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INTRODUCTION i1

Introduction

During its maiden voyage in May 1962, a Centaur upper stage rocket, mated to an Atlas
booster, exploded 54 seconds after launch, engulfing the rocket in a huge fireball. Investigation
revealed that Centaurs light, stainless-steel tank had split open, spilling its liquid-hyd rogen fuel
down its sides, where the flame of the rocket exhaust immediately ignited it. Coming less than
a year after President Kennedy had made landing human beings on the Moon a national
priority, the loss of Centaur was regardd as a serious setback for the National Aeronautics and
Space Administration (NASA). During the failure investigation, Homer Newell, Director of
Space Sciences, ruefully declared: “Taming liquid hyd rogen to the point where expensive oper-
ational space missions can be committed to it has turned out to be more difficult than anyone
supposed at the outset.™

After this failure, Centaur critics, led by Wernher von Braun, mounted a campaign to cancel
the program. In addition to the unknowns associated with liquid hydrogen, he objected to the
unusual design of Centaur. Like the Atlas rocket, Centaur depended on pressure to keep its paper-
thin, stainless-steel shell from collapsing. It was literally inflated with its propellants like a football
or balloon and needed no internal structure to give it added strength and stability. The so-called
“pressure-stabilized structure” of Centaur, coupled with the light weight of its high-energy cryo-
genic propellants, made Centaur lighter and more powerful than upper stages that used
conventional fuel. But, the critics argued, it would never become the reliable rocket that the
United States needed.

Others, especially military proponents of Centaur, believed that accepting the challenge of
developing liquid-hydrogen technology was an important risk to take. Herbert York, Chief
Scientist for the Advanced Research Projects Agency (ARPA), had urged NASA Administrator T.
Keith Glennan to expedite the program in 1959 because Centaur was “the only vehicle that has

the capability of meeting our payload requirements for high altitude orbits.” Six months after

' U.S. House of Representatives Subcommittee on Space Sciences of the Committee on Science and Astronautics, “The Centaur
Program,” 87th Congress, 15 and 18 May 1962 (hereafter cited as Centaur Program, 1962 Hearings), 11.

2 Herbert York to T. Keith Glennan, 19 September 1959, Centaur files, NASA Historical Reference Collection.
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Centaur’s aborted first flight, President John E Kennedy demanded to know what NASA hoped
to achieve with Centaur. Administrator James Webb’s response was unequivocal. With the Apollo
program already committed to using liquid hydrogen in the upper stages of the giant Saturn
vehicle, Centaur would prove the fuel’s feasibility.> The Agency was also counting on Atlas-
Centaur to launch Surveyor, a robotic spacecraft with a mission to determine whether the Moon’s
surface was hard enough to land future spacecraft with human beings aboard.

Despite criticism and early technical failures, the taming of liquid hydrogen proved to
be one of NASA’s most significant technical accomplishments. Centaur not only succeeded
in demonstrating the feasibility of liquid hydrogen as a rocket fuel, but it also went on to a
brilliant career as an upper stage for a series of spectacular planetary missions in the 1970s.
Ironically, this success did little to ensure the future of the Centaur rocket. Once the Shuttle
became operational in the early 1980s, all expendable launch vehicles like Centaur were
slated for termination. Centaur advocates fought to keep the program alive. They won
funding for the redesign of Centaur as an upper stage for the Shuttle, spent nearly $1 billion
integrate them, and then witnessed the cancellation of the program within weeks of the first
scheduled flight of Shuttle/Centaur.

Miraculously, Centaur survived into the commercial era of the 1990s and is still flying as the
upper stage for the Atas. Although unthinkable at the height of the Cold War, the idea of priva-
tizing the delivery of launch vehicle services gained currency in the early 1980s because it
dovetailed with the free-enterprise, small-government ideology of the Reagan administration.
Now NASA is just a customer—albeit a favored one—of a new service that rocket manufacturers
offer to a variety of customers, including foreign governments. A competitor of the European
Ariane rocket and the Boeing Delta, Centaur continues as the upper stage for a redesigned
Lockheed Martin Atlas.

Centaur’s importance in the history of rocketry has escaped most historians of the space
program. One reason is that upper stage rockets compose the murky middle phases of spaceflight
that rarely make news headlines. They do not create the dramatic plumes of fire that the public sees
on the launch pads at Kennedy Space Center. Nor do they carry space probes all the way to the
distant planets. The booster or first stage of a multistage rocket uses the brute force of its large rocket
engines to propel the stages and payload through the atmosphere. Once the booster has used up its
propellants, it is jettisoned rather than burdening the remaining stages with the weight of a spent
rocket. At this point, Centaur takes over. The role of the upper stage is brief—usually about 10
minutes of glory between the shutdown of the booster engines and the release of the spacecraft or
satellite. Centaur’s final task is simply to get out of the way, while the payload—the spacecraft—is

just beginning its (often multiyear) journey.

* Transcript of Presidential Meeting in the Cabinet Room of the White House, 21 November 1962, 19, tape no. 63, John E.
Kennedy Library Presidents Office files, NASA Historical Referaice Collection.
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Despite this neglect, Centaur’s importance to the space program, and satellite communications
in particular, is unquestionable. Centaur serves as the critical link between its booster stage (Atlas or
Titan) and the mission’s payload (satellite or spacecraft). The sole objective of the Centaur is to add
the extra speed needed to guide the payload into a desired orbit and to orient it before separa-
tion. The more accurately Centaur does its job of positioning, the less need there is for the
payload to use its own fuel to make up for any inaccuracies in trajectory. With this extra fuel, a
spacecraft bound for a planet has more maneuvering capability both as it travels toward its desti-
nation and once it gets there. If the payload is a satellite, accurate positioning allows it to stay in
orbit for a longer period of time. The ability of Centaur to restart its engines in space allows
mission designers greater flexibility in accommodating the relative positions of the moving and
rotating Earth and moving payload targets, whether planetary or lunar.

Though never identified with the dream of landing human beings on the Moon, or the
product of a massive military crash program like the Atlas, Centaur has enjoyed an unusually long
and sometimes controversial career as an upper stage rocket. As our title suggests, Centaur is espe-
cially notable because of its role in the development of liquid hydrogen as a rocket fuel.
Hydrogen—a light and extremely powerful rocket propellant—has the lowest molecular weight of
any known substance and burns with extreme intensity (5,500°F). In combination with an
oxidizer such as liquid oxygen, liquid hydrogen yields the highest specific impulse, or efficiency in
relation to the amount of propellant consumed, of any known rocket propellant.

Because liquid oxygen and liquid hydrogen are both cryogenic—gases that can be liquefied
only at extremely low temperatures—they pose enormous technical challenges. Liquid hydrogen
must be stored at minus 423°F and handled with extreme care. To keep it from evaporating or
boiling off, rockets fuelled with liquid hydrogen must be carefully insulated from all sources of
heat, such as rocket engine exhaust and air friction during flight through the atmosphere. Once
the vehicle reaches space, it must be protected from the radiant heat of the Sun. When liquid
hydrogen absorbs heat, it expands rapidly; thus, venting is necessary to prevent the tank from
exploding. Metals exposed to the extreme cold of liquid hydrogen become brittle. Moreover,
liquid hydrogen can leak through minute pores in welded seams. Solving all these problems
required an enormous amount of technical expertise in rocket and aircraft fuels cultivated over a
decade by researchers at the National Advisory Committee for Acronautics (NACA) Lewis Flight
Propulsion Laboratory in Cleveland.

Today, liquid hydrogen is the signature fuel of the American space program and is used by other
countries in the business of launching satellites. In addition to the Adlas, Boeing’s Delta IIT and Delta
IV now have liquid-axygen/liquid-hyd rogen upper stages. This propellant combination is also
burned in the main engine of the Space Shuttle. One of the significant challenges for the European
Space Agency was to develop a liquid-hyd rogen stage for the Ariane rocket in the 1970s. The Soviet
Union did not even test a liquid-hydrogen upper stage until the mid-1980s. The Russians are now

designing their Angara launch vehicle family with liquid-hydrogen upper stages. Lack of Soviet
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liquid-hydrogen technology proved a serious handicap in the race of the two superpowers to the
Moon.* Taming liquid hydrogen is one of the significant technical achievements of twentieth-

century American rocketry.

From our study of Centaur history, we have identified three themes. The first is Centaur’s remarkable
survivd in the face of three decades of attempts to cancel the program. The acceptance of liquid
hydrogen as a rocket fuel demonstrates the truism that success or failure of an innovation never depends
on technology alone. Thomas Hughes, a prominent historian of technology, has argued that large-scale
technology organizations, whether public or private, often stifle innovation. But innovations sometimes
win acceptance for reasons that are external to the technology itself.’ Other historians have expanded on
this theme, contending that technology has more to do with people, their values, and the external chal-
lenges they face than with the intrinsic superiority of one system over another.® We argue that liquid
hydrogen as a rocket fuel would never have been adopted by NASA without the strong advocacy of Abe
Silverstein and others who came out of a background in liquid-fuels research at Lewis Research Center.

Initially, during the development phase of Centaur at Marshall Space Flight Center (discussed
in the first three chapters by Virginia Dawson), problems that put Centaur’s survival in jeopardy
included the novelty of its fuel, its controversial design, and poor management of the program. After
the first test of the rocket failed, the program narrowly missed cancellation. The transfer of the
Centaur program in 1962 to Lewis Research Center in Cleveland, Ohio, represented a decision by
Headquarters to keep innovative acrospace companies like General Dynamics in business. At the
same time, former Vanguard personnel at Cape Canaveral took over what was then called
“unmanned launch operations,” allowing them to develop independently of the von Braun team that
managed the Apollo program on the other side of the Banana River.

In the 1970s, the proven technology of Centaur was almost cast aside during the second
phase of its history when new social and organizational priorities dictated a change in policy.
After a new reusable Space Transportation System (STS) received funding in 1972, expendable
launch vehicles we re considered obsolete. Ironically, the upper stage’s most significant contri-
butions to NASA occurred while the nation awaited the Shuttle. Centaur’s service as an upper
stage for Atlas-Centaur and Titan-Centaur planetary missions is discussed in chapters 4 and 5
by Mark Bowles.

“This point is made at various points by Asif A. Siddiqi, Challenge to Apollo: The Soviet Union and the Space Race, 1945—1974
(Washington, DC: NASA SP-2000-4408).

> Thomas P. Hughes, American Genesis: A Gntury of Invention and Technological Enthusiasm (London: Penguin Books, 1989)
and Netwonks of Power: Electrification in Western Society, 1880-1930, (Baltimore, MD: The Johns Hopkins University Press,
1983).

¢ See essays by Wiebe Bijker, Thomas P. Hughes, and Trevor J. Pinch, eds., The Social Construction of Technological Systems: New
Directions in the Sociology and History of Technology (Cambridge, MA: MIT Press, 1987).
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Shordy before the Shuttle began flying, the European Ariane rocket became available for
launching communications satellites, ending a monopoly NASA had enjoyed since the 1960s.
NASA recognized that in order for the Space Shuttle to become the all-purpose vehicle envisioned
by NASA, the Shuttle required an upper stage to replicate the important job of positioning satellites
and spacecraft (already performed by Atlas-Centaur). The modification of Centaur to fit in the Shuttle’s
cargo bay won a reprieve for the Centaur program in the 1980s. However, objections to the radical
nature of its design and liquid-hydrogen fuel threatened to scuttle the program.

The loss of Challenger in 1986 proved another turning point in Centaur’s tortuous career.
Chapter 8, by Virginia Dawson, describes how Atlas-Centaur again rose like a phoenix from the
ashes of Challenger. With NASA no longer controlling its fate, Centaur was reborn in the Adlas as
a commercial launch vehicle. Commercialization of Atlas-Centaur in the 1990s provides an
example of technology transfer from the government to the private sector of the economy—a
policy promoted since NASA’s founding. It also challenges the theory that without the stimulus
of the government to pay for innovation, companies like General Dynamics (later acquired by
Martin Marietta and now part of Lockheed Martin) would have no incentive to develop new
technology. The Atlas rocket now faces the challenge of a highly competitive international
marketplace and declining demand for communications satellite launches.

Another theme, closely related to the first, is how NASA’s changing tolerance for risk
influenced Centaur. Howard McCurdy pointed out in his insightful study of NASA culture
that risk tolerance diminished as NASA matured.” Yet even in the 1960s, most of NASA’s tech-
nical decisions focused on minimizing risk. For example, Administrator T. Keith Glennan had
pressed Atlas into service for the Mercury program because it was a “known technology.” He
thought the Agency should use already-developed missiles for launch vehicles, “extending the
state of the art as little as necessary.” Centaur was an anomaly because of its novel fuel.
Glennan strongly supported its development because liquid hydrogen promised a leap in
performance urgently needed to trump the Russians in space. Qennan’s successor, James
Webb, also became an advocate of Centaur, willing to stand up to critics like von Braun and
powerful members of the U.S. House of Reprsentativs Committee on Science and
Astronautics, which controlled NASA’s purse strings.

Tolerance for risk enters the Centaur story again in the 1980s. Chapters 6 and 7, by Ma tk
B owles, present a critical examination of one of the most interesting episodes in NASA launch
vehicle history. The Shuttle/Centaur saga shows that the fate of technology can often rest upon
an unplanned-for contingency—the level of social acceptance of risk. Despite the enormous
advantages of sending the Galileo space probe to Jupiter on Shuttle/Centaur, the pogram

encounterd strong resistance from engineers at Johnson Space Center and the astronaut corps

7 Howard E. McCurdy, Inside NASA: High Technology and Organizational Change in the U.S. Space Program (Baltimore: The
Johns Hopkins University Press, 1993), 150.
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located there. The astronauts thought that a liquid-hydrogen rocket in the Shuttle’s cargo bay put
their lives at risk, despite the fact that the main engine of the Shuttle burned liquid hydrogen
carried in a large external tank. Johnson Space Center engineers also questioned the capability of
the Lewis Centaur team to safely integrate Shuttle/Centaur into “their” vehicle. The Challenger
disaster forced NASA to redefine the Agency’s risk limits and led to Shuttle/Centaur’s cancellation.

Risk also entered the commercialization story when General Dynamics saved Atlas-Centaur
by pledging company funds to underwrite its manufacture and marketing. Commercialization
ended the company’s dependence on the cost-plus-fixed-fee government contract. General
Dynamics/Astronautics staked the future of the company on its ability to upgrade its rocket and
launch pad and sell launch services to the communications satellite industry. The gamble paid off;
but—ironically—not for General Dynamics, but for its former rival and new owner, Martin Marietta.

A third theme of the book is the collaboration between government engineers and their
industry counterparts. Few books, with the exception of Joan Lisa Bromberg’s NASA and the Space
Industry, have explored this relationship. Bromberg points out that Glennan did not approve of
allowing the government to control the creative aspects of design “while farming out to industry
only the rpetitive and straight production items.” His successor, James Webb, had also steered
the Agency away from developing an eclusivdy in-house technical capability. He envisioned
gowrnment-industry collaboration in the management of the large-scale technology requirel for
the space program. “These birds are going to fly,” Webb told President Kennedy in 1962, “not
by what you put on the schedule or the amount of money you put in it, but the way this thing
[NASA] is run.” He thought Centaur could “validate the capacity of the government to run a
program like this in partnership with industry.””® This was a departu re from the top-down in-
house Army model of working with contractors favo red by Wernher von Braun. The relationship
betwen General Dynamics and NASA under Marshall Space Flight Center (MSFC) manage-
ment had been adversarial, but after the transfer to Cleveland, the relationship gradually became
more collegial. Members of the NASA-industry Centaur team believed that they were on the
front line of the Cold War and that Centaur held one of the keys to winning back the country’s
lost prestige. Lewis engineers demanded that contractors meet specifications, but they also
worked closely with their industry counterparts to improve the vehicle. Despite the continual
threat of cancellation, the NASA-industry team introduced a new Teledyne avionics system and
developed a revolutionary steering program to adjust for upper atmosphere winds encountered
immediately after liftoff.

As NASA matured, the government-industry partnership became the foundation for

Centaur’s commercialization, described in chapter 8. Technology transfer from the government to

*J. D. Hunley, ed., The Birth of NASA: The Diary of T. Keith Glennan (Washington, DC: NASA SP-4105, 1993), 13.

? Quoted from Glennan’s diary by Joan Lisa Bromberg, NASA and the Space Industry (Baltimore: The Johns Hopkins University
Press, 1999), 40.
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the private sector of the economy was realized in the 1990s. No longer held back by the govern-
ment from improving Atlas-Centaur, General Dynamics made its launch vehicle comparable to
the European Ariane rocket in power and versatility. Ironically, although most of the upgrades to
the vehicle were made to the Centaur upper stage, the entire vehicle is now referred to simply as
the Atlas. Thus Centaur, still a vital part of the vehicle, has become invisible.

NASA Lewis (now Glenn) Research Center engineers and procurement officers helped to
unravd the governments complex contractual relationship with General Dynamics.
Commercialization liberated General Dynamics from a culture of government dependency. Today,
although human bonds formed over three decades are still strong, NASA Glenn no longer
manages Centaur. The limited oversight the government retains for NASA missions is currently

carried out by Kennedy Space Center.

Few secondary sources recognize the role Centaur played in the controversies surrounding the
acceptance of liquid hydrogen and its positive contributions to the unmanned space program. For
example, in On Mars, Edward and Linda Ezell dismiss Centaur as “a genuine troublemaker” because
of the delays it caused for the Surveyor and Mariner programs." In Clayton R. Koppes’s critical study
of the Jet Propulsion Laboratory’s early unpiloted projects, /PL and the American Space Program, Alas-
Agena and Adas-Centaur receive scant notice,” while a major new encyclopedia of America’s greatest
space programs leaves out the Centaur program altogether.” An exception is the late John Sloop,
whose engagement with high-energy liquid rocket propellants in the 1950s shaped his career at the
Lewis Flight Propulsion Laboratory in Cleveland, one of three laboratories for the NACA. After
NASA’s formation, he became Abe Silverstein’s technical assistant at Headquarters. Sloop recognized
the pivotal role of liquid hydrogen in the American space program, and upon retirement, he
published Liguid Hyd rogen as a Propulsion Fuel, 1945-1959, a detailed and insightful study that
concludes in 1959, before NASA took over Centaur program management from the Air Force."
His interviews (now part of the NASA Hstory Collection) with former General Dynamics
employees, notably Krafft Ehricke and Deane Davis, as well as other papers in the NASA
Historical Collection, provided an indispensable starting point for our study. Another source that
provided essential background in understanding Centaur’s significance was Roger E. Blstein’s
Stages to Satum.” Several superb papers by Richard Martin, formerly of General Dynamics,

contributed to our understanding of the unique structure of the Centaur.' Articles by G. R.

1 Transcript of Presidential Meeting, 20 November 1962, 45.

" Edward Clinton Ezell and Linda Neuman Ezell, On Mars (Washington, DC: NASA SP-4212, 1984), 47.
2 Clayton R. Koppes, JPL and the American Space Program (New Haven: Yale University Press, 1982).

" Frank N. Magill and Russell R. Tobias, eds., USA in Space, three volumes (Pasadena, CA: Salem Press, Inc., 1996).



X TAMING LIQUID HYDROGEN

Richards and Joel W. Powell, and Joseph Green and Fuller C. Jones are among the few specifi-
cally focused on Centaur’s origins and early history.” Our understanding of the development of
Pratt & Whitney’s RL10 engine was enhanced by work of Joel Tucker and Dick Mulready.'
Finally, the work by John Krige on the European Space Agency provided valuable background
for our chapter on commercialization.”

One of the themes in Virginia Dawson’s carlier book, Engines and Innowation,” a history of the
NASA Lewis Research Center, was the tension between the research side of the laboratory and the
real-time demands of managing the Agena and Centaur missions for NASA. The management of
Centaur is arguably Lewis Researh Center's most important contribution to the space program. In
this book, we emphasize how the research culture and test facilities of the Center materially
contributed to Centaur development. If; as some of the reviewas of our manuscript fromGeneral
Dynamics have commented, we may have overstated the Lewis role, we can only offer the hope that
a well-documented history of General Dynamics/Astronautics” can redress any imbalance that we
may have created. Although we were fortunate to be able to interview some former General
Dynamics employees, we we re disappointed that very few company documents can be found in
publicly accessible archives.

This history of Centaur is the result of an association that began nine years ago when NASA
history first brought the authors together. We collaborated on an essay about NASA’s Advanced
Turboprop Project in a book on Collier trophy winners.?? Since that time, we have coauthored a

variety of projects that have come to us through our company, History Enterprises, Inc. We have
proj g pany, y p

" John L. Sloop, Liquid Hydrogen as a Propulsion Fuel 1945—1959 (Washington, DC: NASA SP-4404, 1978). A native of North
Carolina, Sloop earned a B.S. in electrical engineering from the University of Michigan in 1939. Hired by the NACA in 1941,
he moved to Cleveland in 1942 and remained at Lewis until his move to Washington, DC, in 1958.

1> Roger E. Bilstein, Stages to Saturn (Washington, DC: NASA SP-4206, 1980).

'® See Richard E. Martin, “The Atlas and Centaur ‘Steel Balloon’ Tanks: A Legacy of Karel Bossart,” 40th Congress of the
International Astronautical Federation, Malaga, Spain, 8—-14 October 1989, IAA-89-738, Cot 7-13m, reprint; “A Brief History
of the Atlas Rocket Vehicle, Part II1,” Quest—The History of Spaceflight Quarterly 8 (2001): 48; “Atlas II and ITA Analyses and
Environments Validation,” Acta Astronautica 35 (1995): 771-791.

7' G. R. Richards and Joel W. Powell, “The Centaur Vehicle,” Joumal of the British Interplanetary Society 42 (1989):
99-120; Joseph Green and Fuller C. Jones, “The Bugs That Live at -423°,” Analog Science Fiction/Science Fact 80 (1968):
8-41.

18 See Joel E. Tucker, “The History of the RL 10 Upper-Stage Rocket Engine, 1956-1980,” in History of Liquid Rocker Engine
Development in the United States, 1955-1980, ed. Stephen E. Doyle, AAS History Series (San Diego: AAS, 1992), vol. 13,
123-151. Also, Dick Mulready, Advanced Engine Development at Pratt & Whitney: The Inside Story of Eight Special Projects,
1946-1971 (Warrrendale, PA: Society of Automotive Engineers, Inc., 2001), chapters 3-4.

1 See J. Krige, A. Russo, and L. Sebesta, A History of the European Space Agency, 1958—1987 (ESA SP-1235 April 2000),
vol. 2.

* Virginia P. Dawson, Engines and Innovation: Lewis Laboratory and American Propulsion Technology (Washington, DC: NASA
SP-4306, 1991).

' A company history by Bill Yenne, Inzo the Sunset: The Convair Story (Lyme, CT: Greenwich Publishing Group, 1995), could

be used as a starting point.
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enjoyed ferreting out the technology involved in developing and managing the Centaur rocket and
have tried to achieve a balance among the technology, the scientific goals of the missions them-
selves, and the political aspects of the program. Our first essays on Centaur were published in 7o
Reach the High Frontier, edited by Roger D. Launius and Dennis R. Jenkins.”

We bring very different perspectives to NASA history. Mark Bowles grew up reveling in the
achievements of the planetary probes of the 1970s. As a boy, he shared with his father the deep
sense of awe in the mysterious dark universe surrounding Earth’s tiny blue oasis of life. He recalls
how they would gaze up at the Moon during the Apollo missions and imagine the activities of the
astronauts.

Virginia Dawson’s engagement with NASA history came through the encouragement she
received from the late Professor Melvin Kranzberg, founder of the field of the history of tech-
nology, who served as chair of the NASA History Advisory Committee for many years. In his
foreword to This New Ocean: A History of Project Mercury, he pointed out that the legislation creating
the National Aeronautics and Space Administration in 1958 included not only the charge to
expand “human knowledge of phenomena in the atmosphere and space,” but also to provide for
the widest possible dissemination of information about its activities. “NASA wisely interpreted
this mandate to include responsibility for documenting the epochal progress of which it is the
focus,” he wrote. “The result has been the development of a historical program by NASA as
unprecedented as the task of extending man’s mobility beyond his planet.” Dr. Kranzberg
strongly believed that professional historians working outside academe could make valuable
contributions to the history of twentieth-century institutions. He was particularly impressed that
NASA gave authors unrestricted access to participants and unclassified sources and encouraged
them to examine Agency history critically.

We enjoyed the assistance and encouragement of many current and former NASA people.
First, we would especially like to thank Joe Nieberding, who enthusiastically took us under his wing
in the early stages of the book and pushed the project along. He opened doors to interviews with
people at Glenn Researh Center, Kennedy Space Center, the Jet Propulsion Laboratory, and
Lockheed Ma rtin, as well as former employees of General Dynamics in San Diego. We would also
like to thank Meyer Reshotko for helping us get started on this project. J. Cary Nettles, Roger
Lynch, and Richard Ma rtin gave us copies of key photos. We are greatly indebted to the people who
patiently reviewed our draft of the manuscript. These included Joe Nieberding, Frank Spurlock,

2 Mark D. Bowles and Virginia P. Dawson, “The Advanced Turboprop Project: Radical Innovation in a Conservative
Environment,” in From Engineering Science to Big Science: The NACA and NASA Collier Trophy Research Project Winners, ed. Pam
Mack (Washington, DC: NASA SP-4219, 1998), 321-343.

* Virginia P. Dawson, “Taming Liquid Hydrogen: The Centaur Saga,” 334-356, and Mark D. Bowles, “Eclipsed by Tragedy:
The Fated Mating of the Shuttle and Centaur,” 415-442, 7o Reach the High Frontier: A History of U.S. Launch Vehicles, ed. Roger
D. Launius and Dennis Jenkins (Lexington: The University Press of Kentucky, 2002).

* Loyd S. Swenson, Jr., James M. Grimwood, and Charles C. Alexander, This New Ocean: A History of Project Mercury
(Washington, DC: NASA SP-4201, 1966), V.
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Richard Martin, Larry Ross, Edward Bock, and John Neilon. History colleagues John
Hunley and Dwayne Day not only read our manuscript with extraordinary care and insight,
but also shared with us documents and articles important to our story. Alan Lovelace, Marty
Winkler, Ron Everett, Cary Nettles, Art Zimmerman, Len Perry, and Del Tischler reviewed
individual chapters. All their comments proved exceedingly helpful. However, we take
responsibility for our interpretation of events and any errors of fact that might have gone
uncorrcted. We are also very grateful to the many people we interviewed, cither by tele-
phone or in person. They are listed at the end of the book. Our understanding was also
enhanced less formally by many others too numerous to cite here. Many of the people we
interviewed spoke of the extraordinary dedication of Steve Szabo. Because of his untimely
death, we were not able to interview him, but we hope that we have captured some of the
Centaur team spirit that he helped to create.

As colleagues in NASA history will appreciate, finding documentation for government-funded
studies is always a challenge. For this history, we were fortunate to have the assistance of Kevin
Coleman, in charge of the history program and records management at Glenn; he, along with
Deborah Demaline, proved to be a judicious and supportiveally. We used Glenn records stored in the
famous World War II bunkers at Plum Brook and at the National Archives and Record Center in
Chicago. Bonita Smith made certain we had access to Centaur material in the NASA Glenn Archives.
Janice Nay and Lynn Patterson provided excellent transcripts of our oral interviews. Robert Arrighi of
HistoryEnterprises assisted with researd.

During the writing of Engines and Innovation, Virginia Dawson and historian of science
colleague Craig Waff discovered a trove of records of the Launch Vehicles Division stored in the
vault of the Development Engineering Building at Glenn. In looking for Centaur records more
than ten years later, we found that some boxes containing correspondence fortuitously were left
behind in the move to Kennedy Space Center. Mark Bowles was able to use some of this material
to document the Shuttle/Centaur story. The contents of these boxes, catalogued by Galen Wilson,
are referred to as NASA GRC Records to distinguish them from the NASA GRC Archives. The
ELV Resource Library, managed by Boeing at Kennedy Space Center, loaned us a selected set of
historical Lewis documents. Robert Bradley made available Krafft Ehricke’s early Air Force reports,
now located in the archives of the San Diego Aerospace Museum. We also used Centaur records
in the NASA Historical Reference Collection in the NASA History Office in Washington, District
of Columbia, many of which were assembled through the efforts of the late John Sloop. We are
grateful for the assistance and encouragement we received from Roger Launius, Steve Dick, Steve
Garber, Louise Alstork, and Jane Odom in the NASA History Office and Mike Wright at Marshall
Space Flight Center.

Last, but certainly not least, many thanks are due to the professional graphic designers,

editors, and print specialists who made this book and accompanying CD physical realities. In
the NASA Headquarters Printing and Design Office, Douglas Ortiz, Joel Vendette, and James
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Gitlin expertly handled the layout of the book; Lisa Jirousek carefully edited the book; and
Jeffrey McLean took care of the printing process. Special thanks are also due to Kristin Jansen
of NASA Glenn Researdh Center, who devised an innovative format for the CD that accompa-
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Chapter 1
Centaur’s Origins in Atlas

“Going back to the old ideas of Oberth, I said I have a relatively dense

first stage. And it so happens that the second stage, because it is less dense,
fits just beautifully on the first stage. Now all we have to do is remove the
neck from Atlas and make it cylindrical all the way and we have a 10-
Jfoot-diameter base. For a second stage, thats just beautiful.”

—XKrafft Ehricke, Centaur’s designer

In early 1956, the development of Atlas preoccupied Krafft Ehricke. Known for his enormous
capacity for work, he spent 18-hour days driven by the urgency of producing the country’s first
intercontinental ballistic missile (ICBM). At the same time, Ehricke envisioned more peaceful
applications for Atlas. Why not add a second stage to produce a two-stage rocket capable of placing
communications or weather satellites into orbit, sending instrumented space probes to the Moon
and the planets, or installing an orbiting platform around Earth? He even calculated how the Atlas
itself could become a satellite when launched into low-Earth orbit.

This was the kind of fantasy that Ehricke had entertained ever since his youth in Weimar,
Germany. Mesmerized by the 1929 Fritz Lang film Frau im Mond (Woman in the Moon), which he
saw more than a dozen times, he said, “I felt, ‘My God, it really must be possible to get to the
Moon,” which for an 11-year-old boy is a kind of revelation.” The son of two dentists, Ehricke
tinkered with their dental apparatus and chemical compounds while he steeped himself in the ideas
of the early rocket pioneers. He recalled the inspiration for Centaur: “Going back to the old ideas
of Oberth, I said I have a relatively dense first stage. And it so happens that the second stage,

! Interview with Krafft Ehricke by John Sloop, 26 April 1974, NASA Historical Reference Collection, NASA History
Office, Washington, DC. On Ehricke’s biography and ideas, see Marsha Freeman, How We Got to the Moon: the Story of
the German Space Pioneers (Washington, DC: 21st Century Associates, 1993), 292-339; and “Krafft Ehricke’s
Extraterrestrial Imperative: A Memoir,” in History of Rocketry and Astronautics, eds. Donald C. Elder and Christophe
Rothmund (San Diego: American Astronautical Society, 2001), AAS History Series, vol. 23, 163-222. See also Al
Vinzant, “History of Centaur,” Exclusive (GD Space Systems Division Newsletter), August 1988; and Daniel A. Heald,
“LH2 Technology Was Pioneered on Centaur 30 Years Ago,” 43rd Congress of the International Astronautical
Federation, August 1992, Washington, DC.
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Krafft Ebricke, Centaur’s designer and first program director (left), discusses advanced spacecraft designs with James Dempsey,

president of General Dynamics/Astronautics, early 1960s. (Courtesy of Lockheed Martin)

because it is less dense, fits just beautifully on the first stage. Now all we have to do is remove the
neck from Atlas and make it cylindrical all the way and we have a 10-foot diameter base. For a
second stage, that’s just beautiful.”® Because the two-stage rocket he envisioned for spaceflight
needed a very powerful upper stage, he considered high-energy propellant combinations like liquid
hydrogen with fluorine as the oxidizer, hydrazine with fluorine, methane with ozone, and liquid
hydrogen with liquid oxygen.’? These studies smacked of science fiction in 1956, and Ehricke
expected James Dempsey, his boss at the Convair Division of General Dynamics, to put an end to
them. Instead, Dempsey urged him to continue.*

Ehricke championed the idea of space travel. He chaired the Space Flight Committee for the

American Rocket Society, which comprised some of the nation’s most prominent missile

? Interview with Krafft Ehricke by John Sloop, 26 April 1974, NASA Historical Reference Collection.
* Al Vinzant, “History of Centaur.”

“ Shirley Thomas, Men of Space, vol. 1 (Philadelphia: Chilton Company, 1960), 2.
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designers, including Karel “Charlie” Bossart of Convair, Wernher von Braun of the Army
Ballistic Missile Agency, Milton Rosen of the Naval Research Laboratory, and Hubertus
Strughold of Randolph Air Force Base. Shortly before the Soviet Union launched Sputnik, the
world’s first artificial satellite, the committee finished a report that they then submitted to

President Eisenhower less than two weeks after Sputnik’s launch. The report proposed a national
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space agency to benefit all mankind.’ Ehricke thought the new space age would usher in a new
age of discovery and international cooperation. He envisioned space travel “as a serious, practical
and worthwhile effort—not at some future time, but right now, in this century and in this age
of ours.” He thought space travel appealed to man’s highest aspirations and would promote inter-
national peace and goodwill.¢

In response to Sputnik, James Dempsey asked Ehricke to proceed with a design for an upper
stage for the Adas missile, transforming the weapon into a two-stage spacecraft for travel to the outer
reaches of the solar system. He was encouraged to move offsite with an elite team of the company’s
engineers that included Atlas veterans Charlie Bossart, William Patterson, Howard Dunholter, Frank
Dore, William Radcliffe, James Crooks, and Hans Friedrich, a German expatriate who had designed
the autopilot for the German V-2 rocket. After debating the merits of various propellant combina-
tions, the group agreed that liquid hydrogen with the oxidizer liquid oxygen was the best propellant
for the high-energy upper stage Ehricke had in mind. Ehricke may have named Centaur for the
nearest star after the Sun, the Alpha Centauri, which might one day be approached by the vehicle
he envisioned.” It has also been speculated that Ehricke chose the name because the mythic man-
beast with the body of a horse and the torso and head of a man reflected the hybrid nature of the
Atlas-Centaur combination, with Centaur carrying the guidance and control for both vehicles.

Despite the challenges of producing, storing, and handling liquid hydrogen, its distinct advantages
as a rocket propellant presented the rocket team at General Dynamics with a tantalizing opportunity
at a time when U.S. launch vehicle capability was well below that of the Soviet Union. Burning liquid
hydrogen with liquid oxygen produces the highest specific impulse or thrust of any known rocket fuel.
Theoretically, a liquid-hydrogen-powered rocket can lift approximately 35 to 40 percent more payload
per pound of liftoff weight than conventional rocket fuels.?

Hydrogen had remained a laboratory curiosity until the late nineteenth century, when scientists
driven by the promise of industrial applications for gases began to investigate how to convert gases to
liquids. The British scientist Michael Faraday succeeded in liquefying chlorine, ammonia, and carbon
dioxide. Oxygen and hydrogen proved more difficult to liquefy because they are cryogenic—gases that
can be converted to liquids only at extremely low temperatures. In the 1880s, a method was found for

liquefying oxygen. Then, in 1898, Sir James Dewar succeeded in liquefying hydrogen for the first

> “ARS Urges National Space Flight Program,” Astronautics 2 (December 1957): 18-28.

¢ Krafft A. Ehricke, “The Anthropology of Astronautics,” Astronautics 2 (November 1957) 28.

7 The Alpha Centauri suggestion is based on information from Harold Dunholter, former chief development engineer
for General Dynamics. See Helen T. Wells, Susan H. Whiteley, and Carrie E. Karegeannes, Origin of NASA Names
(NASA SP-4402, 1976), 11-12.

¢ Centaur, a pamphlet prepared by the Convair Acrospace Division of General Dynamics, dated May 1973, provided the
35-percent figure. Generally, NASA press releases use 40 percent. Centaur files, NASA Glenn History Office.
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time. Dewar described the principle of regenerative cooling, a method that takes advantage of the
extreme cold of liquid hydrogen to cool hot metal surfaces during combustion. Dewar also invented
vacuum containers for safely storing liquid hydrogen.’

Liquid oxygen found applications in the 1920s as an oxidizer for alcohol or kerosene fuel, but
early rocket pioneers like Konstantin Tsiolkovskiy and Robert Goddard avoided liquid-hydrogen fuel
because of its well-known dangers."” Hermann Oberth had calculated that liquid hydrogen was espe-
cially appropriate for an upper stage because in the near-vacuum of space, less pressure is required
to keep the sides of the rocket rigid." However, like Goddard and Tsiolkovskiy, Oberth had
avoided testing an oxygen/hydrogen rocket, presumably because of hydrogen’s volatility. The
tragic explosion of the hydrogen-gas-filled Hindenberg dirigible in 1937 seems to have reinforced
the general prejudice against hydrogen.

Although Ehricke understood the theoretical advantages of liquid hydrogen, he had
grossly underestimated the difficulties of developing a liquid-hydrogen rocket. A rocket
enthusiast during his student years in Berlin, he had filed two rocket patents, helped organize
the German Society for Space Research in 1938, and written a series of articles for the
Society’s journal Space.'? But he had avoided testing a liquid-hydrogen/liquid-oxygen rocket
because of the fear that the mixture might explode prematurely.’® Graduate studies in nuclear
physics at Humboldt University under Werner Heisenberg were interrupted by the war.
Ehricke served at the Russian front as a tank driver before being recruited for work on the V-
2 at Peenemiinde. There he came under the spell of Walter Thiel, Wernher von Braun’s rocket
engine expert. Thiel inspired Ehricke to imagine rocket engines with millions of pounds of
thrust. Learning of Heisenbergs attempts to build a nuclear reactor, Ehricke and Thiel
dreamed of nuclear rocket propulsion with hydrogen as the working fluid."

Thiel gave careful attention to the possibility of developing a liquid-hydrogen rocket. In a

significant memorandum written in 1937, Thiel made a survey of existing knowledge of the “prac-

? John D. Clark, Ignition! An Informal History of Liquid Rocket Propellants (New Brunswick, NJ: Rutgers University Press,
1972), 4-5.

10 See Exploring the Unknown.: Selected Documents in the History of the U.S. Civil Space Program, vol. I (NASA SP-4218,
1995), 67—68; John Sloop, Liguid Hydrogen as a Propulsion Fuel, 1945-1959 (Washington, DC: NASA SP-4404, 1978),
259.

" In discussing hydrogen fuel, Hermann Oberth wrote, “The thinner the outside air, the smaller are the forces which
tend to cause the rocket to buckle or collapse and the smaller is the inside pressure necessary for rigid filling.” See Ways
to Spaceflight, tr. Wege zur Raumschiffabrt, originally published in 1929 (Washington, DC: NASA TT F-622, 1972), 343.
12 Marsha Freeman, “Krafft Ehricke’s Extraterrestrial Imperative,” 164.

" Interview with Krafft Ehricke by John Sloop, 26 April 1974, NASA Historical Reference Collection.

" Interview with Krafft Ehricke by John Sloop, 26 April 1974, NASA Historical Reference Collection.
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tical possibilities” for improving liquid rockets.” Thiel drew attention to the very large energy gain
that could be obtained from using high-energy propellants such as liquid hydrogen/liquid oxygen
and stated that a research effort “appears definitely rewarding.” At the same time, he tempered his
enthusiasm for liquid hydrogen by pointing out the “strong obstacles” to the development of a
liquid-hydrogen rocket, such as the need for insulated tanks and ducts to compensate for the
extremely low temperatures of liquid hydrogen/liquid oxygen. He pointed out that very little was
known about the behavior of metals at extremely low temperatures, particularly the permeability
of light metal