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Introduction

URING THE FIRST DAYS OF OCTOBER 1957, the Lewis Flight

Propulsion Laboratory (now the NASA Glenn Research Center)
in Cleveland prepared to host an event called the Triennial
Inspection of the National Advisory Committee for Aeronautics
(NACA). Inspections rotated among the three laboratories, located
in Langley, Virginia, Sunnyvale, California, and Cleveland, Ohio.
The inspections included tours and talks intended to demonstrate the
host laboratory’s accomplishments to members of Congress, the air-
craft industry, and the press. Because favorable impressions by these
official visitors often proved critical for the next year’s appropria-
tions, rehearsals for the inspections were always tension-filled
affairs. The 1957 inspection was originally intended to feature the
laboratory’s work on turbojet engines, but the launch of Sputnik
would precipitate a last-minute change in the program’s focus.

As was customary, John Victory, the NACA’s secretary, reviewed
the talks before the inspection. When rocket engineer Adelbert
Tischler mentioned how adding fluorine to the fuel of the Vanguard
rocket might give it sufficient thrust to achieve spaceflight, Victory
immediately ordered this remark deleted. Although the modest
Vanguard rocket had been chosen to loft a satellite as the American
contribution to the International Geophysical Year, Victory disap-
proved of any association with a program that smacked of “space-
cadet enthusiasm” identified with science fiction writers and crack-
pots.'

— VII —
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On Friday, 4 October the Soviet Union launched Sputnik, the
world’s first artificial satellite. Overnight the stigma associated with
the word “space” vanished. Tischler and other members of the small
rocket team at Lewis worked through the weekend to craft addition-
al talks for the upcoming inspection to reflect the stunning news of
the world’s first satellite launch and their own contributions to rock-
etry. They had spent a decade pushing the development of high-ener-
gy fuels for missiles, but much of their work was highly classified.
Before Sputnik few people outside the propulsion community knew
of their innovative testing of high-energy rocket propellants.

The highlight of the inspection tour turned out to be a “stop” at
the laboratory’s new Rocket Engine Test Facility (RETF). The impos-
ing structure, built into the side of a picturesque ravine, was so new in
October 1957 that it was not yet fully operational. John Sloop
addressed visitors seated on folding chairs in the test cell. Sloop head-
ed the Rocket Branch of the Fuels and Combustion Division at Lewis.
He had spent almost a decade of his career advocating rocket research
both within the laboratory and to the Greater Cleveland community.

While the audience enjoyed a view of the autumn foliage gracing
the woods on the other side of Abram Creek, Sloop explained the use
of liquid propellants in missiles like Jupiter, Thor, Atlas, and Titan.
These rockets used conventional kerosene-based rocket fuels. Sloop
suggested that higher energy propellant combinations like
hydrazine/fluorine, hydrogen/oxygen, hydrogen/fluorine, and hydro-
gen/ozone needed further investigation: “We are interested in these
propellants because they can put higher speeds into a payload, thus
giving longer range, or can give the same range with less propellant,”
he said. Sloop went so far as to suggest spaceflight. He invited the
audience to consider the efficiency of using high-energy propellants
to hurl a manned satellite glider into orbit above the Earth. Further
research on the practical problems associated with the use of these
fuels, he stressed, was urgently needed.?

After Sloop’s talk, George Kinney, another member of the rocket
branch staff, discussed the problems of designing and testing rocket
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The $2.5 million Rocket Engine Test Facility (RETF), viewed from the Abram Creek valley
shortly after construction, was completed in 1957. The RETF was an experimental facility,
capable of testing sub-scale engines and components up to 20,000 pounds of thrust.
NASA C-45652

injectors—that complex rocket component where fuel and oxidant
are mixed several instants prior to combustion. Kinney betrayed the
laboratory’s predilection for the combination of hydrogen and fluo-
rine. He explained that different injectors’ designs produced spray
patterns that affected combustion efficiency. Trying out injector con-
figurations in the Rocket Engine Test Facility would allow engineers
to isolate and study how a particular design interacted with other
engine components, such as the combustion chamber and the nozzle.
The culmination of the rocket presentations was a tour of the facili-
ty given by rocket engineer Edward Rothenberg. He said that previ-
ously, rocket testing at Lewis had been limited to small test models.
The new Rocket Engine Test Facility would allow the NACA to
investigate the problems of high-energy propellants in rocket engines
that approached full scale.

Although the Lewis rocket group had originally thought in terms
of missile applications, after Sputnik it shifted its focus to the design
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of engines and components for space launch vehicles. Walter Olson,
one of the early leaders in fuels research, described his assessment of
the rocket work at Lewis just prior to the setting up of NASA in
1958: “We had selected high-energy liquid propellants as our little
corner of the rocket world to work on,” he said, “and events had
shown that they were not really needed for the ballistic military pur-
pose, and that left us saying what good are they? And the only thing
that they really appeared to be good for was, indeed, spaceflight.
The new Rocket Engine Test Facility would become an important
tool for advancing the design of rocket engines. For more than thir-

3

ty years it remained an experimental facility, dedicated to advancing
the design of the nation’s rocket engines, especially those fueled with
cryogenic propellants like liquid hydrogen.

In physical layout, the Rocket Engine Test Facility was actually a
complex of several buildings with the test cell at its heart. The test
cell had a factory-like appearance. “All the pipes and pumps—all the
things that made the test facility a test facility—was what dominat-
ed your view when you stood there,” research engineer Ned
Hannum remarked. “And the experiment was often hard to see. It
was often something small and something obscure, and besides
that—because we didn’t test-flight hardware, we tested experimental
hardware—it often didn’t look like a rocket.” Because rocket
engines sometimes blew up during testing, the building housing the
control room (Building 1o0o) was located about a quarter of a mile
away. Tank trucks called mobile dewars containing liquid propel-
lants were parked on the hill above the test cell.

Static test stands like the RETF allowed engineers to isolate and
test-fire a rocket engine independently of the body of the rocket. Test
stands developed in the late 1930s and 1940s were an essential part of
rocket engine development. They helped eliminate some of the enor-
mous expense and waste associated with actual launches. In designing
the Rocket Engine Test Facility at Lewis, the rocket team followed in
the footsteps of Robert Goddard and other rocket pioneers. What
made their venture different was that they intended their facility to be
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used for research to investigate the behavior of fuels and to improve
engine components. This research would encourage innovation and
anticipate problems encountered by rocket engine manufacturers.

By transforming ideas into hardware and testing them in the
RETF, Lewis engineers contributed to a body of knowledge drawn
upon by government and industry. The publication of test results,
along with new ideas for the design of rocket components, provided
the aerospace industry with new theoretical and practical approaches
to engine design. The RETF was used to investigate general problems
associated with the development of engine components, most often
the injector and thrust chamber. The test article was carefully instru-
mented to provide test data that could later be analyzed by research
engineers who prepared research reports for publication.

In 1957, the Rocket Engine Test Facility was regarded by the
NACA as a state-of-the-art facility—the culmination of rocket test-

View of the test stand through the lighted open door of the test cell, also referred to as
Building 202. The two men are standing on a cement apron where liquid hydrogen tanks
would be installed in the spring of 1958. This photo appears to have been taken about
the time of the NACA Triennial Inspection in October 1957.

NASA C-45924
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ing and related activities begun at the Cleveland laboratory during
World War II. By the mid-1950s, liquid hydrogen was already well
established theoretically as an ideal rocket propellant. What was
lacking was practical knowledge of storage, handling, and firing a
hydrogen engine. “There was never a question as to liquid hydrogen
being the absolute best fuel on earth,” declared William Tomazic, a
young engineer who had started at Lewis in 1953 after a year at Bell
Aircraft in Buffalo.* Combustion of hydrogen produces high ener-
gy—a fantastic 54,000 British Thermal Units (BTUs) per pound
compared to 18,000 BTUs per pound for kerosene-based fuels. The
development of hydrogen-fueled rockets was considered extremely
desirable, especially for upper-stage rockets like Centaur.

Built at a relatively modest cost of $2.5 million in the late 1950s,
the RETF at that time was the largest facility for sea level testing of
high-energy rocket propellants in the United States. The RETF’s test
stand could accommodate rocket engines that produced up to
20,000 pounds of thrust. A second test stand, referred to as Stand B,
was added in 1984. Stand B increased the capabilities of the RETF
by simulating the low gravity of a space environment. Test Stand C,
added in 1991, also utilized the RETF’s existing propellant feed sys-
tems, atmospheric vent, air, water, electrical, and data-recording sys-
tems. It was intended to test seal materials and bearings for liquid
oxygen and liquid hydrogen pumps and other components. Due to a
funding shortfall, Stand C never supported a test program. In 1995,
in anticipation of the extension of a runway at nearby Cleveland-
Hopkins International Airport, NASA terminated all testing in the
RETF. It remained vacant in “inactive-mothballed” status until 2003
when the Rocket Engine Test Facility was razed.

Because of its important role in the development of a national
expertise in the handling, storage, and firing of liquid hydrogen
rockets, the RETF was designated a National Historic Landmark by
the National Park Service on 3 October 1985, as part of its “Man
in Space” theme study. Confidence that liquid hydrogen could be
used safely in the upper stages of the Saturn rocket would later give
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the United States the edge over the Soviet Union in the race to the
Moon.* To quote a prominent rocket expert from Marshall Space
Flight Center, liquid hydrogen fuel is “one of the most momentous
innovations in the history of rockets during the second half of the
twentieth century.”® Lewis engineers were not the first to test a lig-
uid hydrogen rocket in the United States. That distinction belonged
to the Aerojet Engineering Corporation in 1945. However, the
sheer volume of papers published by the laboratory in the 1950s
made Lewis Laboratory a clearinghouse for liquid hydrogen know-
how and influenced decision-making at the highest levels of NASA
during early planning for the space program. The RETF’s close
association with national expertise in the storage, handling, and fir-
ing of liquid hydrogen is the reason for the facility’s landmark des-
ignation.

The RETF facilitated in-house government research, typical of
the quality and originality of the work of engineers employed by the
NACA. Fundamental research in the period before 1958 was intend-
ed to anticipate the development and manufacture of an actual
engine by at least five years. The strong research culture of the
NACA period made possible the progressive development of this
unique facility. Its development was preceded by several smaller test
cells in which engineers learned how to handle cryogenic fuels.
Cryogenic liquids, such as hydrogen, helium, nitrogen, oxygen, and
methane, boil at extremely low temperatures, making storage and
handling a technical hurdle. During testing of these fuels, Lewis engi-
neers tried out different design concepts, particularly those related to
injectors and thrust chambers. The RETF was used for experimenta-
tion that yielded data useful to industry in the development and
manufacture of their rocket engines.

Prior to the founding of NASA, government aeronautical engi-
neers generally did not assist industry directly in development. The
output of the rocket section was measured in research papers, as can
be seen in the list of reports appended to this study. Contributions to
the development of a specific rocket engine by industry were indi-
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rect—a fortuitous by-product of the laboratory’s dissemination of its
research through publication and participation in conferences.

In 1958, when the former NACA Lewis Flight Propulsion
Laboratory became one of three NASA research centers, the labora-
tory’s focus changed. The national furor raised by Sputnik prompt-
ed a shift in priorities. Although the laboratory retained its strong
research culture, Cleveland engineers began to work more closely
with rocket engine manufacturers as the country struggled to catch
up with the Soviet Union’s spectacular achievements in space.
Looking back on NASA’s early years, NASA’s first administrator, T.
Keith Glennan, admitted, “In truth, we lacked a rocket-powered
launch vehicle that could come anywhere near the one possessed by
the Soviets. And it would take years to achieve such a system, no
matter how much money we spent.”’

After NASA came into being in 1957, Lewis engineers worked
closely with Pratt & Whitney to solve some development problems
of the RL10 engine for the Centaur liquid hydrogen upper stage. In
the 1960s, the RETF ran three shifts in an effort to help solve the
problem of combustion instability in the F-1 and J-2 rocket engines,
manufactured by the Rocketdyne Division of North American
Aviation. At the same time, RETF engineers continued their more
fundamental research on ablatives related to engine cooling. In the
1970s and 1980s, researchers turned to new problems associated
with engine reusability. Low cycle thermal fatigue—the structural
weakness of metals caused by cyclic exposure to extremely hot com-
bustion gases—was one of the problems encountered in connection
with the Space Shuttle Main Engine. In the 1990s, the RETF was
used for tests directly related to the development of a low-cost rock-
et engine by the aerospace company Thompson Ramo-Wooldridge
(TRW). However, even when the research focus narrowed to indus-
try’s more pressing problems, the strong research orientation of
those involved in generating ideas and testing them in the RETF
remained evident in the papers published by the group.
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2. Texts of the October 1957 inspection talks can be found in John Sloop
“Propulsion in the 1950s,” misc. papers, NASA Historical Reference
Collection, NASA History Office, Washington, DC. An early member of the
American Rocket Society, Sloop became particularly known for his work on
hydrogen/oxygen and hydrogen/fluorine rockets. In 1960 he became
Technical Assistant to Abe Silverstein, at that time Director of NASA Space
Flight Programs. Sloop later became Director of Propulsion and Power
Generation, Office of Advanced Research and Technology. Sloop’s book,
whose full citation is given above, was an extremely valuable source for this
study of the RETF.
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Carving Out a Niche

T THE NACA Lewis FLIGHT PROPULSION LABORATORY in

Cleveland, the hazards of rocket testing kept the small rocket
section isolated from the rest of the laboratory. “At times we felt like
missionaries surrounded by jeering unbelievers,” John Sloop
recalled. “We had complete control over our facilities, at the far edge
of the laboratory grounds, and over our operations, which was an
exception to laboratory practice. In this environment we developed
a great enthusiasm, a drive to excel, and a desire to show one and all
the great potential of rocket propulsion.”’

As the group gained confidence, they issued each other whimsical
licenses that qualified them as a “first class rocketeer,” presented
papers at the American Rocket Society, and enjoyed a growing rep-
utation among national rocket experts for their pioneering research
on liquid hydrogen and other cryogenic propellants.

A 1941 graduate in electrical engineering from the University of
Michigan, Sloop had spent the war years at the Cleveland laborato-
ry on a narrow research problem—the fouling of spark plugs in air-
craft piston engines. After the war, he was deeply chagrined to learn
that the United States had lagged far behind the Germans in two
important and exciting new areas of propulsion technology—turbo-
jet engines and rockets. Sloop and a small group of engineers were
determined never again to become enmeshed in narrow development
problems. They wanted to tackle the problems of American rocketry
in their widest possible context.
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Sloop wrote:

When the rocket group [in Cleveland] first got organized in 1945
and surveyed the field, it quickly became apparent that we had a
lot of catching up to do. The German work was read with great
interest. The publications of the prestigious Jet Propulsion
Laboratory, the U.S. leader, became our textbooks. To make a
contribution so late with so few, our leaders wisely directed that
we work in lesser ploughed fields. That is why we concentrated on
high-energy liquid rocket propellants, combustion, and cooling
and left solid rockets to others. It has remained so to this day.2

The Cleveland researchers’ focus on the development of high-
energy fuels research grew out of the realization that they had limit-
ed resources and were latecomers to a field that had begun to take
shape in the 1920s and 1930s. Nevertheless, Sloop and his young
colleagues would leave their mark not only on the Lewis Laboratory,
which later managed the Centaur liquid hydrogen rocket, but also
win respect from the nation’s propulsion community for their
advanced research on rocket fuels.

ON THE SHOULDERS OF THE PIONEERS

Robert Goddard, a professor at Clark University in Worcester,
Massachusetts, had launched the first liquid rocket (fueled with
gasoline and liquid oxygen) on 16 March 1926 in Auburn,
Massachusetts. Goddard had dreamed of flying into space ever since
his youth when he read the serialization of H. G. Wells’ War of the
Worlds. He mentioned spaceflight in A Method of Reaching
Extreme Altitudes in 1919.° Stung by ridicule of this idea by the
press, he became obsessively secretive. His fear that others would
steal credit for his innovations deprived American researchers of the
benefit of his pioneering work.

Several years later in Germany, Hermann Oberth published Die
Rakete zu den Planetenraumen (The Rocket into Interplanetary
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From a safe distance, rocket pioneer Robert Goddard uses a telescope to observe a rocket
mounted in a test stand. His left hand rests on the control panel with keys for firing,
releasing, and stopping a rocket test, undated, probably the 1930s.

Great Images of NASA, http://grin.hq.nasa.gov. 74-H-1245

Space). Oberth’s book provided a compendium of all that was
known about rockets up to that time, sparking a rocket craze among
German youths, who flocked to the 1929 movie Frau im Monde
(Woman on the Moon). With Oberth serving as technical consultant,
the movie featured a fanciful rocket with the Moon as its destina-
tion. Oberth’s work was critical to the advance of rocketry in
Europe. Taking his theoretical work as their starting point, a talent-
ed group that included Franz von Hoefft in Austria and Wernher von
Braun in Germany founded amateur rocket societies. By 1929 the
German Society for Space Travel (Verein fur Raumschiffahrt, or
V{R) had over 1,000 members.’

Possibly more realistic about the need for the deep pockets of the
military, von Braun signed a contract with the German Army in
1932 to develop rockets at Kummersdorf, an aeronautical research
laboratory near Berlin. As war approached, the Nazi government
supported the construction of a secret rocket test facility at
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Officials of the Army Ballistic Missile Agency (later Marshall Space Flight Center), 1956.
Rocket pioneer Hermann Oberth, foreground; propulsion expert Ernst Stuhlinger, seated
behind on left; Commanding Officer H. N. Toftoy, standing on left; Wernher von Braun,
Director of Development Operations Division, seated right; Dr. Eberhard Rees, Deputy
Director of Development Operations Division, standing right.

Great Images of NASA, http://grin.hq.nasa.gov. CC-417
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Peenemiinde on the Baltic Sea. At Peenemiinde the Germans devel-
oped the A-series of rockets. They produced the A-4, later renamed
the V-2 (Vengeance Weapon number 2), the world’s first operational
missile. The V-2 burned alcohol with liquid oxygen.’ After the war,
von Braun and other Germans who worked on the V-2 would be
recruited by the United States Army to become the nucleus of the
Army Ballistic Missile Agency.

American efforts lacked comparable popular and military sup-
port, though amateur societies were organized in several American
cities. The most prominent of these societies, the American
Interplanetary Society in New York City, grew out of the enthusiasm
of a group made up largely of science fiction writers in 1930. The
Society struggled to raise funds for a series of static rocket tests, and,
in an effort to distance itself from what was then regarded as the fan-
tasy of interplanetary travel, changed its name to the American
Rocket Society in 193 4. The group’s most important achievement in
the prewar period was the design and successful test by James Wyld
in 1938 of a regeneratively cooled rocket engine. This engine became
the basis for Reaction Motors, Inc., of Pompton Plains, New Jersey,
founded in 1941. As historian Frank Winter has written, “Now, liq-
uid rockets could be adequately cooled so they could be fired over
reasonably long durations instead of prematurely burning out due to
overheating. This made the liquid fuel rocket a practicable engine.”*

In Cleveland, a German engineer, Ernst Lobell, infected by the
European rocket craze, helped to found the Cleveland Rocket
Society, one of the most active of the smaller American rocket soci-
eties. Edward L. Hanna, grandson of the fabulously wealthy tycoon
Marcus A. Hanna, helped to finance the development of two rocket
motors, built to Lobell’s specifications. Lobell aimed at nothing less
than piloted flight into the stratosphere. The exorbitant cost of these
endeavors during the Depression, and the loss of its moving spirit
when Lobell relocated to another city, were too great for the fledg-
ling amateur society. It quietly disbanded after exhibiting a rocket
motor at the Paris International Exhibition in 1937.” When the
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Theodore von Karman (center) sketches on the wing of an airplane while the JATO team
at Aerojet Engineering Corporation watches attentively. Left to right: Clark B. Millikan,
Martin Summerfield, von Kérman, Frank Malina and Homer Boushey, pilot of the first
JATO-equipped American airplane.

Great Images of NASA, http://grin.hg.nasa.gov. Ames JATO-VONKARMAN

Cleveland laboratory came into existence during World War II these
brave experiments had been all but forgotten.

Meanwhile, on the west coast in the 1930s, Frank Malina, a
graduate student at the California Institute of Technology, con-
vinced his advisor, Professor Theodore von Karman, to allow him to
write a thesis on rocket propulsion. He recalled how his astrophysics
professor Fritz Zwicky had advised him not to waste his time, for “I
must realize that a rocket could not operate in space as it required
the atmosphere to push against to provide thrust!”*

This comment expressed a common misunderstanding. Rockets
do not push against anything. Their flight skyward is based on
Newton’s third law of motion—that for every action there is an
equal and opposite reaction. Hot gases rush out the flared back end,
called the nozzle, creating a force that propels the rocket forward. It
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is the same force that kicks the barrel of a rifle back against a
hunter’s shoulder when a shot is fired, pushes a driver back into the
seat of a car when he or she steps on the accelerator, or propels an
inflated balloon in erratic circles as air is expelled from its open end.’

During World War II, the success of the German V-2 as a psycho-
logical weapon to terrorize the British people awakened the U. S.
government to the potential of rockets in the arsenal of democracy.
The increasing sophistication of the Malina group’s experiments in
the Arroyo Seco above Pasadena’s Devil’s Gate Dam enabled them
to win an Army contract for small “jet” assisted takeoff devices
(called JATOs). JATOs were little rockets used for additional take-
off power for heavily loaded military planes and to shorten takeoff
from island airfields in the Pacific."

MISSIONARIES AND UNBELIEVERS

Late in the war, engineers at the Aircraft Engine Research
Laboratory in Cleveland began to focus on the development of rock-

Preparing jet assisted take-off units, called JATOs, for testing in one of the four rocket test
cells built during World War 11 at the Aircraft Engine Research Laboratory in Cleveland,
Ohio.

NACA C-1946-14482
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Jerome Hunsaker, chairman of the National Advisory for Aeronautics Main Committee
(left), Vannevar Bush, wartime head of the Office of Scientific Research and Development
(center), and George Lewis, NACA Director of Research, visit the Aircraft Engine Research
Laboratory, 9 October 1946.

NACA C-1946-10241

ets for the first time. In 1944 they constructed four garage-sized
rocket test cells made of cinder blocks. These cells could test small
rockets of up to 1oo pounds of thrust. Though this work was never
sanctioned by a formal research authorization, it appears to have
been carried on with the tacit approval of the laboratory’s director.

After the war, the zeal of Sloop’s small rocket group contrasted
with the attitudes of NACA officials in Washington. Well past his
prime at the end of the war, George W. Lewis, the NACA’s Director
of Aeronautical Research, and Jerome Hunsaker, Chairman of the
NACA’s Main Committee, considered rockets artillery and therefore
outside the mission of the federal agency to promote aeronautical
research. Vannevar Bush, former chairman of the Office of Scientific
Research and Development, also took a dim view of investing
national resources in the development of rocket propulsion. As late
as 1949, Bush asserted that the astronomical costs of developing
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intercontinental ballistic missiles could never be justified because
rockets were “already near the limit of the amount of energy that can
be chemically packed into a given weight.”" In contrast to the con-
servatism of NACA Headquarters, rockets caught the imagination
and enthusiasm of the engineering staff of the Cleveland laboratory,
renamed the Lewis Flight Propulsion Laboratory in 1948.

Walter T. Olson, named Chief of the Combustion Branch within
the Fuels and Thermodynamics Division in 1945, encouraged mem-
bers of the rocket section. They studied the papers by such Jet
Propulsion Laboratory luminaries as Frank Malina, Martin
Summerfield, and Richard Canfield.”” One might speculate that a
paper of particular interest to the Lewis rocket researchers could
have been “The Problem of Escape from the Earth by Rocket” by
Malina and Summerfield. This paper expanded upon Konstantin
Tsiolkovskiy’s idea that stepped rockets (rockets with more than one
stage) would make it possible to achieve spaceflight. This was not
the first study of this subject. As early as 1919 Goddard had specu-
lated on the potential of multi-stage rockets in Method of Reaching
Extreme Altitudes. The paper’s timeliness, along with the precision
and persuasiveness of its arguments, has made it one of the classics
in American rocket literature."

Though still in his thirties, Walter Olson was one of the labora-
tory’s outstanding leaders. He was among the handful of engineers
at Lewis with a Ph.D. in chemistry from the Case Institute of
Technology. Drafted by the Army, he was assigned to the NACA,
where he went to work developing lubricants and fuel additives for
aircraft piston engines. During a NACA-sponsored recruiting trip to
California, he had made a detour to Pasadena’s Guggenheim
Laboratory to visit Malina. Witnessing the ear-splitting tests in the
Arroyo Seco Canyon proved a revelation. Upon his return to Lewis,
Olson joined the American Rocket Society (ARS), where he was
soon rubbing shoulders with Malina and Summerfield, Wernher von
Braun, Krafft Ehricke, and other members of the former
Peenemiinde group. Recruited by the U. S. Army shortly after the
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fall of Germany to the Allies, the Germans joined the ARS, giving the
society the credibility and expertise it had lacked in the 1930s.

Unlike today’s large bureaucratic space agency, NACA engineers
had considerable autonomy. All three NACA laboratories supported
strong research cultures that nurtured individuals motivated by the
desire to contribute to the nation’s store of technical knowledge.
Moreover, unlike NASA today, the NACA did not engage in devel-
opment or support missions through the management of contracts
with industry. As James Hansen, the historian of the NACA Langley
Laboratory in Hampton, Virginia, has pointed out, the physical iso-
lation of Langley researchers and their remoteness from
Headquarters freed them from political pressure and allowed them
to concentrate on technical questions." Lewis rocket researchers
shared this isolation and reveled in the opportunity to delve into the
field of rocket propulsion. Though there were no facilities for expen-
sive full-scale rocket tests, they succeeded in ferreting out valuable
lines of inquiry. Armed with pencil and slide rule, Paul Ordin and
Riley Miller made theoretical evaluations of the performance of dif-
ferent combinations of high-energy propellants based on their specif-
ic impulse.” Specific impulse (pounds of thrust per pound of propel-
lant consumed per second) is a means of measuring the efficiency of
a particular propellant combination. After the publication of this
paper, co-workers called Ordin “Mr. Rocket Propellant.”

Vearl Huff inspired one of the early research reports that caught
the attention of the rocket propulsion community. With Sanford
Gordon and Virginia Morrell, he developed a basic calculation tech-
nique that saved considerable time over other methods of evaluating
the theoretical performance of different propellant combinations.'
Morrell, who had a degree in mathematics from the University of
Wisconsin, recalled that Huff “had more ideas within an hour than
most people get within their lifetime.” Huff handed her a problem
with 2§ equations and 24 unknowns. She set about solving the prob-
lem with the help of Marge Terry, on loan from the “calculator
unit.” (Members of this all-woman unit were generally referred to as



CARVING OuT A NICHE | 11

“computers.”) Using one of the early electromechanical calculators
made by the Friden Calculator Company, Morrell and Terry worked
through reams of data, applying pressure, volume, and temperature
variables to arrive at a method to evaluate a rocket’s thrust, referred
to as a “rapidly convergent successive approximation process.”'” The
method received considerable notice because it could be pro-
grammed on the simple analog computers in use at that time, and
could be used as a guide for propellant selection before a particular
combination was actually tested. In describing the value of this early
theoretical work, Sloop wrote:

This marked the beginning of a long series of published and
unpublished theoretical calculations by Huff, Sanford Gordon,
and other associates that guided us and others in experimental
work and in propellant selections. By the end of the 1950’s they
had published some 25 reports. Equally important, they were
ready to supply reams of tabulated machine calculations to ana-
lysts and experimenters. Thus, it can be said that theoretical per-
formance calculation techniques and results were the first major
Lewis contribution to rocket propulsion research.!®

The 1951 report, called “General Method and Thermodynamic
Tables for Computation of Chemical Reactions,” was published
shortly after Morrell left the laboratory to have her first child. She
recalled that when her husband, Gerald Morrell (also a member of
the rocket group and later division head), attended a rocket meeting
in California, he was besieged by researchers who mistook him for
the author. He came home considerably deflated and demanded a
copy of the report.” This report became one of the classics of the
rocket world, cited by Martin Summerfield in his article on the lig-
uid propellant rocket engine in the landmark multi-volume survey,
High Speed Aerodynamics and Jet Propulsion.*

The rocket group benefited not only from the encouragement of
their branch chief, but also from his recognition of the importance
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of building bridges between theoretical approaches and the devel-
opment of actual hardware. “There is always an interesting inter-
play when engineers are across the table from physicists,” Olson
commented. “Those were the days [the 1950s] where there were
fairly sharp distinctions between pure research, which physicists
and chemists did, and applied research, which engineers did. Often
one group would decry the efforts of the other group. I think one
of the things that I contributed was pushing those two types
together.”?!

The interaction of scientists and engineers produced innovative
approaches to rocket engine design and the development of increas-
ingly sophisticated rocket test facilities. Ideas found expression in the
design of test hardware. The focus of their effort was to understand
the processes that were going on inside a rocket thrust chamber.
Testing played a key role in the generation of new knowledge that
could be disseminated throughout the entire propulsion communi-
ty—a community that included other NACA centers, the military,
and industry.

THE ALLURE OF CRYOGENIC FUELS

Initially rocket researchers at Lewis did not focus on hydrogen,
though hydrogen’s potential as a high-energy rocket propellant was
well known. The 19th-century Russian rocket pioneer Tsiolkovskiy
had discussed its allure.?? So had Goddard and Oberth, but its well-
known dangers had dissuaded them. At Kummersdorf in the 1930s,
Walter Thiel, a member of the German Army group working under
Walter Dornberger, had briefly experimented with it, but results
were discouraging.”

Engineers at Lewis Laboratory knew of the efforts by the Aerojet
Engineering Corporation in Azusa, California, and the Jet
Propulsion Laboratory in Pasadena to test a hydrogen/oxygen rock-
et in the late 1940s.** They were also familiar with experiments at
Ohio State University by world authority on liquid hydrogen,
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Professor Herrick L. Johnston. By 1951 both programs had been
terminated.”

Thus, at the very time when other more experienced rocket
experts were abandoning cryogenic fuels research because of its for-
midable challenges, the Lewis team began to systematically explore
the full range of liquid rocket propellants, the better to evaluate
them. They experimented not only with liquid hydrogen, but also
with hydrazine, liquid ammonia, and lithium. They tested them with
an equally wide range of oxidizers like hydrogen peroxide, chlorine
trifluoride, liquid oxygen, nitrogen tetroxide, liquid fluorine, and
ozone. Usually, they could obtain chemicals only in small quantities.
They took great risks to bring them safely back to the laboratory.
For example, because hydrazine was too hazardous to be shipped,
Paul Ordin purchased enough in St. Louis to be stashed in an incon-
spicuous flask for the train ride back to Cleveland.*

Fluorine seemed particularly tantalizing. The Manhattan Project
to develop the atom bomb had stimulated interest in a uranium/flu-
orine compound, making fluorine appear a promising area of post-
war research. Fluorine, however, was another highly reactive chem-
ical. The Harshaw Chemical Company of Cleveland considered it so
dangerous that it required a police escort in the dead of the night. On
one occasion during unloading, a fluorine bottle rolled off the truck.
It hit the ground and “took off like a rocket,” veteran researcher
William Rowe recalled—fortunately in a direction opposite from
where he and others were standing.”” Fluorine gas had to be con-
densed before it could be loaded into a storage tank. Later the labo-
ratory was able to obtain liquid fluorine from the Allied Chemical
Company.

Diborane also received close scrutiny. Its propensity to explode
made it particularly dangerous to handle. Rowe and a colleague pur-
chased a pound of diborane for $400 at the Buffalo Electrochemical
Company. They carefully packed it in dry ice and put it in the back
of their pickup truck. On the way back to the laboratory, the pick-
up’s fuel line froze, and the pair stopped at a repair shop to thaw out
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the line. When Rowe noticed an open flame from a heater in the
shop, he became extremely concerned because he knew that even a
small diborane leak could blow the roof off the shop. Fortunately,
they made it back to the laboratory without further incident.*®
Experimental performance of these propellants was evaluated
through tests in the small rocket test cells built during World War II.
Gradually, the work of the rocket group came to the attention of
the Navy Bureau of Aeronautics (BuAer) at the Naval Rocket
Laboratory and the Air Force at Wright Field. In May 1948, the
NACA sponsored a classified conference on rocket fuels in which
Sloop, Ordin, and Huff discussed the theoretical performance of dib-
orane with liquid oxygen, hydrogen peroxide, and liquid fluorine.
They were also able to supply experimental data on the firing of dib-
orane with liquid oxygen in a 1oo-pound thrust rocket engine.”
Shortly after this conference, BuAer asked the rocket group at Lewis
to study rocket ignition at high altitudes in connection with jet-
assisted takeoff for fighter aircraft. This research was considered
urgent because the British had discovered that liquid propellants
ignited spontaneously at sea level, but encountered serious ignition
problems at high altitudes. The Navy was particularly interested in
the behavior of liquid oxygen/alcohol propellant combinations at
altitudes between 50,000 and 100,000 feet. This became the first
officially sanctioned rocket research: Research Authorization E-229,
“Investigation of Rocket Ignition by Lewis Flight Propulsion
Laboratory at High Altitude,” issued in 1949. In 1950 the Navy
asked the laboratory to investigate the low-temperature starting
characteristics of an Aerojet rocket engine that burned white fuming
nitric acid and gasoline with hydrazine hydrate used for ignition.*

CONTRIBUTIONS AND RECOGNITION

The first research authorization for NACA rocket research in
Cleveland coincided with the promotion of Abe Silverstein to Chief of
Research in 1949. He reorganized the laboratory, making Fuels and
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Combustion into a separate division with Walter Olson in charge.
The Combustion Branch within this division had about 40 people—
8 in the Combustion Fundamentals Section and 19 in the Jet-Engine
Combustion Section. At this time the miniscule Rocket Section
increased from a staff of § to 13.>' With the total number of employ-
ees at the laboratory more than 2,000, this still amounted to a very
small effort. Nevertheless, Silverstein, a Langley transplant who
understood the value of research, encouraged the work of the group.

Silverstein was known for his infallible engineering instincts and
ability to pick promising lines of inquiry. After his 1929 graduation
from the Rose Polytechnic Institute (Rose Hulman Institute of
Technology) in Terre Haute, Indiana, he had launched a distin-
guished career at Langley where he became an expert in wind tunnel
design and operations. In 1943, Silverstein was placed in charge of
engine testing in the Altitude Wind Tunnel in Cleveland. This facili-
ty, at that time the country’s most advanced wind tunnel, played an
important role in testing its first British and American turbojet
engines.

Silverstein sensed the coming importance of rocket technology.
He authorized the construction of four additional rocket test cells.
These test cells, located at the far end of the laboratory, were con-
structed by an in-house construction group called the “Hurry Up
Construction Company” and paid for out of operating funds.®
Between the four older test cells and the four new ones, they con-
structed a small instrument and control building protected from the
test cells by earthen mounds. They could now test rocket engines
producing 1,000 pounds of thrust.

In May 1949, Air Force Colonel R. J. Minty, Chief of the Wright
Field Power Plant Division, asked the NACA for more experimental
data on high-energy propellants in relation to combustion chamber
operating pressures. Presumably referring to the Cleveland laborato-
ry’s work for the Navy, he wrote, “The NACA program investigat-
ing special rocket propellant combinations has been followed with
considerable interest. As an aid to formulating plans for future rock-



16 | IDEAS INTO HARDWARE

et development, the type of work now being done at Cleveland is of
importance.” Citing a lack of information on chamber pressures, he
requested data on specific impulses obtainable at 1,000 and 2,000
psia with three propellant combinations: white fuming nitric
acid/gasoline, liquid hydrogen/liquid oxygen, and liquid hydrogen/
liquid fluorine.* The laboratory responded that its experimental pro-
gram on rocket engines did not include investigation of the effect of
high chamber pressures on performance. It asked for and received
authorization from the NACA Subcommittee on Combustion to
develop an altitude tank for testing small rocket engines.

At the same time, the rocket section began to formulate long-
range plans. An outline of the objectives of the Combustion
Division, completed in September 1949, described its rocket work as
both fundamental and applied. It defined fundamental research as
“exploratory and thus long range,” such as understanding the
physics and chemistry of the combustion process itself. Applied
research involved the effort to apply this understanding to the oper-
ation of full-scale rocket engines. In describing the laboratory’s rock-
et research, the document stated: “Because the component parts of
the rocket engine—propellants, injection system, combustion cham-
ber, and nozzle—are so closely interrelated, research directly perti-
nent to this power plant is outlined and conducted as a body, rather
than under other headings.”** These same interests would later
inspire the design of the RETF.

The work at Lewis on liquid-fueled rockets focused on four
objectives: first, to obtain high specific impulse (more energetic
propulsion per unit mass of propellant) in order to increase range
and/or payload; second, to increase operating time and reliability of
operation; third, to achieve versatility, ease, and safety of operation
and control; and fourth, to determine the limits of flight perform-
ance achievable either with the rocket engine alone or in combina-
tion with other power plants. Interestingly, in evaluating different
propellants at this time, the laboratory decided (at least temporarily)
not to include liquid hydrogen/liquid oxygen in the test program
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because it was reluctant to compete with larger experimental pro-
grams at Aerojet, JPL, and Ohio State University. Rather, rocket
researchers focused on liquid hydrogen with the oxidizer fluorine
because of fluorine’s theoretical superiority to liquid oxygen.* Soon,
they would have the field of cryogenic rocket fuels research to them-
selves, since by the early 1950s the Air Force and Navy had ceased
to fund early efforts at Aerojet, JPL, and Ohio State.

One of the most recalcitrant problems in early rocket develop-
ment concerned unstable combustion. In his memoir, The Wind and
Beyond, Theodore von Karman recalled that the Malina group,
working in the early 1940s, had despaired of solving the problem.
Either the rocket would blow up or the flame would go out. After
the war, they discovered that the Germans had also experienced the
problem. Martin Summerfield theorized that instability in the engine
depended on the delay between injection of the fuel and combustion.
If the time was almost instantaneous, combustion was likely to be
smooth. However, commented von Kirman, “unfortunately we
knew of no way to reduce the reaction delay to solve our practical
problem.”

At that time researchers defined two types of combustion insta-
bility. One involved a phenomenon that produced low-frequency
oscillations known as “chugging.” The other type, called “screech,”
occurred in the high-frequency range. Because the physics of com-
bustion are so complex, engineering science at that time lacked a the-
ory to fully explain the causes of combustion instability. This prob-
lem at the nexus between theory and experiment attracted the Lewis
researchers. At first they focused on chugging. Through experimen-
tation, they demonstrated that by decreasing the propellant mixing
time and increasing injection pressure drop, the problem could be
controlled, if not eliminated. They presented these test results at a
symposium at the Dover, New Jersey, Naval Air Rocket Test Station
in December 1950.%

Lewis researchers devised new experimental approaches to the
problem. In a paper presented to the American Rocket Society,
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Marcus F. Heidmann and Jack C. Humphrey advanced a theory that
fluctuations in the injector spray could explain screech. Judging from
the published comments to the paper, the theory was controversial.*®
In another paper, Donald Bellman described how he used a camera
that photographed combustion at the rate of 40,000 frames per sec-
ond to study high-frequency oscillations. Theodore Male, William R.
Kerslake, and Adelbert O. Tischler continued this work. They
applied the photographic techniques of Cearcy D. Miller, a NACA
pioneer in high-speed photography. During World War II, Miller
had devised his ingenious camera to photograph the phenomenon of
“knock” (incomplete combustion) in aircraft piston engines using a
transparent cylinder. With high-speed photography, rocket
researchers were able to show the transition from normal to oscilla-
tory combustion and from longitudinal waves to high-speed rotary
waves in a 1,000-pound thrust engine.”” These findings were report-
ed at another symposium at the Naval Air Rocket Test Station in
1954 and published the same year.”” Much of this work, however,
remained classified because of its missile applications.

A document summarizing the laboratory’s research on high-ener-
gy propellants for long-range missiles stated:

The first objective of research on high-energy propellants for
long-range missiles is to provide information for the selection of
promising propellant combinations. This is done by a combina-
tion of analyses and experiments to reveal propellant characteris-
tics, handling methods, theoretical performance, and burning
characteristics. Such work has been the primary emphasis of
rocket research at the laboratory with results that narrow propel-
lant selection to fluorine, ozone, and oxygen as oxidants and
hydrocarbons, ammonia, and hydrogen as fuels but keeping an
open-minded attitude for other possibilities.

The second objective of research on high-energy propellants is
to provide information on engine performance, durability, pump-
ing systems, and controls on engines of practical size. Work on
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phases of engine performance (injection, combustion, expansion),
durability (heat rejection, cooling), and pumping are starting.*
y ] s g)> pumping g

At this time, Peenemiinde rocket veteran Krafft Ehricke at the
Guided Missile Development Group at the Redstone Arsenal in
Huntsville, Alabama, began to champion liquid hydrogen as a pro-
pellant for upper-stage rockets. He told John Sloop in a 1974 inter-
view, “I had run into hydrogen, from Tsiolkovskiy through von
Hoefft to Oberth to Thiel and through my nuclear investigation. So
I said, ‘It’s too often that it has looked good. I think we ought to do
it.””* Ehricke wrote a paper comparing the weight of propellants,
their specific impulse and their density. In it he argued that while it
was preferable to use heavy- or medium-weight propellants in the
first or booster stage, less dense propellants like ozone/methane,
hydrogen/oxygen and oxygen/hydrazine seemed attractive for upper
stages. He noted how the high specific impulse and low density of
liquid hydrogen would offset the weight of the structures needed to
contain it.* But von Braun gave Ehricke little encouragement. He
thought they should stick with the denser propellants that they
already knew how to handle.*

Liquid hydrogen is a cryogenic fuel, which means that it must be
maintained at an extremely low temperature (minus 423 degrees
Fahrenheit) to prevent it from vaporizing. Liquefaction of gaseous
hydrogen is both complicated and expensive, while storage of large
quantities of liquid hydrogen presents another set of technical prob-
lems. Its low density requires relatively large insulated metal con-
tainers. Because of the extremely low temperature of liquid hydro-
gen, these containers over time become brittle and develop cracks.
Hydrogen tends to leak through the pores of even the most skillful-
ly welded vessels. Despite these drawbacks, liquid hydrogen looked
promising not only because of its high specific impulse, but also
because of its extremely cold temperature. Its thermal properties
made it excellent for cooling by pumping the fuel through hollow
passages in the thrust chamber walls. Called regenerative cooling,
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this process allows the fuel to cool the thrust chamber walls during
combustion, plus prewarm the fuel before it is injected into the
chamber, enhancing the efficiency of the combustion process.
Regenerative cooling also provided the key to liquefying hydrogen in
the late 19th century.®

James Dewar, a Scottish physicist and chemist, converted hydro-
gen gas to a liquid for the first time in 1898. He used liquid air to
precool the hydrogen gas, which he then expanded through a valve
in a precooled insulated vessel of his own design. Dewar had invent-
ed this double-walled vessel in 1892. The vessel’s insulating capaci-
ty came from the vacuum produced in the space between the inner
and outer walls. Today the double-walled vacuum container used for
liquid hydrogen and other low temperature fluids is called a dewar
in honor of its inventor.* Mobile dewars, double-walled insulated
tank trucks, were perfected by the Air Force in the 1950s.”

The Lewis group paid close attention to the evolving debate over
the feasibility of liquid hydrogen as a rocket fuel. They visited
Herrick Johnston, a national authority on liquid hydrogen, at Ohio
State University. While a student at the University of California at
Berkeley, he had contributed to the Harold Urey’s discovery of deu-
terium or heavy hydrogen. In the 1930s, Johnston had built a hydro-
gen liquefier, or cryostat, at Ohio State. During World War II,
Johnston’s research contributed to the development of the atom and
hydrogen bombs. At this time, Hsue-Shen Tsien, one of Professor
von Karman’s students at Cal Tech, had proposed liquid hydrogen
as a working fluid for a nuclear rocket.*

In the fall of 1950, the Lewis Laboratory sponsored a Propellant
Selection Conference. Following the conference, the NACA author-
ized a subcommittee on rocket engines within the Power Plants
Committee, chaired by Maurice Zucrow of Purdue University.
Zucrow was frequently called upon for his advice on R & D for
guided missiles. Zucrow invited Branch Chief Walter Olson to serve
on the Research and Development Board for the Guided Missiles
Committee for the Department of Defense. There Olson learned of
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U S NAVAL AIR
ROCKET TEST STATION

Meeting of the Navy Bureau of Aeronautics Panel on Propulsion and Fuels for Guided Missiles
at the Rocket Test Station, Dover, New Jersey, 19 January 1951. Walter T. Olson, Combustion
Branch Chief at Lewis (center), stands next to Maurice Zucrow of Purdue University (front
row, second from left). Rocket Section head John Sloop is in back row on left.

USN NTI-3-1067

secret projects being conducted by General Electric and the
Rocketdyne Division of North American Aviation. He returned to
Lewis after these meetings determined to support more vigorously
the work on high-energy propellants. Nevertheless, it was a tough
sell at NACA Headquarters. Olson recalled that about 1955 Homer
Newell of the Naval Research Laboratory encouraged the laborato-
ry’s participation in the Vanguard Satellite Program to commemo-
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rate the International Geophysical Year. Olson demurred, telling
Newell that in view of the conservatism of headquarters, they were
“lucky to be doing any rocket work at all.”*

As historian Michael Gorn has pointed out in an essay to be pub-
lished shortly by NASA, in the r950s Hugh Dryden, the NACA’s
Director, was deeply engaged in reorienting the NACA to space-
related research, despite a charter that limited it to advancing aero-
nautics. Between 1951 and 1957 the NACA’s budget rose from $63
to $77 million. This small increase made it extremely difficult to
fund space-related research, though initiatives were underway at all
three laboratories. At Ames a new theory, verified by wind-tunnel
experiments, found that blunt shapes dissipated heat. Actual rocket
launches from the NACA’s Pilotless Aircraft Research Station con-
firmed the superiority of the rounded nose cone for re-entry into the
Earth’s atmosphere. Langley was also deeply committed at this time
to the development of the X-15, a hypersonic aircraft, capable of
altitudes of 300,000 feet.*

One of the obstacles that Dryden faced was the unwieldy NACA
committee structure which could only make recommendations, but
carried no financial clout. Even though Zucrow, one of the country’s
foremost rocket experts, enthusiastically supported the laboratory’s
1952 request for an appropriation for an $8.5 million large rocket
engine facility to be built in a remote location in one of the western
states, this request was turned down.’' The proposed facility was to
be used to test a 20,000-pound-thrust rocket using high-energy pro-
pellants, such as fluorine/hydrazine and fluorine/ammonia, and oxy-
gen/hydrogen, as well as more traditional propellant combinations
such as oxygen/gasoline and nitric acid/gasoline in engines up to
100,000 pounds of thrust.” In a memo to NACA Headquarters,
Abe Silverstein noted Zucrow’s “hearty endorsement of the planned
new facility, emphasizing that it was exceedingly important that the
NACA conduct its rocket research in engines of practical size as he
noted the proposal provided for.”** Zucrow’s only reservation, it
seems, was that 100,000-pound-thrust capability might not be large



CARVING OuT A NICHE | 23

enough, since he envisioned engines of 200,000 to 300,000 pounds
thrust within 1o years.

When these plans were scaled back to a modest $2.5 million,
appropriated by Congress in September 1954, the NACA was left
with the more experimental piece of the planned facility. The
NACA’s facility would be dedicated to testing high-energy propel-
lants. Rather than a remote location in the far west, the proposed
Rocket Engine Test Facility (RETF) was small enough to be built at
the Lewis Flight Propulsion Research Laboratory. Construction
began in May 1955 and was completed in 1957. Involved in the
redesign were B. G. Gulick, D. W. Berg, D. A. Friedes, L. R. Marcus,
J. H. Nitchman, O. J. Haas, O. ]J. Luchini, Dr. L. Gibbons, T.
Reynolds, P. M. Ordin, S. Deutsch, and L. H. Rieman.**

As plans for the new facility evolved, Lewis Laboratory became
more aggressive in its effort to become the nation’s specialists in lig-
uid hydrogen rocket technology. Silverstein allowed the group to
purchase a small hydrogen liquefier from Arthur D. Little, an
important engineering consulting firm in Cambridge,
Massachusetts. William Rowe was sent to Cambridge for instruc-
tion from the firm on how to operate this new equipment, which
liquefied hydrogen at a rate of up to 25 liters an hour. Still unable
to produce liquid hydrogen in sufficient quantities to satisfy their
research requirements, a few years later they jumped at the chance
to purchase equipment left over from testing a “wet” hydrogen
bomb in the South Pacific. This excess government equipment,
owned by the Atomic Energy Commission, was stored at Edwards
Air Force Base in California. Because of Rowe’s previous experi-
ence with the Arthur D. Little liquefier, Sloop sent him out to
Edwards. Let loose in the warehouse over one weekend, he tagged
two rail carloads of equipment, instrumentation, valves, and
plumbing for making liquid hydrogen. Rowe, and later Glenn
Hennings, worked on setting up a system that could supply about
100 liters of liquid hydrogen per hour. This remained the laborato-
ry’s main source of liquid hydrogen until a new plant in Painesville,
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Ohio, began producing liquid hydrogen that could be trucked to the
laboratory in specially designed mobile dewars.*

Theoretically, hydrogen mated with fluorine promised the high-
est performance of any rocket propellant because of the combina-
tion’s high combustion temperature and low exhaust molecular
weight. Thrust of a rocket engine depends on the exhaust velocity of
the combustion gases. Exhaust velocity is proportional to the square
root of combustion temperature divided by molecular weight of the
exhaust. “When we got through calculating, the best propellant
combination by far—head and shoulders above everything else—was
hydrogen with fluorine,” recalled researcher William Tomazic.*
With the hydrogen/fluorine combination, both high combustion
temperature and low molecular weight contributed to high perform-
ance. Another advantage of hydrogen/fluorine was that its very low
density meant that less fuel was required to achieve maximum spe-
cific impulse. This held out the tantalizing possibility of rockets with
lower structural weight and higher performance.’”

John Sloop and Howard Douglass became fluorine’s champions.
Fluorine was attractive because it spontaneously reacted with sub-
stances to unlock their chemical energy and liberate heat. The more
heat, converted into kinetic energy by expansion through the rocket
nozzle, the higher the potential thrust.® Fluorine, however, was a
volatile and dangerous reactant. Researchers compared fluorine to
the Hollywood swashbuckler Errol Flynn because of its propensity
to attack whatever lay in its path. Fluorine took the finish off cars
parked in the parking lot and ate through metal containers. The
highly toxic gas posed serious risks to the environment—not to men-
tion endangering the lungs and skin of researchers who ventured into
its path.

Besides its reactivity, another unattractive feature was its
expense. An extremely rare chemical, it had to be purchased as a gas
and then liquefied prior to a test. At that time there was no instru-
mentation to test for a fluorine leak. After an aborted test had
released fluorine into the atmosphere, Eugene Krawczonek recalled
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that before entering the test area he took the precaution of wearing
a gas mask and his heavy overcoat. He discovered that fluorine
immediately reacted with the wool in his coat, coating it with a
sticky substance.”

A 1953 memo prepared by Edward Rothenberg for his boss,
Branch Chief John Sloop, described the group’s approach to design-
ing a system to remove toxic hydrogen fluoride gas from the exhaust
of ammonia/fluorine engines. It was first tried in Cell 14, a test cell
capable of testing a 1,000-pound liquid hydrogen/fluorine rocket.
Combustion gases were exhausted into a duct 30 feet in length and
20 inches in diameter. After a caustic solution was sprayed into the
duct, the gases were vented to the atmosphere through a 20-foot-
high, 36-inch-wide stack. A sample of the vented gases showed they
had been rendered harmless. The only problem noted was that scaled
up to treat the exhaust of a 20,000-pound-thrust rocket, the “scrub-
ber” would be monstrous.*

Before the construction of the RETF, Cell 22 (also called the High
Energy Rocket Systems Stand) was the largest and most advanced
facility for rocket tests. Cell 22 had a large scrubber and two parallel
test stands capable of testing rockets of up to 5,000 pounds of thrust.
Liquid hydrogen testing began in November 1954."

Lewis engineers working with high-energy fuels had no models to
follow in designing these facilities. They were constantly challenged
to explain unexpected explosions of test engines. One accident stood
out in the memory of Frank Kutina, later head of RETF operations.
This explosion not only destroyed the test stand, but also blew out
the windows in the control room building and the offices of the ro-
foot-by-ro-foot wind tunnel located nearby, resulting in unwonted
attention from upper management.

Kutina recalled they were perplexed by the explosion because it
involved hydrocarbon (RP-1) fuel—not hydrogen—and it occurred a
full five minutes after engine shutdown. Investigation revealed that the
unburned fuel in the scrubber had combined with the oxygen from the
ambient air to cause the explosion. New precautions included filling



26 | IDEAS INTO HARDWARE

the scrubber with carbon dioxide gas prior to each engine firing, a
costly procedure that was also used in the early phases of hydrogen
testing in the RETF. Later, researchers were able to find a more effi-
cient and economical way to prevent the explosion of unburned fuel.®*

Engineers were able to test a scaled-down model of the Vanguard
engine, which burned JP-4 with liquid oxygen. The Vanguard engine
had a heat transfer problem that resulted in a meltdown of the walls
of the thrust chamber. Researchers experimented with adding sili-
cone oil to the fuel which, when burned, formed a protective coating
of silicone oxide on the chamber walls. Later they would test a full-
scale Vanguard engine in the RETF—the only full-scale engine ever
tested in the facility.®

The first tests in Cell 22 of a liquid hydrogen/fluorine rocket
proved frustrating. Despite regenerative cooling, the injector tended
to melt down.* They had better results with tests of a regenerative-
ly cooled hydrogen/oxygen thrust chamber in September 1957.
William Tomazic recalled his elation over the results of the liquid
hydrogen tests: “We had some interesting experiences there, and we
pretty well proved, yes, the stuff is great! Performance is great! If you

965

design properly, it cools beautifully.

FROM SUNTAN TO THE RL10

While the NACA was testing liquid hydrogen rocket engines in Cell
22 and engaged in the building of the RETF, the Air Force spear-
headed a much larger effort to develop a secret reconnaissance plane
fueled with liquid hydrogen. Though cancelled in 1958, the Air
Force program left behind not only an infrastructure for producing,
transporting, and storing liquid hydrogen, but also a successful tur-
bojet engine that ran on liquid hydrogen. This air-breathing engine
later became the basis for the design of the first liquid hydrogen
rocket engine—the RL10.

Hydrogen (which burns readily at extremely low pressures)
seemed promising for high-altitude spy planes. To convince Air Force
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Frank Kutina, later head of RETF operations, monitors a test in the control room of Cell
22, March 1957. Cell 22 was used for testing liquid hydrogen/liquid fluorine engines. Its
scrubber served as the prototype for the much larger scrubber of the RETF.

NASA C-44591

officials that a liquid hydrogen power plant was feasible, Abe
Silverstein and Eldon Hall produced a classified report, published in
1955 as “Liquid Hydrogen as a Jet Fuel for High-Altitude Aircraft.”®

Following the publication of the Silverstein-Hall report, the Air
Force funded the Suntan Project. Suntan was so secret that even
Silverstein was kept in the dark about the full extent of the program.
While spending approximately $1oo million on Suntan, the Air
Force funded a $1 million experimental liquid hydrogen aircraft
Apparently, the
Air Force regarded the Lewis effort as a low-cost effort that might

engine test program at Lewis called “Project Bee.”*

foil Soviet intelligence. “Somebody is going to get wind of liquid
hydrogen engine development sooner or later,” Suntan’s Air Force
Chief Norman Appold said, “so we were very much willing to sup-
port and do anything that Abe and his folks wanted to do, because
it gave us this cover.”®® Spending for Suntan greatly exceeded the
entire budget of Lewis, which was about $22 million. It also exceed-
ed NACA appropriations for 1956 of about $73 million.”
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In addition to $1 million for the project, the Air Force supplied a
B-57B bomber and two Curtiss-Wright J-35 engines. It gave
Silverstein one year to prove that the aircraft could be adapted to fly
with liquid hydrogen fuel. The rocket group’s experience with liquid
hydrogen proved vital to the success of the project. Howard Childs
headed the Guidance Panel charged with establishing the design cri-
teria to be carried out by an Operations Group headed by Paul
Ordin. Ordin, a 1940 graduate of City College of New York in
chemical engineering, already had more than a decade of experience
with liquid hydrogen.”

The B-57B bomber was modified so that one engine could burn
liquid hydrogen fuel, code-named “X-35.” During the first flight of
the aircraft on 19 December 1956—one year from the date of the
start of the project—the pilot switched from JP-4 fuel to liquid
hydrogen twice, but the plane failed to maintain its speed. A second
flight had only partly satisfactory results. During the third flight on
13 February 1957, the engine was successfully operated for 20 min-
utes on liquid hydrogen at an altitude of 49,500 feet and a speed of
Mach 0.72.7

Meanwhile, a far more ambitious development program for the
Air Force reconnaissance plane had made rapid progress. The Pratt
& Whitney Aircraft Engine Company was selected by the Air Force
to build a turbojet engine for Suntan. It completed a prototype in
August 1957. At the same time, the Air Force financed the construc-
tion of new liquid hydrogen plants in Trenton, New Jersey (later
cancelled), Painesville, Ohio, and Bakersfield, California. These
plants increased the nation’s production capacity from several hun-
dred pounds to 1,500 pounds per day. The Air Force also supported
construction of two plants adjacent to an extensive new Pratt &
Whitney engine test center in West Palm Beach, Florida. These
plants, known as “Mama Bear” and “Papa Bear,” produced respec-
tively 7,000 and 60,000 pounds of liquid hydrogen per day.”
Mobile dewars, later used by the RETF for transporting liquid
hydrogen, were also developed as part of the Suntan project.
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Despite the project’s cancellation in 1958, Suntan proved an
important step toward the realization of a liquid hydrogen rocket.
Shortly after the Soviet Union launched Sputnik, the Advanced
Research Projects Agency (ARPA) granted a contract to General
Dynamics for the development of Centaur, a liquid hydrogen upper-
stage rocket. The RL10 engine, designed by Pratt & Whitney for the
Centaur rocket, grew directly out of the turbojet engine it had
designed for the Suntan Program. Commenting on the appropriate-
ness of the choice of Pratt & Whitney for the Centaur engine proj-
ect, Air Force Colonel Norman Appold said:

But having developed all the capabilities to pump and handle lig-
uid hydrogen, to meter hydrogen, understanding its combustion
properties better than virtually anybody else in the country, and
particularly in terms of the high level of classification in the
Suntan Program, it seemed more practical and economical to
encourage Pratt & Whitney to enter the rocket business than to
take the technology and give it to someone like North American
or Aerojet General.”

Pratt & Whitney thus entered the rocket business by the back
door, but its experience with liquid hydrogen became an important
national asset. The RL10 engine for Centaur would later prove the
feasibility of liquid hydrogen as a fuel for upper-stage rockets.

For Lewis Laboratory, Project Bee represented an interesting
detour by rocket researchers into the field of air-breathing engines.
It