility.

The fundamental alternative to satellite servicing involves the design of
the satellite. The U.S. currently designs spacecraft with limited lifetimes that
do not generally involve retrieval and refurbishment. As a result, satellites
are relatively expensive to build and launch. However, while the ability to
lengthen the operational life of satellites is intriguing, the general trend in
satellite design is toward less expensive satellites, which reduces the value of
refurbishment or repair. The philosophy of throwing away satellites, in
contrast with spending money to refurbish them, has the additional benefit of
maintaining an inventory of satellites that is ready for launch. If it is
desirable to maintain an inventory of satellites, then it is logical to keep those
satellites as inexpensive as possible.

A pertinent historical note is that in 1972 Secretary of the Air Force
Robert C. Seamans, Jr. argued that satellite servicing was a primary
advantage of the Space Shuttle.””® While this potential has been
demonstrated, it has not emerged as a significant role for the Space Shuttle
during the last two and a half decades. While satellite servicing holds
promise for second-or-third-generation RLVs, satellite servicing does not
provide a compelling reason for developing military RLVs.
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Global Transport Mission. The concept is use RLVs to transport troops
or material rapidly around the globe to prepared sites, which is essentially the
mission of the U.S. Transportation Command. While this mission originally
interested the U.S. Air Force Space Command, it is currently not part of the
Air Force Space Command Phase I Concept of Operations for the Space
Operations Vehicle.

The primary challenge to global transport with RLVs is the matter of
cost effectiveness. Until the cost of space transport is comparable to rail, sea,
or air options, the United States will use these less expensive options. For
example, the flight time for a sub-orbital RLV would be less than two hours,
and the cost for one pound of payload into orbit would be $1,000. This cost,
however, must be compared with conventional military airlift. For example, a
C-17 aircraft flying from Charleston, South Carolina to Ramstein Air Base,
Germany costs $0.88 per pound and requires a flight time of ten hours."’
While RLVs can conceivably deliver high priority cargo (up to 20,000
pounds) in eight hours less time, it will be roughly 1,100 times more
expensive than conventional airlift."*" One can imagine scenarios in which
eight hours might represent the difference between success and failure, but
this is a thin reed upon which to establish the economic rationale for RLVs.

The question then is a matter of optimizing vehicles for cargo missions.
The C-5, C-17, and C-130 are all optimized for airlift."*! As with aircraft,
RLVs optimized for delivering cargo will be quite different from those that
are designed for global strike, and different still from those that are optimized
for placing satellites in orbit. The implication is that the United States would
invest in “fleets” of specialized RLVs and SOVs for these missions, but this
is unlikely in the current economic climate.

Supportability will also be a major challenge for global transport with
RLVs. The destination base must be able park, protect, service, and off-load
the RLV. Unless RLVs can use existing runways, taxiways, hangars, and
ramps, and take advantage of readily-available fuel and lubricants, then a
substantial investment in infrastructure will be required for RLV operations.
The ability to conduct worldwide operations implies a degree of
supportability that is not currently planned for RLVs. In general, there are
materiel and non-materiel alternatives to global transport RLVs that are more
cost effective and operationally effective.'*?
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While rapid global transport with RLVs is a logical extension of space
operations, there is no compelling need to reduce global cargo delivery times
by eight hours at a 1,100 fold cost increase. Again, this mission is most likely
to emerge for second-or third-generation RLVs, if at all.

Space Control Mission. The objective of space control missions is to use
RLVs to temporarily disrupt hostile space assets while protecting U.S.
military and commercial space systems.'* In military terminology, this is
known as defensive counterspace operations.'** The mission of space control
is to deny the use of space to an adversary, while protecting U.S. satellites,
communication links, and ground stations.'*’

While space control is a vital mission, the role of RLVs in space control
is unclear. The U.S. Air Force Space Command argues that RLVs will
provide “the means by which USCINCSPACE can maintain freedom of
space for friendly forces.'*® RLVs could be used to launch sensors and
decoys for protecting friendly forces as well as degrading or disabling hostile
space systems with non-lethal means, including jamming.'*” Perhaps the
most viable role for RLVs in space control is to identify objects, the ability to
conclusively determine if an attack on our assets has occurred, and assess the
damage. In essence, the role of RLVs in space control is to provide spacelift,
which includes the rapid response, small payload capability, and high
maneuverability that are achieved with upper stage vehicles, such as those in
the SMV.

The United States needs to protect its space interests, but what is
perceived as the weaponization of space may trigger international hostility or
an arms race.'” Another challenge for space control would occur if an
adversary intentionally destroyed a satellite and the resulting debris cloud
harms other satellites.'* This is particularly troublesome in the increasingly
populated low-earth orbits that contain many constellations of satellites. And
a nuclear explosion in space could affect the near-earth space radiation
environment for months, and wreak havoc on the electronics in all satellites
in particular orbits.

Regardless of whether RLVs are employed, the two primary concerns
for performing space control are preventing the escalation of space warfare,
and denying adversaries access to commercial satellites that have operational
significance (e.g, imagery, communications). "°° While the United States
must protect access to space and its vital satellites, it must do so without
these
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tensions escalating into a war in space. Using RLVs to pursue space control
objectives is not by itself escalatory. However, an adversary may perceive
U.S. space control with RLVs as so superior that these capabilities become
destabilizing.

Nonetheless, the ability to control space is desirable and might be vital
for the United States in a future war. The questions then are how to
accomplish space control and what is the best role for RLVs. There are
several options for space control that may or may not include RLVs. This
includes placing attack confirmation and characterization sensors on
satellites to provide unambiguous confirmation and characterization of what
happened.”" It also includes research and development in space control but
not the fielding of a capability.** Other ideas involve striking only terrestrial
targets such as ground stations or control nodes, focusing space control
efforts on communication links or surgical attacks minimizing or avoiding
destruction of on-orbit assets as in jamming signals, and achieving space
control objectives through diplomatic efforts. Each of these alternatives can
be pursued independently or in parallel, and RLVs could be a part of any of
the above alternatives, or none of them.'*?

In the end, political and legal issues will remain the most significant
challenge to space control. While this does not negate the need for space
control, the United States should carefully consider these issues before it
pursues this capability. As to what is the best role for RLVs in space control,
the answer is the traditional spaceiift for sensors and emitters. For the
purposes of this study, space control may be important, but RLVs have at
best a limited role, which is principally to provide spacelift. Thus, space
control does not appear sufficiently compelling reason for pursuing RLVs

Spacelift Mission. The objective of spacelift is to provide rapid response
to complement dedicated spacelift assets and to do so at low cost. RLVs
could perform “launch-to-sustain” or “just-in-time-replenishment” of
satellites in the inventory, and perform the rapid reconstitution or expansion
of satellites during a crisis.">* Affordable spacelift has been described as an
essential component of space superiority.””> The essential capabilities and
attributes for a RLV for spacelift includes rapid response and small to
medium payload capability.

Spacelift requirements generally fit into the two categories of normal
and crisis operations in which normal operations include launches to deploy
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and sustain operations, while crisis operations encompasses launches to
reconstitute capabilities. RLVs could support both normal and crisis launch
operations. The reason is that satellite characteristics—size, weight, number
being launched at one time, frequency of launches for constellation
sustainment, and final destination orbit—are adequately addressed in the
design of RLVs. The fact that military space launch will represent less than
10 percent of the worldwide demand for spacelift during the next 20 years
means that the launch capacity which is necessary for handling U.S. military
needs is unlikely to affect normal launch operations.

There are several problems with reconstitution missions."*® First, in
order to be able to rapidly reconstitute space assets, an inventory of satellites
is necessary. Except for the Global Positioning System, the DoD does not
normally maintain an inventory of satellites. While there are numerous
reasons for this approach, the principal factor is the cost of maintaining an
inventory of satellites. And with large constellations, such as the Global
Positioning System, the overall capability of the system degrades
“gracefully” with individual satellite losses. Second, the DoD does not
reconstitute other weapon systems or vital assets this way. For example, if
the Air Force exhausts its supply of conventional air-launched cruise missiles
in a particular conflict, it might build more missiles or convert nuclear air-
launched cruise missiles into conventional ones. Third, the scenarios that
deny the use of space assets to the United States, such as a nuclear burst in
space or kinetic kill anti-satellite weapons, also deny space to other satellites.
Even if additional satellites are available and there is a ready means for
delivering them into orbit, it might be prudent to delay the launch in view of
radiation or debris. If there is no overwhelming reason for a reconstitution
mission, then this diminishes the reason for military spacelift with RLVs.

Another factor that diminishes the case for RLV spacelift is cost. A
military program for developing RLVs may not produce lower spacelift costs
for the Department of Defense. The research, development, acquisition, and
operations and maintenance costs for a RLV will be substantial. To become
cost effective, RLVs must cover operating expenses, amortize substantial
research and development costs, and fund a new infrastructure.”’ It will take
great efficiencies and numerous launches for the DoD to achieve a degree of
cost effectiveness that equals the cost of expendable launch vehicles. A
fundamental reason is that achieving cost effective RLVs implies that these
vehicles are optimized for cost efficiency rather than military requirements.
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The U S Department of Defense does not possess tactical satellites that
are available for immediate launch in times of crisis. The exception was the
launch of two Marine tactical communication satellites during Desert
Storm."*® The Defense Advanced Research Projects Agency has investigated
“light-satellites,” and the Air Force advocated the development of tactical
communication satellites in the mid 1980s. However, the DoD has
consciously advocated higher frequency, high power, and survivable
satellites for all of the military systems instead of light tactical satellites.'>
The United States could design and build light tactical satellites, but what is
missing is an operational requirement. Regional CINCs have openly opposed
the development of such assets, preferring to rely on systems that they own
and on which they train and deploy.

The U S. Department of Defense can use commercial capabilities for
imagery and communications. As with the Civil Reserve Air Fleet for airlift,
many military space missions can be covered by leasing commercial assets.
In Desert Storm, commercial space assets carried 24 percent of the long-haul
communications traffic between the Gulf and the United States as well as
numerous intra-theater links.'®® In the case of communications, over 70
percent of daily, routine DoD communications use commercially leased
circuits.

While military RLVs could provide spacelift services for the military,
the commercial spacelift industry currently provides timely and affordable
access to space.'® With the global demand for spacelift on the rise, the
number of firms providing commercial launch services increases each year.
The current pace of expendable launch systems is generally sufficient to meet
the needs of the U.S. military.

Policy decisions will restrict the military’s pursuit of spacelift. In
particular, the Commercial Space Act of 1998 prohibits the government from
competing with the commercial space industry, and requires the Federal
Government to procure commercial space transportation services.'®* In the
cases of exceptions, the Secretary of the Air Force must certify that national
security considerations preclude using commercially available launch
services.'™ The military should anticipate that there will be political
pressures to use commercial spacelift to accomplish military requirements.
Accordingly, budget constraints, the push for comercialization, and the lack
of a consensus on the unique spacelift needs of the military suggest that it
will be difficult to convince the Congress to give the military its own
spacelift capability.'®
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One factor that limits the ability of the DoD to procure all spacelift from
commercial firms is the cost of commercial insurance. In the event of
catastrophic launch failures, commercial firms are responsible for the first
$500 million of any third party’s liability claims, while the U.S. government
pays the next $1.5 billion. The 1988 Commercial Space Act created this
indemnification arrangement, which was terminated in 1999.'° When the
U.S. policy of indemnifying catastrophic liability comes to an end, launch
insurance rates will increase dramatically.'® If this increased cost is passed
on to the customer, the cost of future commercial spacelift might exceed the
current costs.'?’

Commercial Utility of Reusable Launch Vehicles

For the commercial space industry, the primary use for RLVs is the
traditional mission of deploying satellites into orbits, which is consistent with
estimates that within the next 20 years more than 2,700 satellites will be put
into space. However there are other potential commercial uses for RLVs,
including servicing satellites, high-speed delivery of cargo and global travel,
and even the concept of space tourism.

It is estimated that the international space station will require substantial
logistical support, perhaps as frequent as one mission every two weeks that
carries approximately 50,000 pounds.'®® Studies of the market for the high-
speed delivery of cargo suggest that there may be commercial markets for
delivery at $500 per pound.'® According to one study, some private ventures
might be able to offer space tourism flights with ticket prices starting at
approximately $40,000,'” while another study estimates that ticket prices of
$17,000 could generate demand that exceeds 900,000 passengers annually.'”!
Some studies have indicated that there is commercial market for rapid
commercial passenger service, as exemplified by a one-hour flight from New
York to London.'” Despite these potential applications for RLVs, the
primary market remains that of commercial spacelift.

Commereial Spacelift. The objective of commercial spacelift is to
provide routine, reliable, cost-effective, and user-friendly access to space at
one tenth of the current cost. The essential capability commercially
responsive RLVs in the spacelift application is the ability to respond quickly
to requests (within seven days or so) and carry a significant payload.
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There are several challenges associated with the development of
commercial RLVs. The first is the technical challenge of achieving the
operability and reliability that are summarized in Section Two, along with
the economic challenges associated with cost and financing. The final
category of challenges to the commercial use of RLVs involves the business
climate, which refers to the regulatory and policy considerations that affect
whether commercial companies attempt to enter the market for a launch
services. These include trade policies and agreements, government financial
obligations, allocations of risk and indemnification, the cost of and access to
government assets and services, Department of transportation licensing,
environmental regulations, space traffic control, commercial spaceports, and
treaty issues.'”” While a detailed review of these issues is beyond the scope
of this study, it is important to establish stable and predictable policies that
govern the commercial launch service industry.' ™

The alternative to developing RLVs for commercial spacelift includes
the development of evolved expendables and the use of surplus military
systems, as exemplified by the Minuteman and Peacekeeper missiles. The
space industry estimates that even with the benefits of competition and
improved business practices, the use of existing systems might be able to
achieve a 25 percent reduction in cost. According to these same estimates,
the best cost savings that we can expect from the Evolved Expendable
Launch Vehicle might be 50 percent. Furthermore, the other potential
commercial applications for RLVs that include satellite servicing,'”” parcel
and cargo delivery, global travel, and space tourism are probably appropriate
for second-or third-generation RLVs.'”®

Commercial Space Tourism. The broad objective of space tourism is to
provide access to space for less than $20,000 per round trip. Some market
surveys have indicated that this price will open space tourism to enough of
the market to assure success.'”’ The essential capability for RLVs that are
used for space tourism includes the ability to operate on a scheduled status, a
large payload capability with passenger “comforts,” and rated to carry
passengers.

The primary challenges for space tourism are to develop a market for
reliable, safe, and affordable space flight. Before people will be interested in
touring space, safety must exceed that of current levels Launch failures might
be tolerated if these resulted in aborted takeoffs that were followed by safe
landings. One reasonable target for reliability might be the standard that
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applies to commercial airliners, which is clearly higher than that which exists
for expendable launches today. With respect to cost, large numbers of flights
are essential to amortize the development and production costs rapidly, and
as this occurs the dominant factor in cost effectiveness will be the recurring
operational costs. If space tourism is to succeed, the reusable system must
have anl%)erational efficiency that is 200 times greater than that of the Space
Shuttle.

If space tourism is successful, it might encourage or support other space
programs, such as the exploration of Mars. It is conceivable that an industry
devoted to commercial space might help to amortize the costs that are
associated with the development of RLVs, including the costs for vehicles,
operating bases, and on-orbit support, and raise the public’s support for space
travel.'”” Space tourism will only succeed if the cost of space access can be
sufficiently reduced. An alternative to space tourism is that of space travel,
which includes sub-orbital and even orbital flights.

Summary

The discussion in this section has focused on the military and
commercial applications for RLVs. These results are summarized in Table 4,
which identifies the optimal characteristics of RLVs for each mission and
highlights several key points.

First, as one would expect, the desired characteristics of RLVs
depend upon the mission or application. There is no one RLV that fulfills all
military and commercial applications. Second, there is a significant degree of
overlap in military missions and commercial applications. For example,
while the ability to transport personnel has both military and commercial
applications, the optimal RLV for transporting military personnel is not the
same as the optimal RLV for transporting commercial passengers. Finally,
the degree of overlap between military and commercial applications is most
pronounced in spacelift and global transport.
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Table 4. RLV Military Missions and Commercial Applications

Military Commercial RLV-Desired
Mission Application Characteristics
Reconnaissance Rapid Response (RR)/small

payload/maneuverable

Global Strike

RR/small to medium payload/
possibly crewed

Satellite Satellite Servicing Mil - RR, medium payload,

Servicing possibly crewed, maneuverable
Civ — Routine, medium payload

Global Transport | Global Transport Mil* — RR/large payload/ crewed

(cargo) (cargo) Civ- scheduled/large payload/
crewed

Global Transport | Global Transport Mil* — RR/large payload/ crewed

(personnel) (personnel) Civ — scheduled/large payload/
crewed

Space Control RR/small payload/maneuverable

Spacelift Spacelift Mil* — RR/small payload
Civ — scheduled/med-large
payload

Space Tourism Scheduled/Large payload/

crewed

* Applies only to the crisis response or reconstitution missions

Legend:

Rapid Response (RR)-ready for mission within two hours
Scheduled-planned missions, response time within seven days
Small payload-less than 10,000 pounds

Medium payload-more than 10, 000 but less than 20,000 pounds
Large payload-greater than 20,000 pounds

Maneuverable-high performance, ability to reach several
deployment points per mission, system maneuverability may be
achieved through capable upper stages

All reusable launch vehicle versions unmanned unless listed as
“crewed” or “possibly crewed”
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IV. Conclusions and Recommendations

This section summarizes key findings and conclusions of this study
about the military and commercial applications for RLVs. To begin with, it is
likely that space will be a growth industry for the next two decades, and that
the demand for launches services will increase dramatically.'™ RLVs may be
able to reduce the cost of access to space in comparison with the use of
expendable boosters and the Space Shuttle. The goal is to develop first-
generation RLVs that can reach orbit at a cost of roughly $1,000 per
pound.'®" If costs can be sufficiently reduced, a number of military missions
and commercial applications probably will emerge so long as it is understood
that the fundamental objective is to reduce the cost of access to space.'™

Technological developments have brought cost-effective RLVs closer to
reality. Most technologists are optimistic that we will not face any
insurmountable hurdles. That being said, the key areas of technological
research are propulsion, lightweight structures, and thermal protection.183
While U.S. launch vehicles were designed to optimize vehicle flight
performance, which led to substantial compromises in operability and
reliability, these are the factors that drive the design of commercial RLVs.'™*
The result is that military and commercial needs are so fundamentally
different that it affects the designs of RLVs for specific applications.'®
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Table 5. Military and Commercial Requirements: Effect on Design

Military Commercial Spacelift | Design Impacts

Global

Strike

Rapid Scheduled Service Rapid Response capability is more

Response (mission scheduled at | costly to build and operate than

(mission least 7 days in scheduled service. Designs must

ready advance) ensure reusable launch vehicle and

within two support systems (e.g., payload

hours, 24 integration, fueling, and maintenance

hours a day, services) can generate missions within

7 daysa two hours.

week)

Potentially | Unmanned Vehicle reliability and associated

Crewed human support requirements increase
cost, complexity, and reduce available
vehicle lift capacity.

Small Medium to Large Standard payload interfaces improve

Payload Payload efficiency of both vehicles, but sunk

(20,000 (50,000 pounds) costs per mission, wear and tear... lead

pounds) to higher per pound to orbit costs for
smaller payloads.

As shown in Table 5, the key characteristics of a military RLV that is
used for global strike are substantially different from those of a commercial
spacelift RLV. More fundamentally, it is unlikely that RLVs that are
designed for military requirements will also be commercially viable.
However, RLVs that are designed for commercial applications may have
some military value.'

While there is substantial interest among governmental agencies and
commercial firms in developing RLVs, the best role for the government is to
actively participate in technology development efforts rather than to lead
design efforts. That is, the government in general and the military in
particular should not make the economic decisions that are best left to
industry. The implication is that the needs of the Department of Defense
should not guide the development of RLV, which was the problem that
plagued the design of the Space Shuttle in the early 1970s.
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By most standards, the development of RLVs will be expensive, with
estimates that development costs will be on the order of billions of dollars.
U.S. commercial firms are intent on developing RLVs for spacelift, but this
enterprise will need financial assistance if it is to succeed. To finance the
development of RLVs, private investors are likely to pursue a number of
alternatives.'®’ It is likely that RLV development costs will be so expensive
that no one private company will pursue this technology by itself, and that
these firms will seek to draw some financial assistance from the U.S.
government.'™ The general strategy of private firms will be to align
governmental and commercial needs in order to pursue several financing
alternatives simultaneously, including tax credits, loan guarantees, advance
purchase agreements, cooperative research and development, matching
funds, direct equity investments, federal financing, and bonds. Perhaps the
optimal strategy is to develop commercial RLVs in the hope that military
missions and other profitable applications, including cargo, passenger
service, and tourism, may follow.

While there are numerous potential military missions that can be
performed by RLVs, neither the economic climate nor the budget will
support a vigorous Department of Defense program to develop RLVs for
traditional air missions in space Table 6 reviews the military missions
advocated for reusable launch vehicles and summarizes some challenges and
alternatives.
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Table 6. Missions and Applications

Mission

Challenges and Alternatives

Reconnais
sance

Challenges: Pressing need may not exist, timeliness; weather;
telemetry, tracking, and commanding; interoperability - may not fit
within Joint architectures

Alternatives: Expanded use of commercial satellites, continue to
improve national capabilities, unmanned aerial vehicles

Global
Strike

Challenges: National pelicy, adversary and allied reaction;
mission drives unique design requirements which drive costs
Alternatives: Cruise missiles and other stand-off weapons,
continued investment in stealth

Satellite
Servicing

Challenges: Cost effectiveness given orbit dynamics, no current
military missions identified

Alternatives: Satellite design, wait for 2™ or 3 generation
reusable launch vehicles

Global
Transport

Challenges: Cost effectiveness/worldwide supportability, requires
prepared base at originating and end point - not suitable for rapid
troop insertion/covert operations.

Alternatives: Traditional lift (land, sea, and air), wait for 2™ or 3"
generation reusable launch vehicles. From a cargo perspective, pre-
positioning seems better or wait 10 hours for conventional airlift.
Hard to find cargo mission of sufficient import to justify this
mission

Space
Control

Challenges: Specific role for reusable launch vehicle unclear —
perhaps as a surveillance platform; national will, senior level
decision-making, legal implications associated with targeting
commercial satellites, unintended consequences

Alternatives: Diplomatic efforts, ground-based actions, reduce
vulnerabilities, passive actions, preparedness

Spacelift

Challenges: Reconstitution or crisis mission timelines, inventory
cost

Alternatives: Commercialize all spacelift, continue use of
expendables, and use surplus military assets.

The reality is that none of these missions warrant a vigorous program for
developing RLVs. By far the most compelling reason for RLVs is spacelift,
but in this case the DoD should not compete with commercial industry, for
three reasons. The first is the restrictions articulated in the U.S. national
space policy. Second, there is not sufficient demand to justify a separate
military lift capability. Third, with the exception of weapons deployment,
there is no compelling DoD unique requirement that cannot be accomplished
with commercial means.'®
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Accordingly, a major finding of this study is that RLVs and their associated
support facilities should be designed from the start to be cost-effective,
which means that the focus must be on operability and reliability rather than
strict military requirements.

Historically, the struggle between military requirements and cost
efficiency has, as in the case of the Space Shuttle, led to “cost increases, new
launch-site requirements, and ultimately schedule delays.”'”® The current
fleet of U.S. expendable boosters (Atlas, Delta, and Titan) evolved from
1950s/1960s intercontinental ballistic missiles, which focused on non-
commercial attributes.'”' Table 7 outlines the distinctions between RLVs that
are optimized for military missions and those that are designed for
commercial purposes.

Table 7. Design Attributes Militarily Responsive versus Cost-Optimized

Attribute Militarily-Responsive Cost-Optimized
Payload 10,000 to 20,000 pounds 20,000 to 50,000
pounds
Alert Rapid response within hours 7 days to ready for
mission
Man-Rated Deemed essential for certain Unpiloted, but rated to
missions by some, desirable for | transport humans as
other missions “cargo™'”?
Support Facilities Military controlled, secure, Open to
optimized for rapid fueling, public/customers
maintenance, launch (especially foreign),
located for
convenience, tax
breaks, optimized for
cost effective ops
Performance Highly maneuverable system, Get up and down with
large cross track capability minimum cost
desired

48



The Department of Defense has demonstrated the ability to develop
outstanding operational and technical capabilities, but the same is not true for
cost efficiency. Until now, military systems focused on performance. The
fact that reducing the cost of access to space is an important national
interests, it follows that the military should not lead or unduly influence the
design and operation of RLVs. This does not mean, however, as some have
argued, that the, military should stay out of RLV design, and that the United
States should accept whatever is developed by the commercially world."”
The real issue is the difference between RLVs designed for militarily
purposes and RLVs designed for commercially applications. While both
share common performance objectives—placing payloads into orbit—the
military focuses on performance, while the commercial world focuses on cost
efficiency. This study concludes that the best course of action for the U.S. is
to pursue commercial spacelift vehicles first.

The Department of Defense should support the development of
commercial RLVs. After observing commercial operations with the first
generation of commercial RLVs, the military could use this experience to
refine military doctrine, strategy, and tactics for the future employment of
RLVs. At some point, it might be prudent to lease a commercial RLV and
work with contractors in order to gain first-hand operational experience. In
that case, the military could procure second-or third-generation RLVs for
specific military missions that commercial firms cannot provide. The military
does not need to own and operate unique military RLVs because commercial
vehicles will satisfy most military requirements. With the possible exception
of employing weapons, commercial firms could place any payload into orbit
for the military. A fundamental conclusion of this study is that the most
effective and efficient strategy is to allow economic forces shape the design,
development, manufacture, and operation of RLVs, and that eventually the
military should adapt the first-generation commercial RLV to support
military missions.'**

RLVs that are optimized for commercial operations can provide the lift
for many specialty military payloads, while the military should focus on
developing highly maneuverable upper stages—such as U.S. Air Forces
SMV concept to take advantage of rapid, low-cost commercial lift. As
examined in this study, the only two unique military missions for RLVs—
global strike and space control—involve using weapons and hence are
unsuitable for the commercial world.
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As long as it is not politically or militarily necessary for the United States to
conduct these missions, the U.S. military should make the transition out of
the spacelift business. Second, the U.S. military should not plan to use RLVs
for traditional air power missions in space for the foreseeable future.

Recommendations

The U.S. military should allow commercial firms to dominate the
spacelift business. While RLVs are in their infancy, it will be necessary to
optimize designs for maximum cost and operational efficiency, which should
lead to profitable operations and a market share. Commercial companies
essentially perform all military launch operations today with oversight from
the military. The next generation of expendable spacelift, the Evolved
Expendable Launch Vehicle, will perform all military scheduled spacelift on
a fee for service basis.'”

During “launch operations” today, DoD personnel manage the launch
contract, certify to the chain of command that all is ready for launch, ensure
protection of unique government resources (typically launch support
facilities), and verify compliance with safety programs, policies, and
procedures. DoD personnel never touch a wrench, turn a valve, operate a
crane, or “push the button” that launches a rocket. Space launch operations
are different from ballistic missile operations.'”® In the case of spacelift,
however, the government is losing the ability to maintain a military
capability (spacelift) when the commercial world is thriving. As commercial
RLV operations mature, the Department of Defense should consider leasing
several commercial RLVs for operational test and evaluation. It is quite
possible that RLVs will need to be built and operated by the commercial
sector before their utility is appreciated or the best methods of military
employment are discovered."”’ To keep military personnel familiar with
spacelift operations, military personnel could work in commercial contractor
launch operations and learn how to operate and maintain RLVs. These
individuals would then constitute the core RLV program in the military when
the military operates such vehicles.

As the military moves away from controlling traditional spacelift, it should focus on the
strategy, doctrine, and tactics that are associated with global strike and space control.
The opportunity to observe commercial RLV operations will provide substantial insights
for the military personnel who will employ RLVs in the future.
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U.S. military should not use RLVs for traditional air power missions in
space. The missions of reconnaissance, global strike, global transport, and
space control offer great potential and are perhaps the logical extension of air
and space power, but these are of limited value at present. To pursue these
capabilities might provoke a race to weaponize space and ultimately create
political instability.

There is presently no national security shortfall, unfulfilled requirement,
or demonstrated military utility that is sufficiently compelling to justify a
program to develop military RLVs.'”® The proposed military missions are
variation of spacelift, and in a similar fashion there is no sufficiently
compelling commercial reason for developing RLVs without government
investment given the magnitude of the resources required. The primary
reason for the United States to develop RLVs is for the purpose of spacelift.

The first priority is to reduce the cost of access to space, which is the
key to what the United States, wants to accomplish in space. The way to
reduce the cost of access to space is to develop RLVs whose designs are
optimized for operability and reliability. In exchange for business guarantees
and financing assistance, the government could achieve “most favored
customer” status with commercial launch service firms. The current
partnering arrangements between industry and NASA on the X-33, X-34, and
Future-X vehicles are exemplars of the formalized agreements between
NASA and the DoD that will take the United States in the right direction.

In conclusion, the fundamental reason for the United States to develop
RLVs is to reduce the cost of access to space. Therefore, RLV designs should
emphasize cost efficiency, which means that commercial firms with financial
assistance from the government should drive the development of RLVs. The
essence of military RLVs is spacelift, and with the possible exception of
employing lethal force, commercial RLVs will accomplish the needs of the
military. In view of the superiority and flexibility of U.S. military
capabilities, there is no compelling reason for the military to develop RLVs
for military applications. With the right investment strategy, the United
States can develop RLVs and use that technology to support the nation’s
objectives of maintaining leadership in space, while ensuring U.S. military
security and economic prosperity.
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Glossary

Active Defense-detect, track, identify, intercept, and destroy or neutralize enemy space and
missile forces.'””
Assured Access to Space-the ability to get to space

CINC-Commander in Chief

CM-Cruise Missile

CONUS-Continental United States

Counterspace-the mission carried out to achieve space control objectives by gaining and
maintaining control of activities conducted in or through the space environment. Offensive
counterspace operations use lethal or non-lethal means to achieve five major purposes:
deception, disruption, denial, degradation, and destruction of space assets or capabilities.
Defensive counterspace operations consist of active and passive actions to protect US space-
related capabilities from enemy attack or interference. **

CRAF-Civil Reserve Air Fleet

Deception-measures designed to mislead the adversary by manipulation, distortion, or
falsification of evidence to induce the adversary to react in a manner prejudicial to their
interests. '

Denial-the temporary elimination of the utility of the space systems, usually without
physical damage. 202

Degradation-the permanent impairment of the utility of space systems, usually with
physical damage. 203

Destruction-the permanent elimination of the utility of space systems, usually with physical
damage.*™*

Disruption-the temporary impairment of the utility of space systems usually without
physical damage to the space segments.”””

DoD-Department of Defense

Geosynchronous Orbit-orbits 22,279 statute miles in altitude above the Earth
Geostationary orbits are special form of Geosynchronous orbits with 0 degrees inclination
and match the Earth’s rotation.””

ICBM-Inter-Continental Ballistic Missile
ISR-Intelligence, Surveillance, and Reconnaissance

Launch to augment-a strategy to increase operational capability above the designed
operational capability in response to war, crisis, or contingency. >’

Launch to deploy-a strategy using a launch or series of launches required to initially
achieve a satellite system’s designed operational capability. ***

Launch to sustain-a strategy to replace satellites predicted to fail or that fail abruptly. 209
Low Earth Orbit-orbits ranging from 100-250 nautical miles in altitude above the Earth.*'

NASA-National Aeronautics and Space Administration
NCA-National Command Authorities
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Passive Defense-reduce the vulnerabilities and protect and increase the survivability of
friendly space forces and the information they provide.*'!

RLYV-Reusable launch vehicle.

Space Sanctuary-a condition of equilibrium where no new space weapons are introduced,
that is “cap the current level of space weaponization where it stands today. "
Spacelift-the ability to project power by delivering satellites, payloads, and material into or
through space.”!

SMYV-Space Maneuver Vehicle

SOV-Space Operations Vehicle.

SLBM-Submarine Launched Ballistic Missile.

Space Control-operations to assure the friendly use of the space environment while denying
its use to the enemy. Achieved through offensive and defensive counterspace carried out to
gain and maintain control of activities conducted in or through the space environment.*"*
Space Systems-consist of three elements: space, terrestrial, and link.*"

UAV-Unmanned Aerial Vehicle.

U.S.-United States.
USAF-United States Air Force.
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1998.

2. Director of Plans. “Future Strategic Environment,” US Space Command Long
Range Plan (Peterson Air Force Base, CO: March 1998), p. 3.

3. Ibid.
4. Ibid.
5. A National Security Strategy For a New Century, p. 25.

6. Andrew J Butrica, “Commercial Spaceports: Hitching Your Wagon to a Venture
Star,” Space Times, (October 1998), pp. 6-7.

7. John A. Tirpak, “The Flight to Orbit,” Air Force Magazine, (Arlington, VA: Air
Force Association, November 1988), p. 41.

8. Commercial space activity is predominantly associated with communication
services but remote sensing is becoming more important. Both areas are projected to
experience continued growth but other potential commercial uses of space (e. g.,
manufacturing, tourism) are unlikely to emerge given the high cost of getting to space. See
John J. Egan, “Perspective on Space Commerce - Is it Real?” Space Energy and
Transportation Vol. 2, No. 1, 1977, (Arlington, VA: High Frontier Publications), pp. 12-19.

9. Carl Builder distinguishes between strategic and tactical terms through several
contrasts: strategic thinking focuses on ends in which the objective is to go to the heart of the
matter, while tactical thinking focuses on means and with the objective of dealing with the
matter at hand. Builder differentiates between the two terms by identifying strategic thinking
as addressing the question “What are our national interests and objectives?,” while tactical
thinking addresses the question “What is the military objective?” For this argument, see Carl
H. Builder, “Keeping the Strategic Flame,” Joint Forces Quarterly Summer, 1998, Number
19 (Washington, D C.: Institute for National Strategic Studies, National Defense University
Press, Summer 1998), pp. 77-78.

10. The first generation of RLVs refers to emerging concepts that are likely to result in
production vehicles. Subsequent generation vehicles will exhibit higher performance (e.g.,
altitude and payload), more durable airframes, more durable propulsion, and generally faster
turn-around times between missions. For example, a first generation vehicle might have a
flight propulsion system that lasts for 25 flights, while a second generation vehicle might
push that to 50 flights, and a third generation vehicle might have a 500 night propulsion
system. This characterization is derived from research in progress at the HQ AFSPC DRS.

54



11. The six themes are 1) space has been important in the past to military operations,
and will be more important in the future, 2) the United States and other space powers are on
the verge of a dramatic growth in commercial space; 3) space is emerging as a vital national
interest because of its military and economic importance, 4) since space is a growing source
of national power, it will be challenged, 5) the U.S. military must be ready when challenged
in space to use its armed forces, and 6) the responsibility falls to the US Space Command to
ensure access to and protection of US interests and investments in space. See Director of
Plans “Introduction,” US Space Command Long Range Plan (Peterson Air Force Base, CO:
March 1998).

12. Director of Plans. “Future Strategic Environment,” US Space Command Long
Range Plan, p. 3.

13. As a former Commander in Chief of the USSPACECOM acknowledged, “The
shift will continue from the military to the commercial sector as the dominant receiver and
provider of space services.” /bid.

14. This forecast does not include scientific, technology development, or remote
sensing spacecraft.

15. This number excludes classified programs. Terri Lehto. “Space Systems Analysis 3
- Commercial Communication Satellites 1998-2017,” DMS Markel Intelligence Reports
(Alexandria VA: Janes Information Group, July 1998), pp. 23, 28; “Space Systems Analysis
4 -- Western Military Satellites - 1998-2007,” (Alexandria, VA: Janes Information Group,
July 1998), p. 13.

16. Two related points are that the projection of 2700 satellites does not equate to 2700
launches because it will be common to launch multiple satellite. This forecast also excludes
“eastern military satellites” and western classified satellites for which there are no reliable
estimates. See Terri Lehto. “Space Systems Analysis 2 - The World Market for Expendable
Launch Vehicles -1998-2017,” DMS Market Intelligence Reports (Alexandria, VA: Janes
Information Group, July 1998), p. 4.

17. In 1998 there were 73 space launches worldwide (36 from the U.S.) that attempted
to place 149 satellites in orbit, re-supply the Mir space station, or begin construction of the
International Space Station. Four of the 73 launches, which carried 15 satellites, failed to
achieve orbit. The 149 satellites planned for launch in 1998 break down as follows: 115
commercial, 17 civil, and 17 military. See http://vww.flatoday.com.space/next/98log.htm,
December 28, 1998.

18. This includes 28 distinct types from at least 9 countries. The U. S. share of this
launch market is estimated at 48 percent. See Terri Lehto, “Space Systems Analysis 2,” p. 2-

7.

19. William B. Scott, “McPeak, Hecker Head ‘Space-Plane’ Project,” Aviation Week &
Space Technology (March 10, 1997), p 23.

55



20. Jay P. Penn and Dr. Charles A Lindley, “RLV Design optimization for Carrying
People To and From Space,” Space & Energy Transportation, Vol. 2, No. 3, (1997), p. 153.

21. This would theoretically yield a profit that is five times greater than current values.
See William B Scott, “Air breathing HyperSoar Would ‘Bounce’ on Upper Atmosphere,”
Aviation Week & Space Technology (September 7, 1998), p. 126.

22 Egan, p. 17.

23. The global transport mission was originally of high interest to the military for
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