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Foreword

Military commanders have known for centuries the critical importance of trans-
portation to success in battle. The introduction of the railroad helped make the
American Civil War one of the first “modern” wars. Sealift was fundamental to the
operation and sustainment of US forces during World War II. And only massive and
highly capable airlift and sealift assets allowed the deployment of hundreds of thou-
sands of US troops and their equipment to the sands of Saudi Arabia over a few short
months in the fall of 1990.

Military spacelift, although most closely akin to military air transportation, does
not begin to approach existing airlift systems from the standpoint of efficiency, re-
sponsiveness, or cost-effectiveness. The high cost of space launch, in particular, has
been a chronic problem that engineers have been seeking solutions to for decades
with little success. As we move further into the fiscally-constrained post-cold war
era, the inexpensive deployment and replenishment of force-multiplying space sys-
tems will become increasingly important.

Colonel London has developed an extensive and well-documented amount of infor-
mation on the original causes of high launch costs, the specifics of current costs, and
the reasons that these costs continue to be perpetuated. He offers recommendations
that buck the popular trend of advanced technology solutions, and he describes how a
significant reduction in launch costs would have a broad positive impact on a variety
of space systems and activities. His research is thorough and his command of the
subject is impressive. I commend Colonel London’s report to the reader as a roadmap
through an esoteric subject that is useful and more topical than ever as spending for
defense steadily diminishes. This work is worthy of serious consideration.

Congressman Spratt  is a senior member
of the House Armed Services Committee
and represents the 5th District of
South Carolina
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Preface

While assigned to the Kennedy Space Center as a young captain in the early 1980s, I
worked a variety of Space Shuttle launch processing jobs as this revolutionary reusable
vehicle began its operational life. I also had the chance to serve at Cape Canaveral Air
Force Station as a payload integration engineer for satellites that were flying on Titan
34D,  Atlas Centaur, and Delta launch vehicles. Consequently, I became familiar with all
of the United States’ large launch vehicles and their ground processing requirements.
Although these boosters were highly capable machines that would set any engineer’s
pulse to racing, it became increasingly evident to me that cost-effectiveness was not their
long suit. In many cases, it seemed that managers chose the most complicated and costly
design solutions imaginable to provide new capabilities or solve problems. Inspired by a
handful of “radical” thinkers who worked at the eastern launch site in those days, I
began to develop a belief that design simplicity (and not increasingly elegant applications
of advanced technology) was the key to lowering launch costs.

As I left my Florida assignment and progressed through a string of space-related jobs,
my convictions deepened about the need for inexpensive boosters and the methods to
develop them. I volunteered for this research fellowship because I felt it represented an
outstanding opportunity for me to describe some practical methods for dramatically
reducing space launch costs. Over the years, I had collected a wealth of evidence that
would help to substantiate my position. When Air Force Systems Command initially
selected me to perform this research project, I was excited that I would be able to finally
put into writing what I had been saying for so long.

The subject of space launch is diverse and highly dynamic. I have sought to include an
appropriate amount of current information so that the proposals offered by this study
could be considered in the proper context, recognizing that some of this information will
become dated very quickly. However, the basic principles that are set forth in the study
should be applicable for many years to come.

It is my hope that the ideas and information contained in this report will stimulate
some of the people at the center of the debate on future launch vehicles to consider
simple solutions as a complement or alternative to technological leaps or business-as-
usual approaches. The fundamentals of these ideas are not new, but for a variety of
reasons they have never been seriously applied to the problem of reducing the high price
of launch. The extent of our ability as a nation to economically expand our military, civil,
and commercial exploitation of space is directly dependent on the amount we are able to
shrink launch costs.

The concepts described in the following pages could go a long way toward achieving the
drastic reductions in the cost of space access that are necessary to bring about a dramatic
expansion in US space activities.

JOHN R. LONDON III, Lt Col, USAF
Research Fellow
Airpower  Research Institute
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This nation should commit itself to achieving the goal, before this decade is out, of landing a
man on the Moon, and returning him safely to the Earth.

-President John F. Kennedy
25 May 1961

We should work to reduce substantially the cost of space operations. Our present rocket
technology will provide a reliable launch capability for some time. But as we build for longer
range future, we must devise less costly and less complicated ways of transporting payloads
into space. Such a capability-designed so that it will be suitable for a wide range of scien-
tific, defense and commercial uses-can help us realize important economies in all aspects of
our space program.

-President Richard M. Nixon
7 March 1970
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Introduction

President Kennedy’s call for a manned lunar landing within the decade galvanized
our country for a massive and challenging undertaking. Neil Armstrong stepped onto
the Moon a little more than eight years after the President’s May 1961 speech before
Congress-an accomplishment that stands as one of the great scientific, technical,
and management achievements in human history. Viewed within the context of
today’s typical large aerospace programs, the rapidity of the Apollo Program’s devel-
opment is particularly impressive. Apollo succeeded despite the tragic January 1967
fire that prompted a major redesign of the manned capsule as well as significant
personnel and management changes within NASA. As the 1960s drew to a close with
the US basking in the limelight of its space successes, some space managers were
already developing plans for space initiatives that would follow the Apollo Program.

Despite the breathtaking success of Apollo, American public and Congressional
opinion did not support funding large new space missions at the level and priority
enjoyed by the manned lunar landing program. President Nixon’s March 1970 state-
ment reflected the sentiment within the US government at the time. The US needed
a cheaper, simpler means of achieving access to space. The strong desire for economi-
cal space transportation may have been partially motivated by an image of wasteful-
ness associated with the Apollo launch vehicle.

The Saturn V Moon rocket was an enormous space launch vehicle that stood 110.6
meters (363 feet) tall. Designed to support the manned lunar exploration effort, the
Apollo/Saturn V launch system was focused on mission expediency and not economic
efficiency. The vehicle accommodated the concept of lunar orbital rendezvous, developed
by Langley Research Center engineer John Houbolt, by steadily shedding hardware as
the mission progressed.l  When an Apollo mission left the pad, it was a massive tower of
machinery and fire; when it returned to Earth, all that remained was a tiny three-man
capsule that could not be reused. This approach may have been appropriate for Apollo
because the ends justified the means, but follow-on launch systems would clearly have
to be dramatically different in order to achieve significant cost reductions.

In the late 1960s  two completely different approaches emerged as potential means
of reducing the cost of putting payloads into space. One proposed using simplified
expendable boosters, the other a winged, fully reusable, manned launch system.22 In
1972 the US government officially came down on the side of a winged, fully reusable
system. The Space Shuttle was established as America’s future launch vehicle and
the solution to high costs. Although the ultimate Shuttle configuration would be only
partially reusable, cost analysts at that time nevertheless predicted launch costs
would be at least an order of magnitude lower (around $365 per pound) than those of
existing expendable systems. The Shuttle proved to be an engineering marvel with a
broad range of orbital capabilities, but as a launch system it has been an economic
failure. The Space Shuttle is the most expensive large launch vehicle in the US
inventory, whether based on cost per launch or on dollars per pound to orbit.

In 1987 the DOD began a cooperative effort with NASA to develop a new simpli-
fied booster called the Advanced Launch System (ALS). Once again, the goal was to
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The Saturn V launch vehicle.

achieve order-of-magnitude launch cost reductions. Congress specified in November
1987 that any ALS request for proposal would include the target of $370 or less per
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pound of payload to low earth orbit. 3 The National Launch System (NLS), which
represented a family of simplified expendable boosters for future US space launch
needs, evolved out of the ALS development effort. By 1992, however, the nonrecur-
ring development cost projections for the NLS were in excess of ten billion dollars
and Congress cancelled the program. 4 Today the problem of high space launch costs
still begs a solution, and a solution is critical to our continued use and exploitation of
space. This research study addresses the key issues and provides some practical
approaches to finally achieving the elusive goal of inexpensive space transportation.

Study Boundaries

The high cost of space transportation can be attacked on several broad fronts,
including launch vehicle design and manufacturing, launch operations, procurement
streamlining, and program management. This study will touch on each of these
areas, but the emphasis will be on launch vehicle design and manufacturing. It is the
author’s belief that cost savings begin with how a launch vehicle is designed and how
it will be manufactured. Further research in all four areas is appropriate, but a
detailed treatment of launch operations, procurement streamlining, and program
management is beyond the scope of this study.

Air Force Space Command specifies four basic characteristics of any launch system:
capability, reliability, affordability, and responsiveness.5  Once again, a comprehensive
analysis of all of these areas would be beyond this study’s scope. However, improving each
of these characteristics starts with the vehicle design, and the concepts proposed by this
study to drastically reduce launch costs will have a positive collateral benefit to all four.

Foreign launch systems, operations, and management will not be addressed
directly. Some comparisons will be made with Soviet/Russian design, manufactur-
ing, and launch operations practices, but the research will focus on existing and
future US launch systems. Potential cooperation with foreign launch programs
and manufacturing agencies is not addressed.

Only systems or concepts capable of providing transportation to orbit will be
considered. Suborbital sounding rockets deserve a dedicated cost evaluation that
is outside this study’s scope. Interorbital and interplanetary space transporta-
tion will not be discussed.

Some Definitions

The study will use the terms space launch and space transportation interchangeably.
Specifically, the study will address the high cost of launching payloads from the surface of
the earth to low earth orbit (LEO). This study will define LEO as circular orbits with
altitudes in the range of 185 kilometers (100 nautical miles) to 460 kilometers (250
nautical miles).

Certain terms will be routinely and interchangeably used. The vehicles used to launch
payloads into space will be referred to as launch vehicles, space launch vehicles, launch
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systems, launchers, and boosters. Launch services will be used to describe the total
package of launch support, range support, launch vehicle hardware, software, propel-
lants, personnel, documentation, payload integration, and other items required to
achieve orbit. The vehicles and equipment launched into space will be described as
space vehicles, space systems, spacecraft, satellites, cargo, and payloads. The act of
launching a vehicle will be called launch, flight, lift, and mission.

All dollar values quoted in this study have been adjusted to reflect constant 1993
dollars6

Notes

1. Roger E. Bilstein, Stages to Saturn (Washington, D.C.: National Aeronautics and Space Admini-
stration, 1980),63,  405.

2. Paul Dergarabedian, “Comments on National Space Transportation” (Position paper, The Aero-
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Chapter 1

The Problem

On 19 October 1992, vice presidential candidate Al Gore delivered a
campaign speech at the Goddard Space Flight Center in Maryland. In the
speech, he said, “One of the most critical issues facing the US space pro-
gram is the need to reduce the cost of launching payloads, whether they be
military, scientific, or commercial satellites.“l

The expense of launching payloads into space today is very high. Launch vehi-
cles and their operation-whether expendable or reusable, whether small or
large-cost  millions to hundreds of millions of dollars per flight. And this expense
is in addition to the usually very expensive payload the launch vehicle is carrying.
A payload budget planner must allocate such a significant portion of the budget to
launch services that these considerations have a powerful ripple effect on all
aspects of the space mission. The cost of space vehicles has become almost inextri-
cably linked to the cost of launch, and reducing the cost of space systems and
missions is largely dependent on achieving lower space transportation prices.

Expensive Transportation with Broad Impacts

Launch costs consume a large percentage of the average space system’s life
cycle cost. In the case of NASA’s space station Freedom design, one estimate
based on National Research Council projections and NASA estimates indi-
cated that 37.5 percent of the station’s entire life cycle cost would have been
attributable to the cost of Shuttle launches.2  A space-based tracking system
called Brilliant Eyes, which is being developed for the Ballistic Missile De-
fense Organization, is projecting launch costs using expendable launch vehi-
cles of around 25 percent of total life cycle cost.3  This percentage is highly
dependent on the program’s achieving its goal of launching at least four space
vehicles on each booster. Attaining this goal is having a major design influ-
ence on the Brilliant Eyes space vehicle. If growth in satellite weight or
volume causes the number of spacecraft per booster to drop from four to three,
there will be significant increases in launch costs and a serious effect on the
system’s orbital deployment strategy and constellation architecture.4

Current Launch Vehicle Cost Range

Although most space planners have come to accept the current price of
space launch and to routinely factor it into overall program costs, these high
transportation expenses are without precedent. Using today’s large launch
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vehicles, it costs from $45 million to over $500 million to orbit five to 25 tons
of cargo several hundred kilometers above the earth. These stiff launch tariffs
provide the customer a one-time, and usually one-way, transportation service.

Unique Transportation Requirements

The major unique characteristic of this transportation service is that it imparts
to its cargo the velocity necessary for orbital flight-about 9,150 meters (30,000
feet) per second.5  This and other unique characteristics make space launch signifi-
cantly different from  more conventional forms of transportation. However, this
study will show that these differences do not justify space transportation costs
being 100 to 10,000 times higher than their terrestrial counterparts.

Establishing the Cost per Launch of Expendables

Establishing the actual cost per launch of expendable launch vehicles operating
today can be a challenging task. Launch expenses are strongly influenced by the
“options” each vehicle manufacturer makes available to prospective customers.

One example of these options is the various sizes (and prices) of payload
fairings that booster manufacturers offer.” Another example of an option with
a big cost impact is the payload customer’s choice of an upper stage configura-
tion. Despite this research study’s focus on the cost of transportation to low
earth orbit (LEO), many launch vehicle price quotes include the cost of an
upper stage that may or may not be required to achieve LEO. This can have
an especially big impact when the upper stage is the costly Inertial Upper
Stage or Centaur.7

Because of the plethora of options available, launch vehicle manufacturers
use different designations to identify the various versions of their boosters.8 It
is therefore important to remember that launch vehicles cannot simply be
referenced by name, such as “Atlas” or “Titan” for example, when comparing
their respective costs.

A number of other factors can influence an expendable launch vehicle’s
cost. Launch insurance coverage may or may not be included in a launch cost
quote.9  The amortized nonrecurring cost to develop the booster may or may
not be included, and it is often not easy to discern whether this very signifi-
cant cost constitutes part of a particular launch cost calculation. Government-
furnished support for government-sponsored launches can be from 10 to 20
percent of the total expense, and it is not usually accounted for.10  And finally,
the launch (and therefore launch vehicle production) rate per year has a
strong influence on a given vehicle’s cost per mission.11

Establishing the Cost per Launch of the Shuttle

The preceding discussion provides some idea as to the complicated nature
of establishing reliable prices for expendable launchers. Establishing the ac-
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The Space Shuttle on the pad at Launch Complex 39, Kennedy Space Center, Florida.

tual cost per launch of the Space Shuttle can be even more daunting. Many
circumstances and system design characteristics influence the price of a Shut-
tle launch. For example, it is difficult to pin down the actual nonrecurring cost
of the Shuttle’s development and how it is (or if it has been) amortized. The
partially reusable and partially expendable nature of the Shuttle complicates
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the establishment of per-flight costs. The budgetary impact of the two-and-
one-half-year Shuttle hiatus in the wake of the Challenger loss is not clear.
One must somehow account for the cost of maintaining for 30 months the
large team of ground processing, flight operations, and support personnel; the
cost of storing and maintaining spacecraft awaiting Shuttle flights; and the
cost of the replacement orbiter, Endeavour. 12 The cost of product improve-
ments such as the advanced solid rocket motor program must also be consid-
ered. These factors have contributed to the development of wide-ranging
estimates for the Shuttle’s cost per flight.

Representative Vehicle Costs

Taking into consideration the costing complications covered in the previous
paragraphs, this study will discuss approximate launch service prices for four
expendable US launch vehicles and the Space Shuttle (see table 1).  These
launch costs will include the unit cost of a particular vehicle as well as other
required launch services. Government-furnished support will not be included
in the expendable launch vehicle quotes.

Pegasus

The winged, air-launched, solid-propellant Pegasus launch vehicle is repre-
sentative of the class of boosters designed to launch small satellites. The price
for Pegasus launch services ranges from $10.5 to $13.4 million.13

Delta II 7920

Moving up the launch vehicle performance scale, we find the Delta II 7920,
a much larger booster than Pegasus. It has a liquid-propellant core stage that
uses liquid oxygen and RP-1, and it employs nine solid-propellant strap-on
motors with graphite epoxy cases. The Delta II 7920 does not use an upper
(third) stage. The particular configuration example we are considering em-
ploys a 2.9-meter-(9.5foot-) diameter payload fairing. The price for Delta II
7920 launch services is in the $45-$50 million range.14

Atlas IIA

The Atlas IIA is a more powerful launch vehicle than the Delta II 7920. The
configuration selected uses a 3.4-meter-(ll-foot-)  diameter payload fairing.
Launch services cost between $80 and $90 million.15

Titan IV

Still more powerful is the Titan IV, the largest expendable US booster. The
configuration chosen for comparison, which uses no upper stage, has a 5.1-meter-
(16.7-foot-) diameter payload fairing. Launch services cost between $170 and
$230 million per mission.16
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Space Shuttle

For the Space Shuttle, the cost comparison assumes a configuration using
no upper stage. Estimates of the cost for Shuttle launch services vary widely,
but are, at a minimum, between $350 and $500 million.17  Estimates range as
high as $750 million per flight, and NASA Shuttle program director Thomas
Utsman said it was “fair enough” to include the costs of ongoing Shuttle
upgrades like the advanced solid rocket motor when calculating per-mission
prices. By doing this, the cost of a single Shuttle flight in 1993 is $547 million.

Table 1

Existing Launch Vehicle Comparison

VEHKXE CCWRABGE PAYLOAD PAYLOAD EFFICIENCY NOf%lAl"lZEfl
f*M,  Per lmch)' ~~w.$lY IAUNCII RATIO EFFKXENCY

EFFICIENCY RAW
tcdstPJ~hl~0
LEO)

Pegasus $10.5-$13.4 369 kg. $3'&366/kg. 3 . 4 N/C
(814 lb.) ($14,681/1b.~

Delta 117920 w.O-$50.0 5,040 kg. $9,426/kg. 1.0 1 . 0
(11,llOIb.) ($4,275/1b.)

Atlas IIA $60.&$90.0 7,122 kg. $11,93Ukg. 1 . 3 1.6
(15,700 lb.) (5,414ilb.)

Titan IV $170.&$230.0 17,690 kg. $ll,306/kg. 1.2 2.1
~39,OQO lb.) ($5,126/lb.)

SpaceShuttle $350.0-$547.0 24,356 kg. $16,4Wkg. 2 . 0 3 . 9
(53,700 lb.) (63!Wlb.)

'Costsarein  1993 Dollars

Launch Vehicle Cost Fraction

It is instructive to examine the percentage of the total cost of an entire
booster stack, including the payload, that is attributable to the launch vehicle
and associated launch services. This approach is different from the previously
discussed comparison between a space system’s life cycle launch services cost
and its overall life cycle cost. By comparing the cost of the entire booster stack
with the cost of the payload on top of the stack, one can gain an appreciation
for the significant percentage of an individual mission’s cost that is consumed
by the launch vehicle and related services. Two DOD space systems will be
considered: the Defense Support Program (DSP) and the Global Positioning
System (GPS) (see table 2).

DSP Launch Cost Fraction

DSP provides a ballistic missile early warning capability. DSP Block IV
units 18-22 have a single space vehicle unit cost of $254 million. The launch
vehicle is normally a Titan IV with an Inertial Upper Stage. Launch services
usually cost $203 million, or 44.4 percent of the entire booster stack’s cost. If
the expense of government-furnished support for launch is added in, the per-
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Table 2

Launch Vehicle Cost Fraction

‘Costs are in 1993 Dollars

centage of launch costs to overall costs increases to 49.7 percent. When the
Space Shuttle was used as the DSP launch system, launch services absorbed
57.9 percent of overall costs. 18 This calculation assumes the lower-end cost
estimate for Shuttle launch services ($350 million) and ignores the expense of
special payload integration hardware and documentation required for the
Shuttle. Of course, NASA charged DOD much less than $350 million to fly the
DSP satellite on the Shuttle.

GPS Launch Cost Fraction

The second space system to be considered is the Global Positioning System
(GPS), which provides constant and precise navigational information world-
wide through a constellation of satellites. The GPS Block II space vehicle’s
average unit cost is $53 million. 19 GPS is launched on a Delta II 7925, which
uses a PAM-D upper stage. Cost of the 7925 launch vehicle and services is $49
million.20  The percentage of the entire booster stack’s cost attributable to the
launch vehicle and services is 48 percent. Adding government-furnished sup-
port increases the launch services percentage to 53 percent.21  Whether launch
cost is considered as a percentage of total life cycle costs or as the percentage
of an individual booster stack’s total cost, it is clear that the expense of launch
is a significant portion of the overall cost of US space programs.

Vehicle Performance Values

The launch vehicles discussed in this chapter vary widely in cost, and this
variance is related, at least to some extent, to each vehicle’s performance. But
establishing a vehicle’s specific performance for the purpose of comparison
can be as difficult as nailing down its cost. A number of variables can affect
performance values, and any performance survey of different boosters must
account for as many of these variables as possible.

Key variables include latitude of the launch site, available launch azi-
muths, altitude of the desired orbit, inclination of the desired orbit, and eccen-
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tricity  of the desired orbit. 22 This study will establish approximate perform-
ance figures for the previously discussed expendable launch vehicles and the
Space Shuttle. Assumed values for the key performance variables are as fol-
lows: a launch site latitude of 28.5 degrees (Cape Canaveral),23  a launch
azimuth due east, and a l00-nautical-mile  circular orbit with an inclination of
28.5 degrees. These values are not applicable to the Pegasus, however, since
its air launch capability provides launch site flexibility. Pegasus performance
figures will be based on a due east launch from a zero-degree latitude launch
point and a l00-nautical-mile  circular orbit with zero-degree inclination.

Based on these assumed values and the manufacturer’s options selected
earlier, the Pegasus has a payload capacity of 369 kilograms (814 pounds).
The capacity of the Delta II 7920 is 5,040 kilograms (11,110 pounds). The
Atlas IIA can boost 7,122 kilograms (15,700 pounds), and the Titan IV has a
payload capacity of 17,690 kilograms (39,000 pounds).24  The Space Shuttle
has a capability to low earth orbit of 24,358 kilograms (53,700 pounds) (see
table 1).

Payload Launch Effkiency Values

By relating launch vehicle and launch services cost to launch vehicle per-
formance, one can establish a measure of a booster’s overall payload launch
“efficiency.” Launch cost for a particular vehicle is divided by the amount of
kilograms (or pounds) of its performance, resulting in a value for the number
of dollars required to place one kilogram (or pound) into low earth orbit. This
payload launch efficiency rating can be a helpful tool for evaluating various
boosters.

Some caution should be exercised in using this efficiency rating method for
comparing one launch vehicle with another. The rating provides the most
valid comparison values when various vehicle concepts that have the same
payload lift capacity are considered. The efficiency ratings of various boosters
with different payload lift capacities are somewhat skewed in favor of larger
boosters because of the efficiency advantage that larger vehicles have over
smaller vehicles.25

The cost and performance values already established can be used to derive
measures of efficiency for each of the expendable launch vehicles and the
Shuttle. This study will assume median cost values based on the cost range
stated for each vehicle. It will also assume that each vehicle is loaded to its
maximum payload capacity.

The Pegasus has an efficiency rating of $32,366 per kilogram ($14,681 per
pound) of payload placed into low earth orbit. This effectively means that the
payload owner, or customer, must pay $32,366 for every single kilogram, or
$14,681 for every single pound, of cargo transported into space. The Delta II
7920 has an efficiency rating of $9,426 per kilogram ($4,275 per pound) to low
earth orbit. For the Atlas IIA,  the efficiency rating is $11,935 per kilogram
($5,414 per pound), while the Titan IV has a rating of $11,306 per kilogram
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($5,128 per pound). The Space Shuttle’s efficiency is $18,413 per kilogram
($8,352 per pound) (see table 1).

Expected Efficiency Trends

Generally, payload launch efficiencies should improve as vehicle perform-
ance increases.26

This is because there are many costs associated with a launch vehicle and
its operation that are essentially independent of size.27  Also, nonrecurring
development costs do not increase as fast as launch vehicle size.28  However,
even if we throw out the Space Shuttle rating because of the Shuttle’s many
unique features and processing requirements, the efficiencies for existing ex-
pendable launch vehicles still do not correspond exactly to this expected
trend. The Pegasus does have the least efficient rating, as would be expected;
but it is the Delta II 7920, and not the Titan IV, that turns out to be the most
efficient. The higher frequency of Delta launches relative to Titan launches is
probably one of the reasons for this disparity.

Vehicle Development Cost and Scaling Effects

By establishing the Delta II 7920 efficiency rating to be a value of 1.0, we
can derive relative efficiency rating ratios for each of the launch systems
considered. This gives the following ratios: Pegasus-3.4, Atlas IIA-1.3, Ti-
tan IV-1.2, and Space Shuttle-2.0 (see table 1).

To make some comparison between vehicle efficiency ratings and at the
same time account for the fact that all the vehicles being considered have
different payload capacities, each vehicle can be plotted against a curve of a
scaled Delta II 7920. The two curves shown in Figure 1 represent different
efficiency ratings for notional Delta II 7920 boosters with varying payload
capacities up to 79,800 kilograms (176,000 pounds) to low earth orbit. The
lower curve plots the efficiency ratings of these imaginary Deltas based on
recurring costs only. The upper curve adds in the predicted nonrecurring
development costs for the different imaginary Deltas, amortized at 10 percent
of capital over 100 flights in 10 years. The curve assumes that the nonrecur-
ring cost of the existing Delta II 7920 booster, if it were developed today using
the technologies extant on the current vehicle, would be $1 billion. Using the
stated amortization calculations, the per-mission nonrecurring costs would be
$16 million, or $3,200 per kilogram (1,450 per pound), to low earth orbit. The
curve projects the nonrecurring development costs of the largest notional
Delta vehicle (79,800-kilogram  capacity), using current Delta technologies, to
be $5.6 billion.29

Using the lower curve, which does not include amortized nonrecurring de-
velopment costs, we can compute for the various existing launch vehicles
normalized efficiency rating ratios that are calculated against notional Delta
vehicles with the same relative payload capacities. This method gives the
following ratios (assuming a Delta II 7920 value of 1.0): Atlas HA-1.6,  Titan
IV-2.1, and Space Shuttle-3.9 (see table 1).
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Figure 1 illustrates several important points, It shows the major impact
that nonrecurring development costs can have on the cost-per-kilogram to
orbit, emphasizing that any new launch vehicle development program must
have low nonrecurring costs and deliver a low-recurring-cost booster that can
be flown often for an affordable price. This figure also highlights the influence
of any given vehicle’s size (and payload capacity) on its payload launch effi-
ciency rating. Finally, the figure indicates that the efficiency ratings of the
Atlas IIA, the Titan IV, and the Space Shuttle, when compared to notional
vehicles in their same respective lift classes that use Delta-like technologies,
are poorer than their raw efficiency ratings. This illustrates the progressively
higher cost of progressively less efficient design concepts.30
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Figure 1. Effect of scale on cost per pound in LEO

Limited Launch Capacity

Most payload customers do not have the flexibility to select the launch
vehicle with the best payload efficiency. The satellite owner will usually select
the lowest performance booster that will accommodate the payload to be
launched, independent of that booster’s payload efficiency rating. For exam-
ple, a customer wanting to launch a 6,350-kilogram  (14,000 pound) satellite
would be forced to select the Atlas IIA launch vehicle. The customer would not
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select the Delta II 7920, despite its better efficiency rating, since it does not
have sufficient performance to lift 6,350 kilograms. The Titan IV is more
efficient than the Atlas IIA and more than capable of lifting 6,350 kilograms,
but it would be a poor choice since its per vehicle cost is much higher than the
Atlas IIA. The only other solution available in this case (assuming choices are
limited to US launch vehicles) would be to share a ride to orbit with one or
more other payloads on a Titan IV or the Shuttle-and orbital ride-sharing
brings its own set of complicating factors that must be carefully considered.

Satellite designers, in an effort to maximize payload launch efficiency for
their particular mission, will seek to utilize every kilogram of launch capacity
available and will design the space vehicle to do so. This practice necessarily
establishes the spacecraft’s target weight and volume early, but it may end up
requiring a very expensive redesign to shave grams (ounces) off the spacecraft
so it will fit on the chosen launch vehicle.

The satellite designers’ usually costly efforts to squeeze their spacecraft on
board the lowest performance (and presumably least expensive) booster possi-
ble could be ameliorated somewhat by more flexible launch vehicle designs.
Specifically, launch vehicle performance should be customizable to individual
spacecraft lift requirements, and boosters should be able to accommodate a
wider range of satellite designs. The French have been somewhat successful
in achieving this capability with their Ariane family of launch vehicles. The
Ariane launcher can be readily configured for a variety of performance levels
through the use of different mixes of solid-propellant and liquid-propellant
strap-on boosters, and it can accommodate single or multiple payloads. Some
US launch vehicle manufacturers are now moving in this direction.

Cost Goals and Cost Realities

The introduction to this study described how the Space Shuttle was origi-
nally intended to provide payload efficiencies of $800 per kilogram ($365 per
pound) to low earth orbit. Achievement of this goal probably would have
allowed the Shuttle to realize its advance billing as the vehicle that would
revolutionize space transportation. It is in fact a highly capable, manned
heavy lifter with tremendous mission flexibility and an orbital retrieval and
return capacity. However, it has (by far) the poorest payload efficiency and
the highest cost of all large boosters operating today.

The Advanced Launch System (ALS), originally proposed in 1987, was envi-
sioned to succeed where the Shuttle had failed; that is, to provide economical
access to space. The US Congress directed that the ALS would have a payload
efficiency goal of $815 per kilogram ($370 per pound) to low earth orbit.

Budgetary and political pressures caused the original ALS initiative to be
eventually transformed into a follow-on program called the National Launch
System (NLS). NLS depended on Shuttle-derived hardware for some key com-
ponents and was touted as holding great promise for reliable, responsive
space transportation. The NLS program deemphasized the goal of $815 per
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kilogram to low earth orbit. 31  Program planners emphasized a simpler design
approach to keep manufacturing and operating costs down, but development
cost projections for the new launch vehicle were high. Congress canceled the
NLS program in October 1992 because it offered too little for too much.

Commercial Launch Industry Considerations

Today the only near-term solution for acquiring launch systems with pay-
load efficiencies of less than $1,760 per kilogram ($800 per pound) to low
earth orbit appears to be a Russian solution. 32 Choosing this solution, how-
ever, could be hazardous to the health of the existing US launch industry and
its fleet of expendable rockets. Also, once Western satellite customers had
committed to use Russian boosters and the Russians were faced with the
typical launch services demands of the Western payload community, their
launch prices would likely increase significantly.33

Foreign Competition

Over the last 10 years, the US share of the international space transporta-
tion business has gone from 100 percent down to 25 percent. This is largely
due to the emergence of the French Ariane onto the commercial launch scene.
The US Commerce Department projects the US share will drop as low as 21
percent in the decade of the 1990s. 34  However, the more recent threat posed
by potentially very low cost Russian and Chinese boosters could eventually
drive this percentage so low that US launch vehicle companies could no longer
compete commercially. If this happened, the US government would be placed
in the position of either totally subsidizing the US launch industry or seeking
slots on foreign boosters for launch of its military and civil spacecraft.

US booster manufacturers have asked the US government to provide pro-
tection from the anticipated onslaught of cut-rate foreign rockets, especially
those from Russia. Fears that Russia would price its large, diverse, and capa-
ble inventory of boosters as low as required to win launch contracts may be
well founded. The Inmarsat organization has selected a Russian Proton vehi-
cle to launch its Inmarsat 3 spacecraft in late 1995. Russia’s DB Salyut bid a
launch price of $36 million, which is about 40 percent less than US and
European competitors.35

Lockheed is joining with Russian companies Khrunichev Enterprises and
NPO Energia to form a new company called Lockheed-Khrunichev-Energia
International to market Russian Proton launch vehicles. Lockheed feels its
experience in marketing, launch insurance, and payload integration will bring
considerable expertise and credibility to the joint venture.36

The United States and Europe have reached a tentative accord with Russia
on limitations to Russian participation in commercial launch activities.37  The
accord limits Russia to signing only eight contracts for launches to geosyn-
chronous earth orbit or geosynchronous transfer orbit between 1993 and 2000.
Contracts for launches to other orbits will be reviewed on a case-by-case basis.
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Foreign competition: the Chinese LM-2E  launch vehicle on the pad at Xichang.
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Russian launch prices must not fall more than 7.5 percent below the lowest
Western bid, or special consultations will be called.38

Possible US Responses

Protectionism is one solution that will help preserve existing US booster com-
panies and their respective launch vehicles (and launch services prices). Another
solution, of course, is to develop less expensive domestic launchers that can
compete internationally with all comers. The report, “The Future of the United
States’ Space Launch Capability,” issued by the White House on 19 November
1992 stated that “there is little hope for the United States to be price competitive
in this [commercial launch] market without major reductions in launch vehicle
costs and mutual agreements on pricing guidelines and enforcement provisions.”
The report further stated, “If the United States is to remain competitive, it must
reduce its cost (and price) to launch payloads by a factor-of-two.  . . .“399

Surplus strategic missiles made available by recent arms treaties offer the
potential for inexpensive space access for small payload customers. The gov-
ernment has already contracted with Martin Marietta Corporation to modify
Minuteman II intercontinental ballistic missiles (ICBM) for use as suborbital
launchers.40  Missiles such as the Minuteman, Poseidon, and Trident could
also be used to launch payloads ranging from 360 to 680 kilograms (800 to
1,500 pounds) to low earth orbit. 41 Because these missiles were designed to
carry nuclear warheads and not spacecraft, they generally would provide a
“hard ride” with high acceleration, vibration, and acoustic conditions. This
would require some “hardening” and acoustic protection for spacecraft before
they were suitable for flight on one of the surplus missiles.42

Use of surplus missiles has the potential of damaging the US commercial
launch industry, particularly entrepreneurial companies seeking a niche in
the small payload launch market. US companies have therefore sought and
received, at least temporarily, protection from the “dumping” of surplus mis-
siles into the marketplace. 43  However, the November 1992 report on the fu-
ture of the US launch capability called for limited use of decommissioned
missiles for government-sponsored orbital research in a controlled manner.
One of the authors of the report, Paul Coleman of the University of California
at Los Angeles, said the surplus missiles offer particular benefits “ by break-
ing the hammerlock on high [launch] costs.44  The DOD has recommended
that proposals for the use of surplus missiles for orbital launches be subjected
to case-by-case reviews and be restricted to noncommercial applications. Use
of the missiles for non-orbital missions would be much less restrictive.45 In
any case, old strategic missiles could offer at best only a partial, short-term
solution to the problem of high-cost space access.

Commercial Transportation Cost Comparisons

To better appreciate the cost of placing payloads into orbit, we will compare it
with the cost of more conventional means of transportation (see table 3).  Payload
launch efficiencies range from about $9,400 per kilogram ($4,300 per pound) to
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$32,400 per kilogram ($14,700 per pound). The cost of transporting an average
passenger with luggage, coach class, on a round-trip domestic US airline flight is
around $2 per kilogram ($1 per pound). The Concorde, a much more sophisti-
cated form of air transport, can move people intercontinental distances at twice
the speed of sound for about $60 per kilogram ($30 per pound).46  These commer-
cial aviation costs are for the transportation of people and their cargo on vehicles
that are fully “man-rated.” Of course, there are dramatic differences between
traveling from New York to Los Angeles and traveling from Cape Canaveral to
low earth orbit. However, these differences may not be dramatic enough to
justify the very high cost of space launch; and large reductions are possible.

Table 3

Commercial Transportation Cost* Comparison

MODE
Launch Vehicles (to LEO)
Domestic Airline Flight
Concorde Aircraft Flight

‘Costs are in 1993 Dollars

COST lper  kg)
$9,400-$32,400
$2
$60

Impacts of High Launch Costs

The expensive nature of space launch has wide-ranging and pervasive im-
pacts on the design and operation of spacecraft. Launch costs make up such a
large portion of space system life cycle cost that launch considerations heavily
influence satellite capability, weight, volume, and complexity, as well as mean
mission duration, deployment options, constellation quantities, and cost. A
retired TRW executive stated that because launch systems cost so much,
satellite designers always pick the smallest and least expensive launch sys-
tem possible and spend large amounts of effort and money trying to get their
space vehicle to meet booster weight and volume constraints. He cited in-
stances where designers spent up to $400,000 per kilogram ($185,000 per
pound) in taking the last few kilograms out of a satellite so it could meet the
selected launch vehicle’s lift weight-to-orbit capability.47

National Space Policy Impacts

High launch costs also have a broad impact on national space policy deci-
sions. The US space station program continues to be vulnerable to cancella-
tion largely due to its price tag; and this price is strongly influenced by the
station’s launch, deployment, and sustainment being tied to the expensive
Shuttle. The cost and responsiveness of large boosters like the Titan IV drive
the launch timing and deployment sequencing of a variety of large DOD space
systems, and the expense of these launch systems reinforces the need for a
less expensive US launch capability like the National Launch System was
promised to be. But Congress canceled the NLS program primarily because of
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The Defense Support Program spacecraft.

anticipated large development costs, thus underlining the importance of re-
ducing not only recurring launch costs, but launch system development ex-
penses as well. Reductions in space launch prices would have a dramatic
influence on many aspects of space policy decisions.
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New Initiatives

Perhaps the most profound impact of high cost is on the quantity and scope
of new space initiatives. The influence of launch cost has its ultimate expres-
sion in this area. Assuming that US defense and civil space budgets remain
flat or have only modest growth in the coming years, they will be largely
consumed by currently operational programs or programs already well under
way in the development cycle. Making room for any significant new space
initiative will require major reallocations of funding, thus cutting back on or
eliminating existing programs. If military and civil space budgets decline in
the coming years, as many predict, the impacts caused by expensive space
transportation will become even more acute.

Many military space systems have become key components of force applica-
tion planning and operations, and their utility cuts across the different mili-
tary services. Without some relief to the high cost of launch, just the cost of
continuing to replenish existing systems may have a negative impact on the
services’ (especially the Air Force’s) acquisition plans for new weapon sys-
tems.

Launch Failure

The high cost of space transportation and the expensive payloads they
carry have helped to make launch failures particularly painful. This is espe-
cially true in the case of a reusable launch system like the Shuttle, where a
single failure can eliminate a large percentage of the available launch fleet.
The high price of launch failure affects booster design practices, satellite
design practices, and launch operations. The Aerospace Corporation esti-
mated that the total cost of a Delta II 7925 failure, including replacement
hardware and downtime, is $338 million; while the cost of a Titan IV failure
would be $2.124 billion. 48 The monetary cost of the Challenger accident has
never been officially established, but it was clearly many billions of dollars.

The Means for Expanded Space Activities

If the cost of launch could be reduced to one-tenth of present levels, the lift
capacity available for an equivalent national space launch budget could be
increased 10 times over. Having 10 times the launch capability currently
available at no additional cost would open up tremendous opportunities for
the DOD and NASA. If only half of the newly expanded launch capacity were
used, the DOD and NASA would still have five times the current lift capabil-
ity; and half of the current DOD and NASA launch budgets would be avail-
able for new program starts or other budget requirements. Additionally, a
tenfold reduction in space launch costs should stimulate a revolution in satel-
lite design. It would allow for larger numbers of less expensive, but not less
capable, space vehicles. Lower priced space systems will multiply the positive
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The Space Shuttle lifts off on STS mission 51-L.

effect of decreased launch costs, paving the way for a greatly expanded exploi-
tation of space for defense, civil, and, perhaps most of all, commercial users.

Many government-sponsored studies have unequivocally stated the impor-
tance of a capable space transportation capability to the future of the US
space program. The Advisory Committee on the Future of the U.S. Space
Program said, “The most fundamental building block without which there can
be no future space program is the transportation system which provides our
access to space.“49 The Vice President’s Space Policy Advisory Board declared,
“The space launch capability of the United States is the most critical aspect of
our overall space program, for without the ability to reliably deliver payloads
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to orbital velocities, the U.S. space program would not exist.“50  The Presi-
dent’s National Commission on Space stated:

The two most significant contributions the U.S. Government can make to opening
the space frontier are to ensure continuity of launch services and to reduce drasti-
cally transportation costs. . . Reliable, economical launch vehicles will be needed to
provide flexible, routine access to orbit for cargo and passengers at reduced costs. . .
. For cargo transport, we propose that a new vehicle be put into operation by the
year 2000 with a goal of achieving operation costs of [$254]  per pound delivered into
orbit.51

A number of noted authorities in the space business have forcefully stated
the importance of lowering the cost of launch. Roy Gibson, former director-
general of the British National Space Center, stated that “it is now really
time to understand that the key to space utilization in the future is cheaper
launch capability.“52 Gordon Woodcock of the Boeing Company said that “the
basic physics of space flight allows costs 100 times cheaper [than] we now
have. . . . The nation that first cracks the technological secrets of low-cost
[space] transportation will lead an economic revolution dwarfing the one cre-
ated by the commercial passenger jet.“53 Retired Lt Gen James Abrahamson,
first director of the Strategic Defense Initiative Organization, recognized the
criticality of lower launch costs: “We need to bring down launch cost by at
least two orders of magnitude. 5 4 Mr. Gibson’s, Mr. Woodcock’s, and General
Abrahamson’s comments capture the strong desire for, and potential impact
of, significantly lowering space launch costs.

Summary

It is difficult to imagine an expansive defense, civil, or commercial space
endeavor when the cost of placing a kilogram into low earth orbit today
exceeds the purchase cost of a kilogram of gold. Manned exploration initia-
tives will be difficult to afford when transporting a single meal to the US
space station will cost $15,000.55  Space launch is too expensive, and the US
will be handicapped in accomplishing its national space policy objectives until
drastic reductions can be achieved.
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Chapter 2

Existing Launch Systems

The existing fleet of US launch systems is capable, but expensive. There
have been a number of recent proposals for new systems that promise lower
launch costs. However, with the exception of some small commercial booster
programs, none of these initiatives have entered into full-scale development.
This chapter will provide a brief technical survey of existing US boosters and
an introduction to the better known new booster concepts. No direct compari-
sons between the different launchers will be made, but a later chapter will
provide general comparisons of some key design choices that are applicable to
these systems.

The Space Shuttle

The Space Transportation System (STS),  better known as the Space Shut-
tle, is the most capable of all US launch systems in terms of lift capacity to
orbit. It is also the most costly to operate. The Shuttle is mostly reusable, with
only the large external propellant tank being expended each flight. In the
specific case of the Shuttle, however, reusability has not proven to be the
answer to high launch costs. Malcolm A. LeCompte  said of the Shuttle, “it
became a temperamental thoroughbred requiring constant attention and
enormous expense to sustain-a spacecraft with inadequate payload capacity
and inordinate operational costs that have inhibited commercial space devel-
opment.“l

The Space Shuttle absorbed more than a third of NASA’s FY 1992 budget
and will use a similar percentage in F’Y 1993.2  The Shuttle’s annual costs are
relatively insensitive to the number of flights conducted each year, a testi-
mony to the expensive nature of the so-called standing army that currently
supports Shuttle operations. This large team of support personnel is located
at the launch site, at other NASA centers, and at various contractor facilities
around the country.

In the aftermath of the Challenger loss in January 1986, all commercial
payloads were deleted from the Shuttle manifest. Since that time, the DOD
has removed virtually all future military payloads; and the Bush administra-
tion’s national launch policy required the Shuttle to be used only when a
particular mission needed its unique capabilities or astronaut support.3 With
the slip in the scheduled deployment of the US space station by the STS and
the elimination of commercial and military cargo launch opportunities, flight
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planners may have to scramble to fill Shuttle payload bays. Some analysts
noted that the very modest payload carried on the STS-52 mission in October
1992 was an indication of poor payload planning and the relative dearth of
Shuttle cargo.4

Titan Launch Vehicles

The Titan class of launch vehicles includes the most powerful expendable
booster in the US fleet. The Titan IV is the nation’s workhorse for launching
the heaviest DOD payloads, and it will continue to serve in this capacity for a
number of years. It can be configured with no upper stage, a liquid propellant
Centaur upper stage, or a solid propellant Inertial Upper Stage.’ The Titan
IV is a direct result of the vision and dedication of then-Under Secretary of
the Air Force Edward C. Aldridge, Jr., who in 1984 recognized the criticality
of having a “complementary” alternative to the Shuttle for access to space.
Prior to the Challenger accident, he met stiff opposition in Congress and from
NASA for proposing to buy a limited quantity of Titan IVs to act as a hedge
against potential future Shuttle problems.6

The Titan IV program suffered its first failure on 2 August 1993, but this
loss has not been the only problem the program has experienced. These
vehicles have a propensity for lengthy and costly delays in launch process-
ing, resulting in long pad dwell times-in some cases more than a year.
General Charles Horner, commander in chief of US Space Command,
stated on 29 October 1992 that the Titan IV delays are damaging the
military’s readiness and costing between $1 million and $7 million a day.7

General Horner has been critical of the high cost and poor performance (in
meeting launch schedules) of the US military space launch capability in
general, and the Titan IV in particular. Speaking of the lengthy schedule
delays common with many launches, he said, “We may have spent over $3
billion of the taxpayers’ money because of our inability to make take-off
times.“8 The White House’s November 1992 report on the future of the US
space launch capability puts the cost of Titan IV delays at a staggering $8
million per day.9

The Titan III is similar to, but less powerful than, the Titan IV. It was
developed primarily as a commercial launch vehicle. The Titan II launch
vehicle is a decommissioned Titan II intercontinental ballistic missile
(ICBM) that has been overhauled and configured for space booster duty. A
total of 56 deactivated Titan II ICBMs were placed in storage at Norton Air
Force Base (AFB), California, for possible use in the future.10 A contract is
in place to convert 15 of these Titan 11s to space launch vehicles.11  The
Titan II, which provides the least capacity to orbit of the current Titan
family, does not use solid-propellant strap-on boosters (although Martin
Marietta has proposed various configurations of the Titan II that do em-
ploy solid-propellant strap-ons).12
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A Titan II ICBM is launched from Vandenberg AFB, California.

Atlas Launch Vehicles

The Atlas launch vehicle has undergone a significant evolution in recent
years, resulting in a set of boosters with a spectrum of capability. The Atlas E
space launch vehicle is a modified, decommissioned ICBM that has operated
from Vandenberg AFB, California, for many years. Only a few Atlas Es, which
represent the low end of performance within the Atlas family, are left in the
inventory. 13 The Atlas I II and IIA, which are increasingly powerful versions
of the same vehicle, provide  some performance selection flexibility to the
prospective user. The most powerful Atlas launch vehicle is the Atlas IIAS. It
will employ four solid propellant Castor IVA strap-on boosters.14  Two Atlas
missions failed (1991 and 1992) because of identical start-up problems with
the Centaur upper stage. The source of the failure was associated with the
Centaur’s RL-l0A-3-3A  engine turbomachinery.15 A third Atlas failed in
March 1993 due to a loss of thrust in the booster engine.16
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An Atlas E booster launches a Defense Mete-
orological Satellite from Vandenberg AFB.

A Delta II 7925 booster launches from Cape
Canaveral Air Force Station, Florida.

Delta Launch Vehicles

The Delta launch system has steadily evolved over the years, developing
into increasingly capable boosters. Originally derived from the Thor interme-
diate range ballistic missile (IRBM), the Delta has become a popular vehicle
for missions to geosynchronous orbit and other high altitude orbits. The Delta
II 7925 has become the vehicle of choice for many of these missions, including
NAVSTAR Global Positioning System Block II space vehicles, which were
originally intended for launch on the Space Shuttle.17

Pegasus

Pegasus is a highly innovative, air-launched, expendable launch system.
Targeted at the small satellite market, this winged vehicle uses a carrier
aircraft, aerodynamic lift, and solid-propellant rocket power to place payloads
into low earth orbit. Being air launched, the Pegasus offers the important
capability of launch point flexibility. Pegasus can be launched due east from
the equator, taking full advantage of the earth’s rotational velocity to maxi-
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mize payload capability to orbit. Early missions have been accomplished em-
ploying a B-52 “first stage.” The particular B-52 used was the venerable
NB-52B serial number 008 that supported the X-15 experimental rocket plane
program. 18 The Pegasus transitioned from a development effort to an opera-
tional launch system with its fourth launch on 25 April 1993. Initial Pegasus
launches have not been without incident, however. The second mission placed
seven microsats in an elliptical orbit that was lower than intended.19  The 25
April launch of the Los Alamos  National Laboratory Alexis satellite resulted
in the spacecraft being placed in the proper orbit, but ground personnel were
not able to communicate with it. 20 Video imagery from a camera system on
the second stage of the Pegasus appears to have exonerated the launch vehicle
from any blame. A Lockheed L-1011 aircraft will replace the B-52 and serve
as carrier for future Pegasus missions.21

The Pegasus air-launched booster and its B-52 carrier aircraft.

SCOUT

The SCOUT launch vehicle has been flying since 1960, providing a low
earth orbit capability for small satellites of the same class that Pegasus
launches. The booster, a four-stage, solid-propellant vehicle, has operated
from four different launch sites. In addition to Cape Canaveral and Vanden-
berg APB, the SCOUT has flown from the San Marco platform off the coast of

2 5



A four-stage SCOUT launches from Vandenberg AFB.

Kenya and from the Wallops Flight Facility on Wallops Island, Virginia.22
Only a very few SCOUTS are left in the inventory, and the vehicle is no longer
in production.23 Production by Loral Vaught Systems could resume, however,
if a plan by the University of Rome goes forward to produce an enhanced
version of the SCOUT. This San Marco SCOUT would use Italian-built, solid-
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propellant strap-ons based on Ariane technology, and would operate from the
San Marco range.24

Summary

This chapter has briefly summarized major existing US launch systems.
Current US launch systems continue to provide a fairly robust, albeit expen-
sive, space transportation capability. However, dark clouds of foreign competi-
tion loom ever larger on the horizon, particularly from Russia and China.
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Chapter 3

Proposed Launch Systems

Primarily because of the recognized need to lower the cost of transportation
to low earth orbit, different government agencies and aerospace companies
have proposed a number of new booster system concepts. These concepts differ
radically, and proponents of each system believe their particular approach is
the correct one to achieve launch cost reductions.

National Launch System

The National Launch System (NLS) was a joint DOD/NASA program to
develop a new family of expendable boosters that would improve reliability
and lower manufacturing and operating costs. It was canceled by Congress in
1992, but the Air Force and NASA are hopeful they can structure a new
program that captures the best elements of NLS and has a lower development
cost.l

The heart of the NLS program was the development of a new main propul-
sion system called the Space Transportation Main Engine (STME). The three
major US rocket engine manufacturers formed a partnership in 1991 to de-
velop the oxygen/hydrogen-powered STME.2  The engine design emphasized
larger design margins and simpler manufacturing techniques than the Space
Shuttle Main Engine (SSME). This approach translated into a design with
lower performance numbers and higher weight than the current SSME, but
the benefits of higher reliability and lower cost more than compensated for
the performance losses and weight gains. To illustrate how much simpler the
STME manufacturing process was, program managers routinely compared
the STME to the high-performance, extremely complex, very expensive
SSME. The part count and the number of welds, processes, and inspections
for each major STME component were much lower than for comparable SSME
components.3

The NLS family of launchers consisted of three vehicles. NLS 1 was the
heavy lifter, with a capability of placing 61,250 kilograms (135,000 pounds)
into low earth orbit. NLS 2 could carry 22,700 kilograms (50,000 pounds) to
low earth orbit. The smallest vehicle in the NLS family, NLS 3, had a 9,100-
kilogram (20,000-pound) capacity.4 The NLS had a modular design, providing
a large amount of subsystem and component commonality among the three
vehicles, including the common use of the STME. In 1992 a National Research
Council panel recommended that the NLS 3 vehicle be developed first. The
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US needed a booster that could compete effectively in the international
launch market, and they saw no urgent near-term need for the two heavier
launchers.5  Subsequently, NASA dropped support for NLS 1 and planned an
even larger booster to support Moon and Mars exploration. The Air Force’s
new emphasis was on a booster in the lift class of NLS 3.6

Reasons cited for the demise of the NLS program include its high develop-
ment cost, a lack of support by Congress and the aerospace industry, the joint
Air Force/NASA program management approach, and a lack of specifics for
future NLS missions.7  For example, NASA Administrator Daniel Goldin  said
much needed to be done on the NLS program to streamline management.
When the program was terminated, over 1,000 government and contractor
personnel were supporting NLS from eight Air Force and NASA centers.8 And
despite the fact that seven major aerospace contractors were involved in the
program, there was a perception that most aerospace companies provided
inadequate advocacy for the new booster. There were even reports that some
companies lobbied against the new booster because it was a perceived threat
to existing launch programs. 9  The study on the future of US launch capabili-
ties accomplished for the National Space Council in the fall of 1992 said:

The current contractors for Titan, Atlas, Delta, and upgrades to these systems are
worried about their current business base and are reluctant to abandon near-term
business for an uncertain future program. Also, they are worried about the poten-
tial “winner-take-all” aspects of a future vehicle competition and the lack of Con-
gressional support for the program.10

Spacelifter

In November 1992, a working group chaired by Pete Aldridge and spon-
sored by the Bush administration’s National Space Council recommended
that a new launch system called Spacelifter be developed. The Spacelifter
concept differed from NLS because it concentrated on initially developing an
expendable core launch vehicle with a payload capacity to low earth orbit of
9,070 kilograms (20,000 pounds). Through modular performance improve-
ments, the vehicle’s capacity would be expandable to 22,700 kilograms
(50,000 pounds). The working group’s report called for the Air Force to man-
age the program (as opposed to the joint Air Force/NASA NLS program). The
vehicle was to be man-ratable, with the ability to carry a piloted spacecraft
like the Langley Research Center’s Personnel Launch System. The Spacelifter
was to be designed to decrease launch costs by a factor of two, relative to
existing US launch vehicle costs. This amount of reduction was deemed essen-
tial if the US launch industry was to remain competitive with foreign com-
mercial launchers.11

Since the November 1992 report, the Air Force has broadened the definition
of “Spacelifter” to mean the next generation of Air Force launch vehicles, with
a target payload capacity range of 5,440 to 11,340 kilograms (12,000 to 25,000
pounds) to low earth orbit. l2 The service has opened the competition for virtu-
ally all concepts, including single- and two-stage-to-orbit reusable proposals,
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upgrades to existing launch vehicles, and new launch vehicle designs based on
existing technology. The intent is to let the aerospace industry lead the effort
to define the best answer for the next US booster.13

Single-Stage Rocket Technology

The Ballistic Missile Defense Organization (BMDO) has been developing
technologies that could lead to a fully reusable vertical takeoff/vertical land-
ing single-stage-to-orbit (SSTO) launch system. The program called for subor-
bital flight tests of a one-third scale demonstrator vehicle in mid-1993 at
White Sands Missile Range, New Mexico. Three successful tests were con-
ducted in August-September 1993. BMDO managers used these tests to
evaluate flight characteristics as well as to demonstrate airline-like opera-
tions such as small support crews and rapid turnaround. The ground and
flight operations crew, which consists of only a handful of people, is extremely
modest when compared to personnel requirements for existing systems.14

Since the vehicle cannot fly far enough to leave the confines of the range,
there is no range safety destruct package on board the test vehicle. This is a
significant departure from previous launch system range safety requirements,
and a positive step toward achieving routine access to space.

The demonstrator vehicle for the SST0  program is called the DC-X. Using
liquid oxygen and liquid hydrogen as propellants, it is powered by four Pratt
& Whitney RL-l0A- rocket engines modified for throttling and sea-level op-

Artist’s concept of a McDonnell Douglas DC-Y SST0  vehicle.
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eration.15  The DC-X is a precursor to a more advanced suborbital vehicle
called the DC-X2, which would have an altitude capability of 160 kilometers
(100 miles).16  After the DC-X2 would come the full-scale DC-Y demonstration
vehicle and the DC-l operational launch vehicle, both of which will have
orbital capability. (It is no coincidence that the operational SST0  system
bears a designation that is similar to the designation of the aircraft that
opened the era of commercial air transportation, the DC-3.) Payload capacity
for the DC-1 is targeted at around 9,100 kilograms (20,000 pounds).17  McDon-
nell Douglas estimates the operational system can ultimately reduce costs
down to $1 million per flight, which equates to $100 per kilogram ($50 per
pound) to low earth orbit.18 However, the interest costs on a $2 billion devel-
opment program for the DC-Y/DC-l could be $200 million a year, and launch
insurance costs for the payload could be $2 to $3 million per flight.19

Little funding has been established for SST0  development beyond the DC-
X flight tests. The flight tests themselves have come under criticism by some
members of Congress as inadequately demonstrating key technologies that
would be required by a DC-Y vehicle.20 Nevertheless, limited funding has
been provided to pressure the option for additional DC-X flights. The future
prospects for an operational vertical takeoff and vertical landing SST0  sys-
tem, however, are not clear.

National Aerospace Plane

The National Aerospace Plane (NASP)  program is a joint DOD/NASA effort
to develop and demonstrate the technologies necessary for both single-stage-
to-orbit flight and hypersonic atmospheric cruise by fully reusable aerospace
vehicles. The program originally planned to build a flight test vehicle, desig-
nated the X-30, that would exercise horizontal takeoff and horizontal landing
and demonstrate an SST0  capability. 21 Program engineers envisioned vehi-
cles, derived from the NASP effort, that would significantly reduce the cost of
space transportation through routine, airline-like operations.

The X-30 and the follow-on NASP-derived vehicles would require major
advances in a number of technology areas. NASP vehicles would achieve orbit
by using the atmosphere for both aerodynamic lift and the oxygen necessary
for propulsion. The aerospace plane must therefore follow an air-breathing
trajectory and must linger in the atmosphere much longer than a more con-
ventional launch vehicle. Under these conditions, a NASP-type vehicle would
experience severe boundary-layer conditions and thermal loading due to at-
mospheric friction, a fact that creates big development challenges in the area
of structural design and materials. Air-breathing propulsion would also re-
quire new scramjet  propulsion development. Drag losses caused by the
lengthy flight through the atmosphere induce large inefficiencies in the vehi-
cle’s actual attainable velocities, compared to the velocities that are theoreti-
cally attainable. Because the vehicle carries every gram of its entire dry
weight through the atmosphere and into orbit, structural weight and volume
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The NASP as it might have looked as an SST0  vehicle,

must be minimized. This creates additional requirements for materials develop-
ment. The ramjet-scramjet  propulsion system would use hydrogen as a fuel.
Because of the low density of hydrogen, however, exotic hydrogen slush may be
required (to reduce propellant tank size). 22 These and other technical hurdles
made the NASP concept a very high-risk, but possibly high-payoff, program.

DOD and NASA have not articulated a compelling near-term operational
need for a vehicle like the NASP. In fact, former Air Force Secretary Donald
Rice said about the NASP program, “The focus should be on technology. . . .
It’s so far out into the future, we’re doing a disservice to talk about [opera-
tional] activities.23 The Air Force announced on 7 December 1992 it would
reduce the NASP budget by 66 percent. 24  The program has consequently been
restructured to concentrate on hypersonics research and development. In an
effort to avoid cancellation, the NASP Joint Program Office formulated an
approach that reduces the scope of the program. The near-term program goal
would be to reach speeds in the region of Mach 12-15, not the originally
planned Mach 25. The new plan calls for conducting a set of boundary transi-
tion and scramjet  experiments called Hyflte 1 and 2 by flying them on surplus
Minuteman II ICBMs, although weight growth of the test articles may force
the use of surplus Peacekeeper ICBMs. Tests of a small (30 percent scale)
unmanned hypersonics test vehicle would follow. This test would be called
Hyflte 3 and would use a surplus Titan II booster to carry the vehicle to
hypersonic speeds. 25 Program managers believe this plan will be affordable
and that it will provide sufficient validation of critical technologies to allow
future development of an operational air-breathing SST0 vehicle.26
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SEALAR

The Naval Research Laboratory’s (NRL)  Naval Center for Space Technol-
ogy initiated a program in 1987 to develop a new space launch capability
called the Sea Launch and Recovery (SEALAR) launch system. The intent of
the program is to provide less-expensive, yet more flexible, space transporta-
tion through the use of simple, reusable boosters launched and recovered at
sea.27  Launching from a sea-mobile platform or directly out of the ocean itself,
SEALAR boosters would enjoy flexible launch points and be able to fly direct-
ascent trajectories into any orbital inclination. SEALAR would eliminate the
need for fixed launch sites, which are expensive to build and maintain, expen-
sive to refurbish after launch, and militarily vulnerable. Launching at sea
would avoid some environmental entanglements (although it could create oth-
ers), and range safety concerns caused by the potential overflight of populated
areas could be minimized or eliminated.28

The SEALAR launch concept drew on a proposal developed in the late
1950s and early 1960s by Aerojet General to build an enormous launch vehi-
cle capable of putting 544,000 kilograms (1,200,000  pounds) into low earth
orbit. The booster, called Sea Dragon, was so large it would have required
fabrication in a shipyard. 29  Aerojet designed Sea Dragon for launch directly
out of the ocean. It was to be big, simple, and reusable because Aerojet be-
lieved this was the best way to achieve economical space access.30  The
SEALAR system did not embrace the large size of Sea Dragon, but it did
incorporate the concepts of sea launch and recovery, simplicity, and reusabil-
ity. NRL also applied design criteria developed by The Aerospace Corporation
in the 1960s called “Design For Minimum Cost.” Aerospace developed the
criteria for ballistic missiles and space launch vehicles, but it had seen little
application beyond the paper study phase. 31 The SEALAR booster that was
derived from the Sea Dragon concept and the minimum cost criteria was the
SubCalibur,  a vehicle with an all pressure-fed propulsion system designed to
launch 4,500 kilograms (10,000 pounds) to LEO from the sea (or land).32

NRL contracted with Truax Engineering (TEI) for development and flight
test of near-scale test articles of the SubCalibur’s first stage, called the X-3,
X-3A, and X-3B.33  TEI conducted a number of static propulsion tests and drop
tests into water.34  By late 1991, NRL had fabricated a suborbital flight test
vehicle and was only a few months away from launch when funding was
terminated by the Navy.35

Since that time, the vehicle has evolved into a new design that uses a
two-stage approach with hybrid (solid fuel and liquid oxidizer) boosters com-
prising the first stage. The portion of the vehicle’s first stage structure con-
taining the solid fuel is expendable, but the rest of the first stage is recovered
via a ram air-inflated wing and a reciprocating engine-driven propeller. The
new SEALAR design is launched from an ocean-going dry dock staging out of
Hawaii, and the first stage is recovered by a catch net on board the dry dock.
This recovery technique is similar to those used by some unmanned aerial
vehicles. The second stage carries the payload into orbit and, after payload
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deployment, performs a deorbit maneuver and glides back to the recovery site
via a ram air-inflated wing.36

NRL announced on 8 January 1993 a joint venture with a private company
called Sealar Corporation to commercialize the SEALAR booster. The labora-
tory and Sealar Corporation signed a cooperative research and development
agreement that gives the company access to government technical data and
expertise relating to sea launch and recovery technologies.37

Taurus

The Advanced Research Projects Agency (ARPA) is developing a new solid
propellant expendable booster that will provide simple, inexpensive, and respon-
sive access to low earth orbit. Called Taurus, the vehicle is based on components
derived from ARPA’s Pegasus program. The system was designed by Orbital
Sciences Corporation, the same company that developed the Pegasus. Taurus is
a four-stage launcher whose upper three stages are essentially a modified
Pegasus vehicle. ARPA’s new launch vehicle uses a modified Peacekeeper ICBM
first stage as a stage zero. (The Pegasus uses a launch assist from the B-52
carrier aircraft for its initial thrust into space.)38  Payload capacity is 1,360
kilograms (3,000 pounds) to low earth orbit, and Orbital Sciences is already
planning to offer enhanced versions with greater capacities.39  The Taurus vehi-
cle was launched successfully on its first mission, 13 March 1994.

The Taurus represents a serious attack on traditional techniques for
launching payloads. Key requirements for Taurus include the ability to set up
for a launch on a bare-base concrete pad within five days, and to launch no
more than 72 hours after receipt of a payload. 40  These timelines are revolu-
tionary when compared to current launch vehicle schedules, and the entire
on-site ground crew is composed of only 20 people. The Taurus approach
promises realization of true launch-on-demand, a capability long sought by
many within the military space community. A fleet of Taurus-type boosters
could rapidly deploy, or reconstitute, large numbers of small military satel-
lites. Military space operators would have great flexibility in launch site selec-
tion and launch scheduling. 41  The tough ground processing timeline
requirements levied by the DOD will provide major benefits when the Taurus
is used for commercial launches, since these launches will have less demand-
ing processing schedules. Taurus program manager Joseph Padavano stated
that the challenging DOD ground schedule forced Orbital Sciences to design-
in simplified interfaces and procedures that required a minimum number of
people. Because of these design steps, “your costs come down; your reliability
goes up because the system has been simplified quite a bit.“42

Despite the promise the Taurus system holds, program managers face sev-
eral technical and programmatic issues. Technical issues include the rapid
deployment requirement, which precludes the use of a fixed launch pad. The
proximity of the Peacekeeper first stage to the ground, the lack of a flame
bucket, and the lack of sound-suppression water have created conditions for
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high ignition overpressures and acoustic conditions. This has required extra
efforts to elevate the launch vehicle off the pad surface and to protect Taurus
payloads during the first few seconds of launch. 43  Also, solid propellants cause
higher acceleration loads than those generated by liquid propellant-powered
boosters, which places additional constraints on spacecraft designers.44

Programmatic issues include the cost per kilogram to orbit for the Taurus,
which is at least as high as existing US launch systems-and it could be even
higher. Additionally, with production of the Peacekeeper first stage ceasing for
the ICBM program in July 1993, and with potential long-term constraints on the
commercial use of surplus ICBM components, procurement costs for the Taurus
stage zero would likely become prohibitive.45  Orbital Sciences has therefore cho-
sen to use the new Thiokol Castor 120 solid propellant motor for the stage zero of
future Taurus vehicles.46  The Castor 120 design draws on the heritage of the
Peacekeeper first stage motor but employs simplified design features and manu-
facturing processes in order to be better suited for commercial applications.47  It
also will provide a more “payload friendly” ride than the Peacekeeper first
stage. 48 One other programmatic issue is the recent dramatic changes in the
military threat to the US, which should prompt a review of the necessity for the
requirement to have a quick launch response capability from bare pad environ-
ments. These requirements have driven the Taurus design.

Proposed Commercial Systems

A number of other commercial launch companies are marketing launch vehicles
that have not yet flown. This study will briefly discuss some companies and their
products that are representative of entrepreneurial launch initiatives in the US.

EER Systems Conestoga

EER Systems is offering the Conestoga booster for payloads in the same
class as those proposed for Pegasus/Taurus. EER Systems acquired Space
Services, Incorporated, which had conducted a commercial suborbital launch
of the Conestoga I vehicle from Matagorda Island, Texas, in 1982.49  The
Conestoga uses solid-propellant Castor IVA/B motors in a modular fashion in
order to provide a level of customization for prospective payload customers.50
EER Systems has been selected to launch the COMET space vehicle on a
Conestoga booster from the Wallops Flight Facility, Virginia.51

AMROC Aquila

The American Rocket Company (AMROC) is developing the Aquila family
of launch vehicles for boosting payloads in the Pegasus/Taurus and Conestoga
classes. The four-stage Aquila clusters three H-1800 hybrid propulsion sys-
tems to form the first and second stages. The hybrid system offers several
advantages over solid-propellant systems, including the ability to throttle and
terminate thrust, to have clean exhaust effluent, and to have safe ground-

3 6



handling of propulsion elements. To accommodate the polar orbit market,
launches are planned from Vandenberg Air Force Base, California.52

E’ Prime Eagle

E’ Prime Aerospace Corporation is proposing a family of launchers based on
the Peacekeeper ICBM design. Their Eagle S-Series launch vehicles will pro-
vide a LEO capability ranging from 1,360 to 4,540 kilograms (3,000 to 10,000
pounds). However, E’ Prime may face the same procurement limitations (rela-
tive to Peacekeeper) as those mentioned for Taurus. Primary launch site for
the Eagles is Ascension Island in the South Atlantic Ocean, with Cape Ca-
naveral Air Force Station serving as an alternate launch base.53

Lockheed Launch Vehicle

Lockheed Missiles and Space Company is developing a family of solid pro-
pellant launch vehicles that are targeted at placing payloads in the 1,045 to
4,080-kilogram  (2,300 to 9,000-pound) weight range into low earth orbit. The
vehicle has three basic configurations and uses the Thiokol Castor 120 motor,
along with Castor 4 strap-ons for the largest vehicle version. The vehicle is
being designed to require a launch operations crew of about 20-25 people.
First flight is planned for November 1994.54

Sea Launch Services Surf

Initial agreements have been reached for a US-Russian joint venture, called Sea
Launch Services, to develop a new commercial launch vehicle based on Russian
submarine-launched ballistic missile components. The vehicle, called Surf, would
employ both solid and liquid propellant stages in its five-stage configuration. Surfs
lift capacity is estimated to be 2,400 kilograms (5,280 pounds) to low earth orbit.
The vehicle would be launched directly out of the water, taking advantage of the
launch site selection and operational benefits of sea launch.55

Summary

This chapter has briefly summarized major proposed US launch systems. A
variety of new launch system proposals are on the table, but there is no firm
consensus as to which of these initiatives can best provide an inexpensive
means of space transportation for the US over the long haul. The high cost of
launch continues to be a daunting obstacle to space progress. To solve the
problem of high cost, we must understand its root causes.
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Chapter 4

Causes of High Launch Costs

The high cost of today’s space launch systems cannot be attributed to one
particular circumstance or event. Rather, multiple causes have combined over
the years to create the present condition of expensive space transportation.
Some of the reasons for high launch costs are traceable to the development of
the first US ballistic missiles, whose designs provided the foundation for the
Delta, Atlas, and Titan families of booster systems. The heritage of the early
manned space program of the 1960s is also a contributor to current costs.
Design and manufacturing considerations related to present boosters, as well
as the very high development costs of new launch systems, continue to have a
major impact on launch prices. The demand for increasingly greater vehicle
reliability also strongly influences space transportation cost. This chapter
discusses these causes of high launch costs in some detail, since a firm under-
standing of them will establish a solid basis for developing solutions to the
problem.

The ICBM Heritage

In the 1950s the Soviet Union posed a potentially devastating military
threat to the United States in the form of nuclear-tipped intermediate-range
and intercontinental ballistic missiles. In response to this threat, the US
embarked upon its own ballistic missile program, despite the fact that this
undertaking presented a number of significant technical challenges. Because
of unflagging advocacy for the ICBM by Assistant Secretary of the Air Force
Trevor Gardner and Air Force General Bernard Schriever, and others, Presi-
dent Eisenhower gave development of a US ballistic missile capability the
highest national priority. ' The emphasis was on achieving an initial opera-
tional capability as quickly as possible, and the Air Force turned to the air-
craft industry for development of America’s first long-range ballistic missiles.
Engineers were not concerned about developing low-cost missiles, but about
rapidly providing a functioning, capable, weapon system. Also, since ballistic
missiles were designed to perform a one-way mission that likely would not
occur unless a general nuclear war broke out, no thought was given to making
the missiles or any of their components reusable.

The push was on to design the smallest missiles possible that could deliver
a thermonuclear warhead with the required accuracy. The missiles needed to
be of minimal size so they could be deployed in concrete “coffins” or “silos” and
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maintained on alert. Although the resulting Atlas, Titan, and Thor missile
designs were not “small” by most standards, they were smaller than compara-
ble Soviet ballistic missiles of that day.

Maximum performance and minimum weight were the overriding design
drivers for the US ballistic missiles. These design drivers were, and still are,
the norm for the aircraft manufacturing industry. Consequently, there were
extraordinary efforts to decrease structural weight and increase propulsion
performance. Engineers kept design margins low in order to keep weight
down. The rocket engines were configured for high combustion chamber pres-
sures and were fed by sophisticated turbopumps. In the case of the Atlas
ICBM, designer Charlie Bossart  employed an ingenious method for obtaining
lightweight structural rigidity. He designed the propellant tanks to be inte-
gral pressurized balloon structures that required no internal stiffeners.2
Therefore, the ballistic missiles developed in the 1950s became effective long-
range nuclear weapon carriers. But they did not represent the most inexpen-
sive designs-requirements other than minimizing cost had preeminent
priority.

Although there have been numerous product improvements along the way,
the United States’ large expendable launch vehicles are direct descendents  of
the liquid-propellant ballistic missiles developed by the US Air Force in the
1950s. The Thor intermediate-range ballistic missile (IRBM)  design formed
the basis for all Delta central core vehicles. The Atlas ICBM evolved into the
family of Atlas launch vehicles of today. Surplus Atlas E ICBMs are still used
as space launch vehicles. The Titan II ICBM, taken off alert and deactivated
in the 1980s,  survives today as a space launcher. The Titan III and Titan IV
core vehicles directly evolved from the Titan I and II ICBMs.

Manufacturers of the Thor, Atlas, and Titan missiles took advantage of the
development costs already sunk into these systems by the US government
and simply derived space launch vehicles from the existing IRBM/ICBM  de
signs. Although the aerospace companies saved some up-front developmen
expenses by using this approach, the resulting space boosters brought alone
the ballistic missile’s maximum performance/minimum weight baggage. Anr
like the ballistic missile, these launch vehicles were not designed to be low
cost.

The Manned Space Program Heritage

The early manned space program of the 1960s bore some resemblance :
the ballistic missile development effort. It was also focused on achieving ce
tain operational goals, and minimizing cost was not a priority. The Mercur
Gemini, and Apollo programs were designed for mission expediency, not cost
effectiveness. The schedule for placing a US astronaut on the Moon, set 1
President Kennedy in 1961, was a dominant consideration for each of the
programs, especially Apollo.
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ICBM turned launch vehicle: an Atlas Agena
in the early 1960s.

The early ballistic missiles were also used by
America’s Mercury and Gemini manned space
programs. Here Gemini astronauts John Young
and Gus Grissom leave their Gemini Titan vehi-
cle after completing tests at Launch Complex
19, Cape Kennedy AFS, in March 1965.

An Atlas ICBM lifts off in the late 1950s.

The Titan I ICBM (above) and its successor,
the Titan II, formed the design basis for the
current Titan IV core vehicle.
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Simpler days: V-2 firing control at White Sands Proving Ground, New Mexico, in the late 1940s.

Concepts for the control of launch and mission operations that were devel-
oped during these early manned programs became institutionalized. Although
launch control and monitoring approaches can trace their heritage back to V-2
operations at White Sands Proving Ground in the late 1940s  they reached
their manpower zenith during Apollo. The current Space Shuttle launch and
mission control system has strong historical links to previous NASA manned
programs.

Reasons for the Shuttle’s High Cost

Reusable launch systems do not have to be expensive. To the contrary,
many launch vehicle designers believe reusability is still the only solution to
achieving greatly reduced launch costs, despite the experience with the Shut-
tle. It is worthwhile, therefore, to examine the reasons that the mostly-reus-
able Shuttle is the most expensive large launch system in the US inventory.

NASA intended the Space Shuttle to be the solution to the high cost and
perceived wastefulness of the Saturn V and other expendable launch vehicles.
The keys to the Shuttle’s planned economic success were reusability and high
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usage rates. Reusability was an intuitively cost-effective approach, since “they
don’t throw away airplanes after one flight.” High usage rates were critical to
the Shuttle’s economy because its huge development costs needed to be amor-
tized in a reasonable amount of time. By taking advantage of the anticipated
fast, low-cost refurbishment and turnaround, and by flying often, the Shuttle
was expected to provide very low recurring costs per flight. In actuality, how-
ever, there never was any real intention to amortize the Shuttle’s nonrecur-
ring development costs. All estimates, including those that cited the need for
high launch rates, were for recurring costs only.3

Making the Shuttle a Manned Vehicle

There is no doubt that human presence has provided a major, if not indis-
pensable, benefit to many of the Space Shuttle missions. Astronauts have
conducted a variety of complex operations that were either not feasible or not
practical with automated systems. These include on-orbit satellite retrieval
and maintenance, satellite pre-deployment troubleshooting and repair, com-
prehensive and detailed life sciences experiments, and space manufacturing
and construction activities. All of these operations depended on human inter-
action, but few required a piloted, heavy-lift booster to be successful. The
reason the Shuttle was used to support many of these missions is that it was,
and still is, the only operational space launch system for humans available to
the US.

The Space Shuttle was designed to carry both people and payloads. In
retrospect, combining these two functions on a single vehicle was probably a
mistake. A piloted launch vehicle design incurs a lengthy list of requirements
not present in unmanned boosters. The entire system must be “man-rated,”
requiring additional steps to maximize launch reliability. Reliability objec-
tives are much greater than those for unmanned boosters, although the ex-
tremely high cost of unmanned spacecraft has pushed even unmanned
reliability requirements to high levels. It is very expensive to raise the target
reliability from 98 percent, which would be acceptable for unmanned launch
systems, to the 99.8 percent figure, or better, sought for human space flight.4
Engineers must build extra levels of redundancy, additional design margins,
and new safety-oriented subsystems into the design in striving for this in-
creased reliability.

A piloted launch vehicle also requires many subsystems specifically dedi-
cated to supporting the human cargo. The crew compartment, environmental
control and life-support subsystems, and related equipment must be boosted
into space for each mission. Each of these items takes away from the amount
of usable payload capacity that would otherwise be available.

The Cost of Shuttle Recoverability/Reusability

In addition to the overhead required for manned launch systems like the
Shuttle, reusability can bring its own set of liabilities. A reusable system is
economically dependent on high launch rates, because the refurbishment and
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turnaround personnel and infrastructure must be maintained continuously, re-
gardless of whether the launch system is operating or not. High launch rates
require a large mission model, and NASA sought to establish an appropriately-
sized one by lobbying for a US launch policy that declared the Shuttle to be the
single launch vehicle for all future civil, military, and commercial payloads.

Reusability does not automatically make a launch system cost more. In fact, it
can be the key to cost-effectiveness. The techniques used to achieve reusability
are important factors in determining how cost-effective a booster becomes. But
by requiring the Shuttle to glide through the atmosphere to a landing on a
runway, designers imposed severe performance penalties on the system.5

Robert C. Truax is a retired Navy captain who was the Thor ballistic missile
program manager for Bernard Schriever in the 1950s; he later worked for Aero-
jet General. In 1970 Truax stated his feelings about the Shuttle design proposal:

These [Shuttle design] features, unfortunately, are near and dear to many propo-
nents of reusable vehicles. They make the “aero” part of the aerospace industry feel
needed. They even have an appeal to the non-technically minded. But they make
about as much sense as requiring airplanes to be able to land at railroad sta-
tions. . . . There is no approach for returning a craft to Earth from orbit that is
simpler, which costs us less payload, or, I submit, which is either quicker or less
costly to develop or operate than the low-L/D [low lift-to-drag ratio], parachute-
landed spacecraft using water touchdowns6

Since the Shuttle lands like an airplane, it necessarily requires runways to
land, not only at its primary landing site, but also at various secondary,
tertiary, and contingency landing sites around the world. Some of these land-
ing sites must be staffed by landing crews during each Shuttle mission, and
the weather and lighting conditions at certain landing sites are limiting fac-
tors for launch and landing times. 7 For example, a number of Shuttle launch
schedules have been negatively affected by the weather at the launch site-
not because the weather was too bad to launch in, but because the weather at
the Kennedy Space Center’s Shuttle landing area (adjacent to the Shuttle
launch pads) was not sufficiently good to allow high confidence in a landing
there if an abort occurred during the Shuttle’s ascent phase.

To glide to the recovery site and land like an airplane, the Space Shuttle
Orbiter must have a host of structures and subsystems dedicated solely for
this function. These include wing structure, tail structure, landing gear and
associated components, control surfaces, extensive thermal protection, hy-
draulic systems, and flight control avionics. All of these weighty elements
must be hauled into orbit every mission even though they are used only
during the final minutes of flight.

Weight Penalties of the Shuttle’s Design

If all of the structure and subsystems required to make the Orbiter recover-
able as a glider were deleted, the dry weight of the Orbiter would decrease by 47
percent.8  The solid rocket boosters (SRB)  used by the Space Shuttle are also
reusable, but they use parachutes and ocean splashdown for their recovery
mode. The parachutes constitute only 3.4 percent of the SRBs’  empty weight.9
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If all of the structure and subsystems required to make the Shuttle a manned
launch vehicle were removed, additional weight reductions could be achieved. If
these reductions were combined with those postulated by the deletion of the ele-
ments required for an airplane-like recovery, the Orbiter’s dry weight would de-
crease by 68 percent. 10  This figure is validated by the conceptual work done on the
Shuttle-C proposal. Shuttle-C was intended to be an unmanned heavy lifter de-
rived from Space Shuttle components. The vehicle would have used the Shuttle’s
external tank and SRBs, but designers planned to replace the Orbiter with an
expendable payload shroud. The rear of this shroud would have contained ele-
ments of the Orbiter’s aft  fuselage, or “boattail” area, including the main engines.”

Space Shuttle Payload Fraction

The extra hardware required for the Shuttle’s increased reliability, the sub-
systems needed to make the Shuttle capable of carrying humans, and the struc-
ture and components required for the Shuttle Orbiter’s airplane-like recovery
combine to add significant weight to the overall system. The ratio of the gross
lift-off weight of the Space Shuttle (including payload) to the maximum amount
of payload it can carry to low earth orbit is about 87:1.12  In other words, for every
87 kilograms of total vehicle lift-off weight (including propellants), only one of
these kilograms is useful payload weight. This payload fraction for the Shuttle
compares with a 45:l payload fraction for the Delta II 7920, a 27:l fraction for
the Atlas IIA, and a 481  fraction for the Titan IV (see table 4).13

Table 4

Ratios of Vehicle Gross Weight to Payload Weight

VEHICLE RATIO II
Del ta  I I  7920 4 5  t o  1
Atlas IIA 27to1
T i t an  IV 4 8  t o  1
Space  Shu t t l e 87to1

It is worth noting that the Orbiter itself, or certain portions of it, could be
viewed as payload. The crew compartment provides an orbital work space
where astronauts can conduct a variety of experiments and tests. The payload
bay and associated airborne support equipment provide additional orbital
work support functions for certain missions, including nondeployable pay-
loads. A case can be made to consider the crew (or at least the mission and
payload specialists) to be payload, which would cause all subsystems and
equipment required to support astronauts in space to become payload as well.
If one evaluated the Shuttle in this manner, its overall payload fraction would
improve considerably.

Because of the Shuttle’s relatively inefficient payload fraction, engineers
had to take heroic steps in performance enhancement to obtain a useful
amount of payload lift capacity. Propulsion technology had to be pushed to its
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limits through the use of cryogenic oxygen and hydrogen, very high chamber
pressures, high-performance turbomachinery, and individual engine computer
control for the main propulsion system. Structural weight had to be shaved to
the last kilogram, and the thermal protection system required lightweight,
very fragile, labor-intensive ceramic tiles. Since the tiles were so lightweight
and fragile, they had to be protected at lift-off from falling ice that would form
on a bare cryogenic propellant tank. Consequently, the large External Tank
(ET) had to be completely covered with foam insulation, and a large gaseous
oxygen vent mechanism had to be installed on the pad to prevent ice from
forming on the tank’s oxygen vents. Engineers designed the ET to be expend-
able, making the Space Shuttle only a partially reusable launch system. Even
the expendable External Tank, which was originally conceived to be a very
simple vehicle component, turned out to have a very sophisticated design.

In a continuing effort to increase the Space Shuttle’s payload fraction,
NASA is proposing to manufacture the External Tanks out of a new light-
weight alloy. If the ETs were built of aluminum lithium instead of the heavier
aluminum, the Shuttle would gain an additional 3,600 kilograms (8,000
pounds) of payload capacity. NASA estimates it would take four years and
cost $134 million to convert to aluminum lithium ETs,  and each tank’s recur-
ring cost would increase by $3 million.14

High Complexity Equals High Cost

The combination of reliability maximization, a human space flight capabil-
ity, an airplane-like recovery mode, and overall performance maximization
turned the Shuttle into a very complicated launch vehicle. This high complex-
ity meant that launch processing and recovery turnaround operations would
be an expensive, time-consuming undertaking that would require an army of
people. The paper trail needed for documenting ground processing activities
was staggering, and was exacerbated by the Challenger accident. Considering
all these factors, it is not surprising that per-mission costs for the Shuttle
have risen to as high as $547 million.15

The Design Establishes the Cost

Design considerations play a dominant role in establishing launch vehicle
costs. For example, the decisions to base the Delta booster on the Thor ballistic
missile and to make the Shuttle a piloted launcher that lands like an airplane
were top-level design choices. The DOD’s Defense Systems Management College
teaches that 70 percent of the entire life cycle costs of DOD weapon systems are
fixed during the concept exploration phase of development.16 A NASA study
stated that the configuration of a launch vehicle has a dominating influence on
launch processing requirements and personnel head count, as well as on life
cycle costs. The study found that simplicity was the key to reducing launch costs.17

The manufacturing process for a launch vehicle is driven by its design.
Design considerations that directly affect manufacturing include the relative
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complexity of the design, the types of structural material and parts that will
be used, and how much the design will push the state-of-the-art. The number
of units produced each year has a major impact on manufacturing and cost-
and design choices affect component manufacturability, which ultimately in-
fluences production rates.

Launch Vehicle Hardware Cost per Kilogram

Launch vehicles are, kilogram-for-kilogram, more expensive than almost
any other manufactured product. Their cost, on a dollars-per-kilogram basis,
is much higher than the cost of mass-produced commercial products, and is
generally higher than the cost of aircraft (see table 5). By dividing the cost of
a launch vehicle by its dry weight, you can derive how much, on the average,
each kilogram of that particular vehicle costs to procure. A Delta II 7925
booster costs about $2,820 per kilogram ($1,160 per pound); an Atlas IIA costs
around $6,530 per kilogram ($2,990 per pound). The Titan IV 401 configura-
tion, which uses a Centaur upper stage, costs about $2,325 per kilogram
($1,050 per pound). l8 The recurring cost of a reusable Space Shuttle Orbiter,
not including its external tank, its two solid rocket boosters, or its upper
stage, is about $29,280 per kilogram ($13,285 per pound).19 It should be noted
that Delta’s and Titan’s heavy, relatively simple, and comparatively inexpen-
sive solid-propellant strap-ons tend to skew their cost per kilogram down-
ward. If the empty weight and the total cost of the solid strap-ons were
deleted from the Delta and Titan calculations, the Delta’s cost per kilogram
would be comparable to that of an Atlas, while the Titan’s cost per kilogram
would be higher. These high per-kilogram costs are directly tied to design
decisions and manufacturing processes.

Table 5

Vehicle Hardware Cost*

UEHICLE COSf
Del ta  I I  7925 $2,82O/kg.  ($1,160/lb.)”
Atlas IIA $6,530/kg.  ($2,990/lb.)
T i tan  IV  401 $2,325/kg.  ($1,050/lb.)*’
Space Shut t le  Orb i te r * * * $29,280/kg.  ($13,285/1b.)
F-l 5 aircraft”’ $2,650/kg.  ($1,200/lb.)
Commerc ia l  j e t * * * $880/kg.  ($400/lb.)
Automobile’** $7/kg.  ($3/lb.)

‘Costs are in 1993 Dollars
** Heavy solid strap-on cases tend to skew costs downward
*** Reusable vehicle

The cost per kilogram of a high-performance lighter aircraft like the F-15 is
about $2,650 ($1,200 per pound). A commercial jet costs approximately $880
per kilogram ($400 per pound), and a new automobile is about $6.50 per
kilogram ($3 per pound). 20 Many would argue that a launch vehicle’s high

4 9



costs relative to other manufactured products are justified because of complex
designs, unique performance requirements, exotic materials, aerospace-grade
parts, government documentation requirements, and very low production
rates.21  These are clearly some of the reasons launch vehicles cost so much,
but we can also view these so-called justifications for high launch prices as
targets of opportunity to cut the cost of space transportation,

Production Influences

Launch vehicles are produced in extraordinarily small quantities. Consider for
example that one of the higher production rates in the entire launch vehicle
industry was only six units per month. Hercules vice president Nick Vlahakis
said, “On GEMs  [the graphite epoxy motors used as strap-ons by the Delta
booster], we built six a month. That’s a pretty big production rate.“22  Low pro-
duction rates are usually caused by low launch rates, which are caused by low
demand. This is the case with expendable launch vehicles. The reusable Shuttle
Orbiter, of course, had such low manufacturing rates (only six were ever built,
including Enterprise) that economy-of-scale considerations were never applica-
ble. The low demand for expendable launch vehicles is caused by their own high
cost, as well as the high cost and low quantity of payloads. The high cost of
payloads, as we will discuss in more detail later in this study, is strongly influ-
enced by the high cost of low-production-rate launch vehicles. This situation has
created a vicious economic circle that neither the US government nor the aero-
space industry has found a way out of.

Another factor contributing to the low production rates (and high costs) of ex-
pendable launch vehicles is that they are not designed to accommodate high-, or
even modest-, rate production runs. 23  Engineers have a propensity for designing
elegant solutions to problems. Unfortunately, rocket engineers do not always con-
sider the manufacturing, operational, or cost implications of their designs. For
example, a Titan IV fuel torus requires 186.6 work-hours of direct labor to manu-
facture. In addition, the process requires 93 indirect, or supervisory work-hours
and 143 product assurance work-hours. 24  This totals 422.6 work-hours for the
building of a single fuel torus, one of a myriad of components required for the
engine alone. Prior to cancellation of the NLS effort, program personnel had
worked hard to simplify the manufacture of key booster components and to reduce
the number of parts. They recognized these as keys to lower manufacturing costs.

A large percentage of the work-hours used in manufacturing the Titan IV fuel
torus is expended in striving for the high reliability needed for today’s launch
vehicles. The fuel torus will become part of a very expensive booster that is launch-
ing a very expensive payload. If the Titan IV had been designed to be man-rated,
reliability requirements would have been even higher. The aerospace industry
builds components very carefully and deliberately. It uses the very highest quality,
most thoroughly tested, and most expensive parts available. It carefully documents
every manufacturing process and every test of each component, from its origin as
raw material all the way through launch. 25  This documentation process has
become an enormous and costly, sometimes even schedule-driving, effort.26
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The High Cost of Maximum Performance
and Minimum Weight

The quest for maximum performance and minimum weight is deeply in-
grained in aerospace industry design approaches. Pilots have traditionally
wanted to go faster and farther, and better performing, lighter aircraft have
usually been the answer. This is why aluminum, composites, and even cloth,
have been widely used as aircraft materials and why steel has not. In the case of
a launch vehicle, however, it doesn’t really matter how large the ratio of initial
vehicle weight to payload weight is, as long as the cost per kilogram to low earth
orbit is low. That is, the size (weight) of a booster might not be as critical as we
normally assume. It may not be the most cost-effective solution to develop very
high performance engines with high-power densities to boost the lightest booster
airframes and payloads we can possibly design. Maximum performance and
minimum weight designs are fundamental requirements for single-stage-to-orbit
vehicles, but not for two- or three-stage vehicles. In fact, the more stages a
booster has, the less important high performance and low weight become.27

The late George Koopman, cofounder of AMROC, said, “Existing aerospace
firms are set up to produce maximum-performance products without regard to
cost. They don’t know how to think in commercial terms.“28  The result of a
maximum performance, minimum weight launch vehicle design is a complex,
high-technology booster with low design margins. These low design margins
mean that the vehicle will not be rugged, fault-tolerant, or weather-insensi-
tive, and that when failures occur they will tend to be instantaneously cata-
strophic. To compensate for this fragile, unforgiving vehicle design, engineers
have typically added multiple redundant on-board systems, and have speci-
fied very deliberate manufacturing procedures using the highest reliability
parts and components. The added redundancy and the specialized manufac-
turing compound the problems of complexity and high cost.

A complex, high-tech, highly redundant launch vehicle will be composed of
a large number of parts, each representing a potential failure point. The
higher the number of parts, the higher the number of interfaces. The more
interfaces that are present (especially external interfaces), the more people
that are required, both in the factory and at the launch base. Because of the
intense deliberations and scrutiny associated with launch vehicle manufac-
ture and operations, the number of interfaces a booster contains has a major
influence on manpower requirements and total cost. Orbital Sciences Corpo-
ration’s Taurus program manager, Joseph Padavano, said, “From the begin-
ning, Pegasus and then Taurus were designed to minimize interfaces and to
enable a small crew to check out the vehicle and integrate and launch it.“29

The High Development Cost Roadblock

Major aerospace programs usually have very large development (onetime
nonrecurring) costs for designing, developing, and prototyping the first copy of
the desired system. Launch systems have historically followed this pattern,
although the Space Shuttle is the only new large launch system developed by
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the US in the last 25 years. Big development costs for new launchers create a
significant early hurdle for program proponents seeking to justify their sys-
tem. In the case of new weapon systems, operational necessity is typically the
central issue that program supporters must address. This is not the case,
however, with new launch system proposals.

New launchers, particularly in the post-cold war environment, must in-
creasingly pass the cost-effectiveness test-and high development costs make
this difficult. These large initial outlays must be amortized somehow, and
within a reasonable amount of time, so the launch system can start “paying
its own way.” There is a temptation to construct large, speculative, future
mission models to allow projections of a high launch rate and rapid retire-
ment of the development debt. In fact, this is one of the traps the Shuttle fell
into. But the Shuttle’s projected large mission model and frequent launch rate
never materialized.

The high development costs of new launch systems tend to direct decision
makers away from new program starts and toward maintaining the status
quo. For example, the estimated development cost of the National Launch
System, even after removing the NLS-1 heavy lifter, was $10.5 billion. For
this money, the US would have gotten an initial NLS capability by the year
2002.30  For the same amount of dollars, a payload customer could go out
today and purchase 221 Delta II 7925 launches. This represents almost as
many Delta launches as all the Delta missions flown since the program began
in 1960.31  The existing stable of US launch vehicles is expensive and not very
responsive, but these vehicles are currently available at known prices and
their development costs have long since been paid for. If Congress is to appro-
priate dollars for a new launch system, development costs must be signifi-
cantly lower or proponents must articulate sufficiently compelling
justifications for large development expenditures.

One of the reasons development costs are typically very high for large
aerospace systems is the considerable amount of new technology, hardware,
and software development required to field the system. Further, DOD and
NASA program managers have often allowed, or even used, the acquisition of
major aerospace systems to serve as a mechanism to advance the state-of-the-
art in key technology areas. Although technology advances may  be required in
many cases in order to achieve program objectives, these new technologies are
costly and managers must minimize their development. In the case of launch
vehicles, the desire for a new booster that has maximum performance and
minimum weight will demand certain technology advances and will require
“repackaging” of existing systems and components to minimize weight and
volume, all of which are expensive propositions.

The ticket to Orbital Sciences Corporation’s successful commercial develop-
ment of the Pegasus air-launched booster was low development costs. These
low costs were enabled by savvy management and engineering, maximum use
of off-the-shelf technology, hardware, and software, and a commercial devel-
opment environment that was free of government involvement.32
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Large government-funded aerospace programs generally have big develop-
ment budgets, are staffed with many government employees, and attract
large numbers of contractor personnel not directly involved in production.
These contractors provide systems engineering technical advice and other
analytical services. This government and contractor “oversite” can make de-
velopment costs spiral upward, not only from labor costs, but also from the
prodigious amount of data and studies they produce that require additional
work-hours to review. They also develop technical analysis requirements for
the contractor building the aerospace system that often are of questionable
value but that still require significant work-hours and dollars to respond to.
This, of course, is completely contrary to the approach taken by the early
Lockheed “Skunkworks” programs, which had minimal government program
office personnel and which achieved remarkable success.

It is likely that aerospace programs with big development costs will result
in operational systems with big recurring costs.33  This is particularly true
with respect to expendable launch systems. Large development budgets, and
the army of people that accompany them, usually build-in costly complexity,
non-mandatory capabilities (bells and whistles), over-optimized performance
(gold-plating), and excessive oversight and analysis. Reusable launch systems,
especially single-stage-to-orbit designs, would likely have higher development
costs than expendable vehicles, but they could have lower recurring costs.
However, they would still need aggressive management to avoid the pitfalls
normally caused by large development budgets.

One final factor in the cost of aerospace system development is the amount
of modularity and system commonality in the design. For example, each of the
Delta II 7925 vehicle’s three stages is a completely separate design with its
own unique propulsion system. There is no commonality between engine de-
signs or propellants. The 7925 also employs a completely separate (and differ-
ent) system of solid-propellant strap-on boosters (i.e., the Delta II 7925
configuration employs a core vehicle first stage using LOXRP-1 propellants, a
second stage using hypergolic  propellants, a third stage using solid propel-
lant, and a set of solid propellant strap-ons). If the Delta were designed today
from a clean sheet of paper, it would require separate, dedicated development
efforts for each of the stages and propulsion systems. The Titan IV with a
Centaur upper stage has four unique stages (counting the solid strap-ons and
the Centaur), and the Shuttle uses three separate and unique propulsion
systems to achieve orbit. Each of these launch vehicles uses three of the major
(and different) classes of chemical propellants: cryogenics, hypergolics, and
solids.34  The designers of these vehicles were not trying to maximize system
commonality, but commonality can be an enabling technique for holding down
the cost of new system development.

A Zero Tolerance for Failure

The demand for increasingly greater launch reliability continues to have a
major influence on space transportation costs. This pursuit of high reliability
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is a manifestation of a larger cultural phenomenon: a zero tolerance for, and
fear of, failure. To have a detailed understanding of in-flight performance and
to be able to thoroughly troubleshoot problems, designers extensively instru-
ment launch vehicles. Launch systems and their payloads are subjected to
exhaustive testing at the factory and at the launch base. Arrays of engineers
and managers closely monitor each launch. (In the case of the Shuttle, its
entire mission.) Range safety requirements force the inclusion of onboard
command destruct systems and the addition of a significant ground infra-
structure of people and equipment. Downrange tracking stations provide
booster tracking and communications connectivity for telemetry downlinks.
Accountability, traceability, and quality assurance requirements have re-
sulted in a gigantic documentation system and a commensurate amount of
work-hours to create, update, review, and maintain it. This entire system of
detailed oversight is motivated by a general lack of confidence that launch
vehicles will perform as planned. Stamatios Krimigis, head of the Applied
Physics Laboratory’s space department, said, “[NASA] believe[s]  reliability
means expense. It’s a disease that has permeated the NASA system.“35

NASA Administrator Daniel Goldin, speaking at a NASA town meeting in
Tampa, Florida, in December 1992, said that the fear of failure was “a sick-
ness that pervades our society.“36 In government-run programs, government
managers will inherently select what appears to be the safest option, with
little regard for cost. This is because government employees are not motivated
by profit, but by mission success. They are aware that honest cost overruns
are much more acceptable, professionally, politically, and culturally, than
program failures. And as previously mentioned, in-flight booster failures tend
to be catastrophic. The media thrives on failures, and a government em-
ployee’s worst nightmare is a high-visibility, career-ending aerospace fiasco.
Therefore, when confronted with a set of options, managers almost never
select those that might hold the promise of reduced cost, greater efficiency, or
more capability if the options have a perceived higher risk, however slight.

In the US, the space program in general, and human space flight in par-
ticular, has always been a highly visible, public undertaking. Both the accom-
plishments and the problems of the early manned space program received
extraordinary media coverage and public interest. The Shuttle program also
received widespread and relatively balanced coverage initially. As Shuttle
flights became more and more routine, however, mission successes became
less and less newsworthy. The media began to focus on problems, with Shuttle
ground maintenance difficulties and the Hubble Space Telescope problems
being some examples.

The Apollo capsule fire and the Challenger accident brought about intense
media scrutiny: political inquiry, and public finger-pointing. Although these
losses were indeed tragic, seasoned test pilots questioned why there was so
much public hand-wringing, concern, and sympathy when many of their com-
rades had suffered similar fates in virtual anonymity. They viewed flight
testing as a very dangerous profession and accidents as an unfortunate but
inevitable part of aerospace progress. This is in no way meant to imply that
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we should not be sensitive to the loss of human lives. However, there was a
time when taking well-considered risks and having occasional accidents were
better tolerated in our society. If early aviation pioneering in the US had been
subjected to the same amount of oversight, and the failure intolerance af-
forded today’s space program, its astoundingly successful commerical applica-
tion would have been, at best, severely delayed.

Navy Captain David C. Honhart, former president of the American Astro-
nautical Society, said about the Challenger accident:

My personal thought is that we made a mistake following the Challenger accident.
After it was determined that the booster joint was the cause of the accident, we
should have taken the position that the problem was not an engineering problem,
but rather an operational problem, and rather than looking for an engineering fix,
we should have looked for an operations fix; that is, we will not operate the shuttle
launch system below some temperature and surely not with icicles hanging from
the gantry. . _ . I think it is important for the American people to realize that space
travel is a dangerous business-more so than flying in an airplane or driving in a
car-and that other accidents will occur, and all the fancy formal reviews and all
the finger pointing and all the 20-some  approval signatures required in the future
will not alter the statistical fact of accidents to come. There is risk involved. How-
ever, when accidents happen we must pick up the ball and start running again
without significant delays.37

Launch Vehicle Remote Monitoring

Current launch vehicles are complicated systems that can have very com-
plicated failure modes. When vehicle failures occur, they are usually very
costly, gut-wrenching experiences. Consequently, engineers have, for years,
designed extensive system monitoring instrumentation into launch vehicles
for ground testing and in-flight analysis. This instrumentation, and the com-
munications equipment to get its data to the ground, is the rough equivalent
of the “black box” voice and data flight recorders carried on today’s large
aircraft. In contrast to the aircraft recorders, however, data provided by
booster monitoring instrumentation can be analyzed in real time by the team
of ground personnel tracking the vehicle’s progress. Downrange stations are
necessary to provide tracking data and communications connectivity, and this
capability for remote, instantaneous assessment of space boosters is expensive
to develop, install, and staff. Even with this capability, there are no guaran-
tees that all failure modes will be identified.

Despite large amounts of data from an array of sensors, engineers could not
directly and immediately ascertain the cause of the two identical Centaur
engine failures that occurred in 1991 and 1992. General Dynamics even con-
sidered attempting a recovery of Centaur hardware to help identify the source
of the failure, despite the fact that the wreckage splashed down into deep
water in the Atlantic Ocean. Michael Wynne, president of space systems and
commercial launch services at General Dynamics, said “I’m not sure whether
we will understand fully why this engine failed.“38  The cause of the failures
was ultimately uncovered through intensive analysis and testing.39

5 5



In the aftermath of failures like the Centaur engine experienced, there is a
strong inclination to increase the vehicle’s instrumentation to enhance the
probability of easier and more direct failure analysis when future failures
occur. Such practices tend to put the vehicle into an instrumentation growth
spiral, but the complex nature of current booster designs may not allow any
other solutions.

One school of thought supports extensive vehicle instrumentation for future
expendable launch vehicles so that system downtime can be minimized if a
failure occurs.40  This approach has some merit, but program managers must
carefully weigh its benefits with the added complexity, manpower overhead,
and cost that such an approach requires. And designers may be able to mini-
mize system monitoring by developing simple, forgiving vehicles with robust
design margins.

Range Safety Requirements

An event associated with the testing of captured German V-2 missiles by
the US Army provided the genesis for today’s range safety infrastructure
and command destruct systems. On 29 May 1947, German rocket scien-
tists, working with Army and General Electric personnel, launched a V-2
that had been specially modified with an upper stage for ramjet  research
from White Sands Proving Ground, New Mexico. Round #0 of the Hermes II
series started experiencing control problems four seconds into the flight,
causing the vehicle to fly south instead of following its planned northern
trajectory. The vehicle contained no destruct package, but ground person-
nel could have terminated thrust with a transmitted command. They de-
layed sending this command, however, to allow the missile to expend its
propellant. As a result, it crossed the international border and impacted 76
kilometers (47 miles) south of the launch site near the city of Juarez,
Mexico. No one was hurt, but it created an international incident and
forced the Army to cease launch activities until much better range safety
systems and procedures could be developed.41

During the launch stand-down, the Army installed a system that integrated
radar data into an automatic plotting board, an impact computer that pro-
vided continuous trajectory predictions, and a visually-cued sky screen. These
systems were installed to help keep missiles within the bounds of the proving
ground and away from populated areas. 42 Technical descendents  of these
systems are still used today-and for the same purpose. Costly range safety
systems are maintained at all US ranges. All launch vehicles, including the
human-carrying Shuttle, have destruct packages that allow safety personnel
to destroy any vehicle that goes off course so that populated areas will not be
threatened.

It is worth noting that large commercial, military, and civil aircraft,
filled with huge quantities of flammable jet fuel, routinely ply the skies
directly over densely populated areas of the US. These aircraft carry no
destruct systems, and they have no remote real time system-monitoring
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capability or the team of trained personnel to support it. However, they do
communicate with aircraft controllers whose primary job is to keep proper
distance between the huge number of aircraft flying at any one time. These
aircraft occasionally have accidents, sometimes with significant loss of life
to both passengers and people on the ground. Investigations ensue, but
there is rarely any interruption of transport service. There is no national
hue and cry, and passengers continue to travel by air. They are aware that
there are risks involved in flying on commercial aircraft. They weigh those
risks against the benefits that air travel provides, then make their decision
whether or not to fly.

It is certainly true that launch systems have not yet demonstrated the kind
of reliability typical of large transport aircraft. But it is also true that today’s
in-flight monitoring and range safety procedures are at least partially based
on early missile reliability figures that were much worse than those exhibited
by current launch vehicles.

An inelegant but cost-effective means of astronaut transport: an Apollo capsule returns from
a mission and heads for a water splashdown.

5 7



An elegant but expensive means of astronaut transport: the orbiter Challenger makes the
initial Shuttle landing at Kennedy Space Center.

The Space Shuttle main engine, ultra-optimized for maximum performance
and minimum weight.
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The patchwork quilt-like covering of tiles on the belly of the orbiter
Columbia.

The expendable external tank for the STS-4 mission.
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The gaseous oxygen vent hood undergoes tests
at the KSC Launch Equipment Test Facility.

Installation of the Delta booster’s solid-propellant
strap-ons.

Hermes II, Round #l, very similar in configuration to
the Round #0  vehicle that flew off-course and landed
in a Juarez, Mexico, cemetery.
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Summary

This chapter has discussed many of the causes of high launch costs. The
early missile and space programs have handed down a proud, but expensive,
design and operations legacy. Current design and manufacturing practices,
along with a continuing drive for greater reliability, also contribute to high
costs. Understanding why space launch is so expensive is an important step
toward developing practical solutions. Another important step is to explode
some myths about launch vehicle design and operations.
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Chapter 5

The Necessity for Complexity Myth

There is a general belief in the US that launching rockets into space has
been, is, and always will be a complex undertaking that requires extremely
sophisticated equipment, large budgets, and personnel possessing the highest
intellects in the land. However, we must focus on the fundamental demands
of rocketry in order to develop an accurate understanding of the true require-
ments for space launch.

To place launch vehicles in proper perspective, we need to compare the
designs of their powerplants to the designs of various aircraft propulsion
systems, Despite the perception of complexity associated with launch vehicles
in the US, Soviet launch vehicle designs and operating practices, along with
the experience of German V-2 rocket engineers during World War II, indicate
that simple design and manufacturing approaches are practical. A number of
private experimental rocketry organizations have successfully built and flown
solid, liquid, and hybrid propellant sounding rockets on shoestring budgets.
There have also been several notable successes by the US aerospace industry
in developing simple rocket engines and launch systems. These examples
provide important precedents and lessons learned for building inexpensive
space boosters. This chapter will debunk the notion that complexity is a nec-
essary characteristic of space launch systems. It will support the idea that
simple, very inexpensive launch vehicles are, in fact, possible.

Launch Vehicle Complexity: Myths and Realities

In the 1950s and 1960s,  there was a widespread public fascination with
space in general and with manned spaceflight in particular. The conquest of
space was psychologically tied to the most exotic, cutting-edge technology in
existence. Even today, this linking of space and complicated technology is
reflected in popular colloquial expressions such as, ‘You don’t have to be a
rocket scientist to understand this problem.” The term “space age” is a euphe-
mism for anything associated with high techno1ogy.l  This attitude has created
an assumption and an expectancy, by both the man on the street and the
aerospace engineer, that space systems will be highly complex.

Today’s launch vehicles and spacecraft are surrounded by a powerful aura
of elaborateness, of almost priceless value, and of fragility. Although these
perceived characteristics are not without justification, they are amplified by
our sense that space systems and their rocket-propelled launch vehicles must
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be of the utmost complexity. Anyone who has ever worked at a launch base
such as Cape Canaveral or Vandenberg knows that you never touch space
hardware unless you have a very strong justification (such as a work order in
your hand). You don’t need to be told; you just know not to do it. This is
because space hardware is treated and handled with the utmost care, and
workers are imbued with the sense, or even fear, that the slightest touch
could result in millions of dollars in damage. Spacecraft are usually manufac-
tured-as well as processed at the launch site-in a clean room environment,
and this serves to reemphasize the high-tech nature of space systems.

Launch vehicles traditionally require a massive team of personnel to proc-
ess and launch-at very high cost. Yet the complex and expensive Apollo
program accomplished six lift-offs with a launch crew of only two people, and
they did it from the surface of another world. The preflight checkout was
accomplished from inside the cockpit of the launch vehicle, although the two-
man launch team had plenty of remote monitoring and analysis support.

A launch vehicle’s fundamental requirement is to lift its payload above the
atmosphere, and to impart to the payload a velocity vector of sufficiently  accu-
rate direction and speed. An expendable launch vehicle must accomplish this
requirement by working right once for a total of approximately eight minutes.
Despite these seemingly less-than-stressing performance requirements, space
launchers-including expendable boosters-are expensive, complex, machines
that need very careful handling and benign operating environments.

One of the reasons for the complexity of launch vehicles, particularly with
regard to the Space Shuttle and many of the new launch concepts NASA has
proposed over the years, may be an institutional attitude within the space
agency about technology development. Launch vehicle design consultant
James R. French said:

NASA is not interested in developing systems which do not require improvements
in the state of the art. This is a matter of both natural bias and organizational
charter. While NASA cannot really be criticized for this attitude, it certainly stands
in the way of developing low cost operational vehicles.2

Navy Captain David C. Honhart, former president of the American Astro-
nautical Society, said:

We have a propensity in this country to strive for complex sophisticated solutions,
when perhaps less complex systems would get the job done. Admiral Gorshkov of
the Soviet Navy maintained that “Better is the enemy of good enough . . .” I think
there is a lesson there for all of us.3

Rocket Engines and Aircraft Engines

To better establish whether extreme complexity and its attendant high cost are
mandatory characteristics of space launch vehicles, it is helpful to review the
development history of rockets and aircraft, and to compare rocket engines to
various aircraft propulsion systems. Modern US aircraft engines are manufactured
by the same aerospace industry that builds rocket engines; and these systems
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share enough commonality in design practices, materials usage, and perform-
ance requirements to allow at least a limited apples-to-apples comparison.

Rockets are not a product of twentieth century technological advances; they
have been around for a long time. Solid propellant rockets have existed for
many hundreds of years, the Chinese apparently having known of the technol-
ogy since the eleventh century. They were probably the first to practically
apply Issac Newton’s third law of motion (long before the British scientist
ever formulated it). This centuries-old heritage of black powder-based rock-
etry is reflected today in China’s domination of the world’s commercial fire-
works market. The British used solid propellant rockets developed by William
Congreve during the War of 1812; and both Union and Confederate forces
used rockets similar to the British weapons during the American Civil War.4

On 16 March 1926, Professor Robert Goddard conducted the first successful
flight of a liquid-propellant rocket near Auburn, Massachusetts, less than 23
years after the first powered flight of an aircraft. Goddard’s rocket engine
used liquid oxygen and gasoline, and propelled the rocket to a height of 12. 5
meters (41 feet). The flight duration was a mere 2.5 seconds. Nevertheless,
this important first step in modern rocketry was, in many ways, comparable
to the Wright brothers’ historic 1903 flight. Dr Goddard continued his work at
a site near Roswell, New Mexico. Between 1930 and 1941, he made important
contributions to the development of practical liquid-propellant rockets. De-
spite having to operate on a limited budget and receiving little interest from
the US government, Goddard laid the groundwork for the liquid-propellant
ballistic missiles and launch vehicles of the future.5

Although the first powered aircraft flew in 1903, its powerplant was based
on reciprocating engine technology derived from the automobile engine, which
had been developed in the late nineteenth century. Gas turbine aircraft en-
gine designs, on which all modern jet engines are based, were not practically
demonstrated until the World War II era. By that time, the Germans had V-2
ballistic missiles with 222,400-Newton-(50,000-pound-)  thrust liquid rocket
engines in mass production-under wartime conditions.6

The liquid rocket engine and the solid rocket motor are mechanically, in
their simplest forms, much less complex than the simplest reciprocating en-
gine or jet engine. Launch vehicle engineer Edward Keith has described the
simple liquid-propellant rocket engine as “a one-cylinder engine with no pis-
ton.“7 The rocket engine experiences a thermal environment, propellent and
exhaust gas-flow rates, and internal pressures that are generally more stress-
ing than those of aircraft engines. Yet it remains a fundamentally simple
device. The grammar school teacher who blows up a balloon and then releases
it to illustrate the principle of jet propulsion is actually demonstrating some-
thing that is much closer in design to a rocket engine than to a jet engine.

A liquid rocket engine becomes complicated when engineers seek to maxi-
mize performance with enhancements. Examples of typical enhancements are
very high combustion chamber pressures, ultra-lightweight materials that
can still handle high thermal ranges, complex cooling systems, exotic and
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hard-to-handle propellant combinations, computers to optimize propellant
mixture ratios, and very high-speed turbomachinery.

The Example of Russian Launch Vehicles

A comparison of US launch systems to those operated by Russia reveals
important information about US and Russian design, manufacturing, and
operational practices. Russian launch vehicles, which cost only one-half to
one-fifth as much as US boosters, have demonstrated superior reliability re-
cords (see table 6). For example, the Vostok family of launchers, derived from
the old Sapwood  SS-6 ICBM, is comparable in performance to the Atlas Cen-
taur, but it has a unit cost of only $17.3 million.’ Between 1970 and 1990,
Vostok boosters accomplished 1,108 launches with only three failures, result-
ing in a reliability of 99.73 percent. 9 Although some may try to dismiss the
Vostok’s low cost as simply a result of unreliable currency conversion calcula-
tions and Russian attempts to buy into the international launch market, the
reliability figures speak for themselves. The Russians achieved these figures
despite routinely launching in temperatures ranging from -48 degrees centi-
grade (-55 Fahrenheit) to 41 degrees centigrade (105 Fahrenheit), under bliz-
zard conditions, and in high winds.10

Table 6

Vostok and Atlas Comparison

VEHIGLEWST LAUNCHES FAILURES RELlABlLm
1 ~197~1BBO) f WO-1990) fl970-1990~ "

Vostok 17.3 1,108 3 99.73%
A t l a s 80.0 100 10 90.0%

‘ C o s t s  a r e  i n  1 9 9 3  D o l l a r s

During the same period (1970-1990),  Atlas boosters were launched 100 times
with 10 failures, for a reliability record of 90 percent;” and it is safe to assume
that the Atlas launchers were manufactured with significantly superior parts
and processes, and with more quality control measures (which partially explains
the Atlas’ higher cost). 12 Weather is always a major concern for any US launch
vehicle, so launch support personnel must conduct a battery of meteorological
measurements using balloons, sounding rockets, and other data sources prior to
every launch. When an Atlas Centaur was destroyed in 1987 due to a lightning
strike on the vehicle, the result was even tighter launch weather restrictions for
all US boosters.13

Despite much cruder manufacturing practices-and operating sometimes in
weather conditions that would close commercial airports-the Russian Vostoks
are markedly less expensive and much more reliable than their US counter-
parts. 14 Nor are these characteristics unique to the Vostok-Atlas comparison;
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they are generally true when comparing any Russian booster to a US launch-
er of commensurate performance.

Simple and Rugged Russian Booster Designs

To a large extent, engineers in the former Soviet Union were able to de-
velop inexpensive and reliable boosters because economic conditions in their
country forced them to. Compared to US launch vehicles that were designed
for maximum performance and minimum weight, Soviet booster designs were
suboptimized. However, “suboptimized” is a very relative term-the Soviet
launchers got the job done, even though they were larger, heavier, and cruder
than US launch vehicles with similar performance. Furthermore, they were
cheaper and more reliable than corresponding American boosters.

Lacking the kind of scientific, engineering, and economic infrastructure that
existed in the US, the Soviets used a few good, simple designs and modularized
them. They could, therefore, be coupled together in various combinations to meet
different mission requirements. This contrasts sharply with the traditional US
approach, in which engineers typically start from scratch and custom design the
system from top to bottom to meet specific and unique mission requirements.
The Soviet design approach would not be very exciting to a US engineer who is
eager to exercise his or her design skills against a challenging problem. But
despite being somewhat boring technically, Soviet designs maximized the use of
existing resources and minimized nonrecurring design and development costs.15

James Oberg, an authority on the Russian space program and an engineer at
NASA’s Johnson Space Center, said, ‘We have spent our resources chasing the
will-o’-the-wisp of maximum pressure and minimum weight. The [Russians] just
build big, crude rockets and save their money.“‘”

Aerospace historian Roger E. Bilstein, in his landmark history of the
Apollo/Saturn launch vehicles, Stages to Saturn, superbly captured the dra-
matic differences between US and Soviet design philosophies.

The tank skins and structural elements of American vehicles were kept at mini-
mum thicknesses, shaving the weight of the structure as much as possible to en-
hance the payload capability. The first Western insight into the style of Soviet
vehicle structure occurred in 1967, when the Vostok spacecraft and booster system
were put on display in Paris. The Russians’ series of A-type vehicles appear to have
been exceedingly heavy. The Vostok launch vehicle arrived via Rouen, France, by
sea, prior to shipment to Paris. To move the tank sections of the launch vehicle,
workers hooked up cables to the opposite ends of the tank sections and picked them
up empty, surprising many western onlookers who expected them to buckle in the
middle. Their amazement was compounded when the Soviet technicians proceeded
to walk the length of these tank sections, still suspended in mid-air, without dam-
aging them in the least. The Russian vehicles were, if anything, extremely rugged.17

An Example of Simplicity-The
Russian RD-107 Rocket Engine

An excellent example of a Soviet suboptimized design which is very cost-ef-
fective and highly modular, is the RD-107 rocket engine, the propulsion sys-
tem for the Vostok booster strap-ons. The RD-107, like many Soviet rocket
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The Rocketdyne MA series engines used by the Atlas launch vehicle.

engine designs, differs from Western engines by having multiple thrust cham-
bers for each engine. Western rocket engines traditionally have one thrust
chamber per engine. (The Rocketdyne MA series two-barrel booster engine
used on the Atlas launch vehicle is one notable exception.18) The Gas Dynam-
ics Laboratory-Experimental Design Bureau developed the RD-107 between
1954 and 1957.19

The RD-107 was derived from captured German V-2 rocket engine technol-
ogy. It uses a liquid oxygen (LOX)-kerosene propellant combination, avoiding
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more exotic and energetic combinations like LOX-hydrogen.20  The thrust
chambers are not constructed from the bundles of tubes so common in regen-
eratively cooled US designs, but are made of low-grade stainless steel with a
copper lining. This design simplifies the engine’s manufacture, which is im-
portant since the Russians have averaged building at least four thrust cham-
bers per workday for over 20 years.21

Although the four-chamber feature of the RD-107 caused the Vostok strap-
ons to be wide at the base and heavier overall, the multiple-chamber design
likely has provided an important benefit to engine production. By having to
produce four smaller thrust chambers per engine instead of one large one,
combined with the high production requirements for all Vostok subsystems,
the Russians have been able to enjoy tremendous economies of scale by West-
ern booster manufacturing standards. Since each RD-107 has only one tur-
bopump assembly (albeit a higher-pressure system compared to Western
designs of the 1950s),  the Russians have had to produce only one-fourth as
many of these relatively complex components as the simple thrust chambers.
The gross size of the RD-107 turbomachinery indicates that it is probably
much easier to manufacture than Western turbomachinery, which is designed
for maximum power density.22

Each Vostok booster uses four identical RD-107-powered strap-ons and a
sustainer core, which uses a slight modification of the RD-107 engine called
the RD-108. The Russians have launched well in excess of a thousand Vostok-
type boosters over the years, and this large number combined with the modu-
lar nature of the Vostok design has allowed high production rates of vehicle
components.23 In fact, the Russians have averaged a delivery every workday
for over 20 years of at least one turbomachinery assembly, one strap-on or
sustainer core section, and four engine thrust chambers.24

Systems like the RD-107 engine and the Vostok booster are good examples
of designs that were used over and over in a very effective manner. This
Russian penchant for reusing existing technology is reflected not only in their
launch vehicles but also in their payload designs. The Vostok spacecraft, for
example, was originally used as an early cosmonaut carrier but has been
modified to perform a variety of unmanned missions, including biological
research and photo-reconnaissance.

Russian Launch Operations-
Simple and Fast

Russian launch operations are very different from launch processing tech-
niques commonly used for US launch vehicles. Russian boosters are typically
built horizontally in enclosed buildings and then transported to the launch
site by rail. At the launch site, the entire booster stack is erected to a vertical
position, loaded with propellants, and launched. This approach is distinctly
different from procedures used for US launchers; US procedures include sig-
nificant and lengthy processing and testing that often result in vehicles being
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on the pad for months. The pad time for Russian launchers is typically meas-
ured in hours.

Russian launch practices were likely born out of necessity. The frequently
harsh weather encouraged keeping outside activities as brief as possible, and
the high launch rate did not allow launch pads to be tied up for extended
periods. Also, the simple, rugged designs of the Russian boosters and payloads
permitted engineers to gain acceptable confidence in mission success with
only limited and brief testing and checkout. The Russian launch vehicles’
short pad dwell times and high launch rates translate into greatly reduced
per-mission launch costs when compared to US launchers.

The Russian Launch Program-
Simple, Modular, and Robust

The Russians have achieved a low-cost, reliable launch capability because,
first of all, they used simple, damage-tolerant designs that were less than
optimum by Western standards (from a performance and weight minimiza-
tion standpoint). The Soviet boosters and their subsystems were designed to
be highly modular, allowing vehicle customization for various missions with-
out always requiring completely new launch systems. Soviet launcher modu-
larity also provided the opportunity for large manufacturing economies of
scale for many components. Either because of pragmatic engineering judg-
ment or because of economic necessity, the Soviets reused existing designs for
decades, making minor modifications only when necessary.

Their launch operations emphasize off-line processing and minimum pad
time; and their simple, rugged launch vehicles have required minimal launch
pad testing. Also, Russian boosters have enjoyed high launch rates, thus en-
hancing manufacturing economies of scale and driving unit costs down. It is
interesting to speculate on how well US industries would do if they applied
these simple factors in a completely commercially-driven venture. After all,
the reliable, low-cost Russian launch capability has been built by a country in
which inefficiency and waste have been historically endemic.

The Lessons of the German V-2 Missile Program

The German V-2 ballistic missile offers another example of a rocket program
that succeeded despite developmental, manufacturing, and operational conditions
that were far less than ideal. The V-2 had few of the benefits that the development
and production process for today’s boosters routinely enjoy, but the program still
achieved remarkable success despite these shortcomings. The V-2 design laid the
foundation for modern liquid-propellant missiles and launch vehicles.

The Early German Rocket Program

On 17 December 1930, German army officers met to discuss the possible
use of rockets as weapons of war. Since the Versailles Treaty did not expressly
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A captured German V-2 ballistic missile.
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Cutaway drawing of the V-2’s internal configuration.
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The V-2 rocket engine.

forbid Germany’s possessing rockets as weapons, Wehrmacht officers viewed
them as a legitimate technology. The German army appointed Capt (later Maj
Gen) Walter R. Dornberger to oversee the development of large military rock-
ets and, in 1932, Dornberger hired Wernher von Braun to begin building
experimental liquid-propellant rocket engines. Dornberger then assembled a
capable team of engineers and technicians for the task at hand. Throughout
the 1930s  the Wehrmacht’s rocket program yielded progressively more pow-
erful and capable prototype ballistic missiles.25

By 1937, most of the German technical team had moved to the new rocket
research site at Peenemunde, on the Baltic Sea.26  By this time, development
of the A-4 missile was well under way. The Germans intended the A-4, with a
planned warhead weight of 900 kilograms (2,000 pounds), to be an opera-
tional weapon. The missile’s 222,400-Newton  (25ton)  thrust engine used liq-
uid oxygen and an alcohol-water mixture. The engine used the gas-generator
cycle to power its turbomachinery. The A-4 was a tremendous engineering
achievement. It pioneered a number of technologies, including inertial guid-
ance techniques and the use of a hydrogen peroxide-fueled steam generator in
conjunction with the LOX-alcohol turbopump. 27 Despite fluctuating funding
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and a generally low priority within the German military, an A-4 was success-
fully launched for the first time on 3 October 1942.

Wartime Production of the V-2

Hitler ordered the A-4 to be placed in full production, and an underground
factory was constructed in the Harz Mountains near Nordhausen in central
Germany. The Germans formed a state-owned corporation called Mittelwerk
to manufacture the A-4s (or V-2s,  as they would become dubbed by the Nazi
propaganda organization). The factory’s manpower resources were largely
provided by the collocated Dora concentration camp.28

The working environment in the underground Mittelwerk facility was ap-
palling-the worst possible examples of %-managed slave labor. Starving
workers were subjected to severe physical abuse, and disease was rampant.29
Despite these wretched conditions, a number of prisoners defiantly carried out
an active program of sabotage against the production of the V-2s.30  Jean
Michel gives his eyewitness account of the concentration camp in Dora. He
describes one instance where a prisoner had sabotaged 152 parts in a single
day. Michel writes:

I am even sure that the German scientists would have preferred to see their mar-
vellous missiles made in more civilized factories and by a better treated work-force.
They probably deplored the delays that our technical incompetence and our physi-
cal condition-not to speak of our sabotage-aused  their programme.31

On 31 December 1943 the first few production V-2s rolled off the Mit-
telwerk assembly line. The factory built 50 missiles in January 1944, and
produced a monthly high of 690 missiles a year later. Between January 1944
and March 1945, a total of 5,947 V-2s were fabricated in the subterranean
factory. Of these, the Germans ultimately launched 3,600 against targets in
England and on the European continent. Out of the 3,600 V-2s launched,
2,890 reached their targets, demonstrating a reliability of 80 percent.32  The
V-2 achieved this remarkably high percentage despite all of the liabilities
working against its success.

The Germans mass-produced the V-2 under wartime conditions, with short-
ages in a variety of critical resources, materials, and components. The labor
force that built the missiles was largely untrained, unmotivated, physically
weak, and actively engaged in industrial sabotage. Working conditions could
not have been much worse. The V-2 was a reasonably complicated vehicle,
compared to other World War II weapon systems, and there was no manufac-
turing experience base for the missile’s numerous design innovations. Also,
the mobile V-2s were transported and launched in areas where the enemy had
complete control of the air. Considering all of these factors, the V-2 had an
amazingly successful and reliable track record.

Analyzing the V-2 in Today’s Context

By today’s US aerospace standards, the V-2 was a crude and unsophisti-
cated missile. However, the missile’s propulsion system was fundamentally
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the same as the first stage propulsion systems of contemporary liquid-propel-
lant US launch vehicles. The V-2 is widely recognized as the grandfather of
all modern liquid-propellant missiles and space boosters. The US Army Red-
stone ballistic missile was a repackaged V-2 with a more advanced engine,

75



The Redstone was modified to serve as the booster for the initial two sub-orbital flights of
the manned Mercury program.

and the Redstone served as the launch vehicle for America’s first two manned
space flights.33

The German V-Z program during World War II demonstrated that good
liquid-propellant missile reliability is achievable, even using relatively com-
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plicated  designs for vehicles that are manufactured and operated under terri-
ble conditions. This experience offers the promise that outstanding liquid-pro-
pellant missile reliability is achievable using relatively simple designs for
vehicles that are manufactured and operated under good conditions, without
going to inordinately complicated and expensive lengths to make these condi-
tions absolutely perfect.

The Private Experimental Rocketeers

The design, manufacture, and operation of liquid-propellant rockets are
widely perceived to be highly complex undertakings that are possible only
with large, well-funded technical organizations. However, some individuals
have refused to assent to this view, and the most vivid demonstrations of the
falsity of this conventional wisdom are the efforts of a few private rocket
makers who build liquid-propellant rockets as an avocation. This discussion of
these private rocketeers  does not mean to imply that their efforts encompass
the broad number of technical disciplines and system requirements that are
fundamental to any launch vehicle capable of placing payloads into earth
orbit. Guidance and control technologies, in particular, are not usually ad-
dressed by the rocket projects of these individuals. Nevertheless, their efforts
do suggest that simple, low-cost liquid rocket engines and associated hard-
ware are possible.

The California Societies

In 1943, George S. James founded a private experimental rocketry organi-
zation called the Southern California Rocket Society. The California-based
organization was later renamed the Reaction Research Society (RRS).  Its
members were interested in designing, building, and flying high-performance,
experimental rockets as an avocational pursuit. The RRS still exists as an
active entity today, routinely testing and launching solid-, liquid-, and hybrid-
propellant rockets. Two other notable experimental rocketry groups that have
been in existence for many years and are still active are the Pacific Rocket
Society (PRS)  and the Rocket Research Institute (RRI). Like the RRS, both of
these organizations are located in California.34

Each of these groups is unique when compared to pioneering US rocketry
organizations such as Frank Malina’s GALCIT team and the American
Rocket Society (ARS),  because elements of GALCIT and the ARS formed
rocket engine manufacturing companies that received substantial government
contracts.35  These California experimental rocketry organizations have al-
ways been essentially private and nonprofit. We will focus on some of the
significant accomplishments of these groups in building liquid-propellant
rockets. In doing so, we will discover that liquid-propellant rockets can be,
and are being, built in workshops and garages by individuals who are using
very modest personal resources.
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Examples of Successful Designs

In the late 1940s,  RRS members David Elliot and Lee Rosenthal designed
and built a liquid monopropellant rocket. The vehicle’s propulsion system
used concentrated hydrogen peroxide in conjunction with a solid catalyst. The
rocket was optimized for simplicity, and it used nitrogen to pressure-feed the
hydrogen peroxide through the catalyst. Elliot and Rosenthal used as many
surplus parts and materials as possible to build their vehicle. The rocket was
1.78 meters (70 inches) long and 14.9 centimeters (6 inches) in diameter. On
14 May 1950, the rocket was launched near Rosamond, California. It reached
a calculated altitude of 7.2 kilometers (4.5 miles) and travelled 12.5 kilome-
ters (7.8 miles) downrange.36

The RRI’s  Spark Ia.  Under the auspices of the Rocket Research Institute,
some California aerospace engineers volunteered their time to build a simple
pressure-fed liquid bipropellant rocket propulsion system. Constructed in the
1950s,  the system was called the SPARK Ia.  It used LOX and alcohol for
propellants. Intended to serve as an educational resource for engineering
students, the SPARK Ia  was successfully static-tested on 1 December 1957
(with a thrust of 1,779 Newtons [400 pounds]).37

The PRS Acid/Alcohol Rocket. The Pacific Rocket Society developed a
number of different hybrid propellant rockets in the 1940s and 1950s,  using
liquid oxygen as an oxidizer and a variety of solid materials for fuel. More
recently, members of the society designed, built, and flew a bipropellant liquid
rocket using hypergolic  propellants. Dan Ruttle was the chief designer and
fabricator of the rocket, and the propellant combination selected was nitric
acid (oxidizer) and furfuryl alcohol (fuel). The propellants were fed through
the engine’s injector by pressurized gaseous nitrogen. Ruttle used a concentric
propellant-tank configuration to minimize plumbing, consistent with the pro-
ject’s overall motto to “keep it simple.“38 The PRS successfully launched the
rocket from Smoke Creek Desert, Nevada, on 19 July 1987, to an altitude of 3
kilometers (1.9 miles).39

Silver Bird II. The Reaction Research Society has been very active re-
cently with a number of liquid-propellant rocket projects. Mark Grant built a
pressure-fed, liquid-propellant rocket using LOX and kerosene. The vehicle,
designated Silver Bird II, was 4.9 meters (16 feet) long. On 26 October 1991,
Grant and his support crew successfully launched Silver Bird II from the
RRS-owned Mojave test area near Mojave, California, to an altitude of 2.75
kilometers (1.7 miles).40

Dave Crisalli’s Rockets. RRS member Dave Crisalli, while a midshipman
at the Naval Academy in the mid-1970s,  designed and built for his senior
class project a sophisticated LOX/kerosene rocket that was 5.6 meters (18.25
feet) in length. The engine was regeneratively cooled, had a thrust of 4,000
Newtons (900 pounds), and was pressure-fed with gaseous nitrogen. Crisalli
launched his rocket from White Sands Missile Range on 17 May 1976. Despite
a premature deployment of the recovery system, which drastically limited the
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Figure 2. The engine and injector configuration of the PRS acid/alcohol rocket
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Figure 3. The rocket’s injector dimensions and details
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maximum altitude achieved by the vehicle, the rocket still flew to three kilo-
meters (10,000 feet) and reached Mach 1. 41

Dave Crisalli’s LOXIRP-1  rocket at White Sands in 1976.

Recently, Crisalli has constructed another large LOX/kerosene rocket simi-
lar to his 1976 missile. This time, however, he has built and static-tested the
rocket without the support of the Naval Academy or any other organization.
The new rocket stands 6.3 meters (20.6 feet) tall and has a width of 31.75
centimeters (12.5 inches). The engine has a thrust of 4,500 Newtons (1,000
pounds), is regeneratively cooled, and uses LOX and RP-1 for propellants.
Gaseous helium that is pressurized to 246 kilograms per square meter (3,500
pounds per square inch) pressure-feeds the propellants through the engine’s
injector. The entire propulsion system has been successfully static-tested for a
full flight duration at the RRS’s  Mojave Test Area. The rocket should achieve
a peak altitude of over 56 kilometers (30 nautical miles).42  The total cost of
Crisalli’s project-including the cost of the rocket, the static test stand, the
18.3-meter  (60-foot) launch tower, and the propellant ground-handling equip-
ment-is about $6,000.43 He planned to launch this latest rocket from White
Sands Missile Range sometime in 1993.44

Tom Mueller’s Rocket Projects. Tom Mueller, another RRS experi-
menter, has built and static-tested a 222-Newton-(50-pound-) thrust
LOX/kerosene propulsion system for a small rocket, and successfully launched
a complete rocket using this propulsion system design on 16 October 1993.
His liquid rocket had a length of 1.9 meters (74 inches), and it achieved a
maximum altitude of 2.45 kilometers (7,950 feet). Mueller is also working on
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Figure 4. Crisalli’s latest vehicle, which he planned to launch from
White Sands Missile Range in 1993

a larger rocket that will use LOX and propane and have a thrust of 2,890
Newtons (650 pounds); it will be powered by a 44,480-Newton  (l0,000-pound)
engine he plans to static-test in 1994.45

Ken Mason’s Mobile Static Test Stand. RR1  member Ken Mason is an
experimental rocketry enthusiast who has been building and testing liquid-
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