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The Altitude Wind Tunnel’s (AWT) steel shell loomed, almost threateningly,
over the National Aeronautics and Space Administration (NASA) Glenn
Research Center’s main campus in Cleveland, Ohio, for over 60 years.
The facility had been inactive since 1975, but the hulking tunnel sat in a
conspicuous location between the visitors’ center and the Icing Research
Tunnel and was seen daily by hundreds, if not thousands, of people. The
tunnel slowly ebbed from NASA Glenn’s collective consciousness. Inside
the steel shell, significant contributions had been made in the advancement
of the jet engine and the high-profile Project Mercury and Centaur Program.
Yet, the AWT had remained a mystery to most current employees and the
public. Not only did the rusting giant have an obscure past, few even knew
its name. This book, the accompanying Web site (http://awt.grc.nasa.gov),
and other documentation have been created to resurrect the esteemed
reputation of this once-vital and historically significant facility.

The AWT’s unrivaled capability to test full-scale engines in simulated alti-
tude conditions advanced the development of the jet engine considerably
during its formative period in the 1940s and in its maturity in the 1950s. The
AWT was the nation’s first wind tunnel built specifically to study the opera-
tion of engines. Its ability to consistently re-create flight conditions allowed
researchers to systematically study engine behavior and perfect innovations
such as the afterburner and the variable-area nozzle.

Between 1959 and 1963 the AWT was slowly transformed into two large test
chambers. The tunnel’s simulated high-altitude conditions allowed NASA
to cancel costly and time-consuming flight testing for Project Mercury.
Afterward the tunnel was converted into one of the nation’s first large

ix
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Image 1: For over 60 years, the massive AWT was a central fixture at what is today the NASA
Glenn Research Center. Despite its prominent location, few current employees were aware of
its storied past or major contributions to aeronautics and space. (NASA C-2005-01674)

vacuum chambers and renamed the “Space Power Chambers” (SPC). It was
used to quickly remedy a number of problems for the Centaur second-stage
rocket. The SPC tests allowed the Centaur to sustain its tight schedule for the
Surveyor and later orbiting observatory missions. Use of the facility tapered
off in the 1970s, and an effort to resurrect the wind tunnel failed in the
early 1980s. After years of neglect, the tunnel was demolished in late 2008
and spring 2009.

NASA’s historical publications tend to focus on center histories, specific pro-
grams (particularly the human space program), or chronologies and other
reference materials. The NASA Glenn Research Center has carved out a
niche by writing the histories of several of its research facilities. The Icing
Research Tunnel, Rocket Engine Test Facility, and Plum Brook Reactor have
all been documented in recent years. These three books appear to be the
only single-facility studies in NASA’s historical collection.
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Certainly the center and program histories describe test facilities, but they
are mostly portrayed as research tools contributing to a larger complex or
project. The histories of facilities, therefore, provide a unique perspective.
In some cases, the facilities have made long-term contributions to a specific
program or field, such as the Icing Research Tunnel and the field of icing
research. Other facilities, however, can serve as a useful lens through which
to view the progression of research, technology, and the larger laboratory
over a long period of time. The AWT, with its 30-year operational career and
its contributions to the turbojet and space revolutions, falls into this latter
category.

The story is important for several reasons. First, it demonstrates that the abil-
ity to adapt to technological changes is vital for large test facilities. Long-term
investment in test facilities differentiated the National Advisory Committee
for Aeronautics (NACA) from manufacturers, the military, and its counter-
parts in other countries. The constant evolution of the aerospace field has
made it important for facilities to be flexible and strong enough to support
upgrades and repurposing.

After less than two years of construction, the AWT came online in February
1944. The tunnel itself was 263 feet long on the north and south legs, and
121 feet long on the east and west legs. The larger west end of the tunnel
was 51 feet in diameter throughout. The east side of the tunnel was 31 feet
in diameter at the southeast corner and 27 feet in diameter at the northeast.
The test section was 20 feet in diameter, but with the introduction of turbo-
jets, the air was ducted directly to the inlet. The complex originally included
five support buildings. A water pump house, additional exhausters, and an
exhaust gas cooler were added in 1951.

The tunnel shell retained its basic dimensions during the conversion into
large test chambers in 1961, although its internal components were removed
and bulkheads were added to section off the chambers. The addition of
a 22.5-foot-diameter extension and dome was the largest visible change.
This added about 14 feet to the height of the vacuum chamber. A vacuum
pump house was added, and use of the water pump house and exhaust
cooler ceased. Throughout its lifespan, the tunnel grew, adjusted, morphed,
attempted to return to its original function, and was eventually demolished.
By constantly changing, the tunnel was able to remain a vital tool for over
30 years.
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Second, the history of the AWT provides a look at the growth of the Lewis
laboratory' and the dramatic progression of aerospace technology during its
most fertile years. With World War Il approaching, the NACA realized it needed
a laboratory and wind tunnel to study large piston engines. Although not
operational until early 1944, the AWT did remedy a serious cooling problem
for the B-29 bomber’s engines. More importantly, though, from its very first
runs, the AWT was used to study and improve the newly developed turbojet
engines. The tunnel’s altitude capabilities were ideally suited to studying the
problem of flameout in early jet engines. At the military’s request, nearly
every type of jet engine during the 1940s and early 1950s in the United States
underwent evaluation in the AWT. By the 1950s the performance of turbojets
was increasing dramatically.

Although the AWT underwent several modernizations, its capabilities were
eventually superseded in the late 1950s by the laboratory’s newer super-
sonic tunnels and altitude test cells. The internal components were removed
from a large section of the AWT in 1959. This area was used as an altitude
chamber for several Project Mercury test programs, including the attitude
control system for the Big Joe launch. In 1960 all seven of the Mercury astro-
nauts came to the AWT to train in the Multi-Axis Space Test Inertia Facility
(MASTIF).

Afterward the tunnel was permanently converted into two test chambers.
The new SPC contained a large vacuum tank used to simulate the 100-mile-
altitude atmosphere of space. When it became operational in September
1963, the new 70,000-cubic-foot vacuum tank was rivaled in size only by the
Mark I tank at the Arnold Engineering Development Center.* Although the
NASA Lewis Research Center created several smaller vacuum tanks to study
ion engines in the Electric Propulsion Laboratory, the SPC contained Lewis’s
primary altitude chambers throughout the 1960s.

The two chambers in the SPC were used to remedy several problems
with the Centaur rocket during the lead-up to its missions to soft-land the
Surveyor spacecraft on the Moon. The Centaur-Surveyor missions were a key
precursor to the Apollo lunar landings. Later, as the Centaur payloads grew

*The Cleveland laboratory began operation in 1942 as the NACA Aircraft Engine Research
Laboratory. In 1947 it was renamed the NACA Flight Propulsion Laboratory to reflect
the expansion of the research. Following the death of the NACA’s Director of Aeronautics,
George Lewis, the name was changed to the NACA Lewis Flight Propulsion Laboratory in
September 1948. On 1 October 1958, the lab was incorporated in the new NASA space
agency, and it was renamed the NASA Lewis Research Center. Following John Glenn’s flight
on the space shuttle, the center name was changed again on 1 March 1999 to the NASA Glenn
Research Center.

xii
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in size, the SPC was used to qualify new shroud configurations for the first
space observatory satellites.

A third reason why the story of the AWT and its later incarnation as the
SPC is important is that it offers a unique view of a facility and a laboratory
from both sides of the October 1958 Space Act. There are several areas of
differences between NASA and its predecessor, the NACA, including the
organizational structure, the use of contractors, and the size of the budget.
The differences most often cited are research versus development and the
drift of personnel from applied engineering to management. The NACA’s
emphasis on research resulted in the construction of large facilities, particu-
larly wind tunnels during the committee’s 20 years of greatest achievement,
1935 to 1955. The tunnels were used almost entirely for research activities.
With the advent of the space program, equally impressive facilities were
built, but they were used primarily to test or verify items already in develop-
ment. This is illustrated by the AWT, which was primarily used for research,
and the SPC, which focused on development.

Image 2: The mechanics and technicians associated with the AWT were a crucial element of
the facility’s success. As technology improved and the Agency’s priorities changed, the staff
improved their skills and knowledge. This was particularly important during the transition
Jfrom piston engines to turbojets and from aeronautics to space. (NASA C-1949-23127)
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This book emphasizes the importance of the technical staff and their skills
to the AWT’s success. Operating the facility required the integrated work
of a complementary group of individuals. From mechanics and technicians
to test engineers and scientists, the group at the Cleveland lab was
exceptional. The mechanics and technicians, many of whom came through
the Apprentice Program, were often as responsible for the success of a test
as the researchers. Together the group solved problems affecting engines
and developed new methods of improving performance. As the focus
shifted to the space program, the staff had to adjust to the precision required for
space hardware. The organization was often pushed to its limits, particularly
during World War II and the first years of the Centaur Program in the early
1960s. Many of the chapters include a section highlighting the personal
stories of the AWT staff.

The AWT story demonstrates the importance of leadership to the success
of a facility and a research laboratory. This is exemplified by Abe
Silverstein, one of the true visionaries of both the NACA and NASA. He
was a hands-on manager who was personally involved with the work of
individuals and specific projects. His technical expertise not only led to
resolutions of difficult problems but gained him the respect of staff and
the Agency’s leadership. He had the ability to grasp the long view and to
identify new fields that would lead to future advances. The AWT’s missions
were often directly impacted by Silverstein’s decisions.

Silverstein served as the first head of the Lewis laboratory’s AWT Section and
then as the chief of the Wind Tunnel and Flight Division. He was respon-
sible for testing the first U.S. jet engines in the AWT and for the construction
of the lab’s first supersonic wind tunnels. In 1949 Silverstein became direc-
tor of all research at the lab, and in 1952 he became Associate Director of
Lewis. In these roles, he made sure that nontraditional areas such as liquid-
hydrogen fuel, rocket engines, electric propulsion, and nuclear propulsion
were explored. He continued pushing the aeronautics work as well, par-
ticularly on transonic and supersonic compressors for axial-flow turbojet
engines.

Silverstein was transferred to Washington in early 1958 to help Hugh Dryden
create the nation’s new space agency. Afterward Silverstein played a key role
in arranging the manned space program, planned numerous satellite and
interplanetary missions, and led a committee that selected a liquid-hydrogen
upper stage for the Saturn rocket. Silverstein returned to Cleveland in 1961
to serve as Director of the NASA Lewis Research Center. He was responsible
for the transfer of the Centaur rocket to Lewis in 1962, and personally over-
saw the project until it became successful. Silverstein retired in 1969 as the
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Image 3: Abe Silverstein prepares for a talk on the AWT's research. Silverstein was the original
manager of the AWT. As be moved up through the ranks of management, be always remained
close to the research work being done at the Cleveland lab. His decisions affected the AWT’s
research for over 25 years. (NASA C-1946-14511)

Apollo Program reached its zenith. His career was intertwined with the story
of the AWT and is highlighted throughout.

The AWT’s accomplishments would not be possible without this trinity of
excellence—the large ever-evolving test facility, the expertise of the
researchers and mechanics, and the direction provided by Silverstein. The
AWT story also provides an insightful look at the advancement of turbojet
engines, the early days of the space program, the development of the
Centaur second-stage rocket, and the shift from the NACA to NASA.

In the 1970s the facility was again superseded, this time by the world’s larg-
est vacuum chamber, the Space Power Facility at NASA Glenn’s Plum Brook
Station. The SPC remained largely vacant during the late 1970s. A major
effort was undertaken in the early 1980s to determine the feasibility of
converting the facility back into a wind tunnel for a new generation of
testing. Congress rejected the proposal in 1985, and the facility remained
idle. During the ensuing 30 years of dormancy, the facility began suffer-
ing from the neglect. In 2004 NASA initiated a large effort to identify and
demolish underutilized facilities. Because of the AWT’s lack of mission, high
maintenance costs, and environmental hazards, NASA Glenn began planning
for the removal of the facility. Although surveyed in 1996, no determina-
tion was made on its eligibility for the National Register of Historic Places.
Nonetheless, Glenn was aware of its significance and began documenting it
as though it were eligible for listing before demolition began in 2008. It is
hoped that this book will preserve the AWT’s considerable legacy.
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Endnotes for Preface

1. R.T. Hollingsworth, A Survey of Large Space Chambers (Washington,
DC: NASA TN D-1673, 1963), p. 12.
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Image 4: The Hindenburg airship crossing the Atlantic on 4 April 1936. George Lewis would cross on
the airship several montbs later on bis epic tour of German research laboratories. (National Archives
LCG-USZ62-70162)
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The Need for an Engine Tunnel
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With only the cabin windows, engine nacelles, and running lights illumi-
nated, the new German luxury airship hung surreally in the darkened sky as
Dr. George Lewis arrived at the field on the night of Monday, 21 September
1936. Dr. Lewis and the other passengers filed up the long gangway into the
hovering ship. Upon reaching the top of the stairs leading to the main deck,
Lewis came face to face with a bust of Field Marshal Paul von Hindenburg.?
Shortly afterward, the Hindenburg left its mooring and silently carried Lewis
away from Lakehurst, New Jersey, on a journey that would change the way
the United States approached aeronautical research.

The 54-year-old aviation veteran was impressed by the massive airship’s calm
and steadiness, even later when traversing the wake of a passing hurricane.
As Director of Aeronautical Research for the National Advisory Committee
for Aeronautics, Lewis was responsible for coordinating the nation’s aviation
research. The Hindenburg’s silent comfort during the 55-hour passage may
have only increased Lewis’s foreboding thoughts on what lay ahead of him
across the ocean.

Lewis’s journey to Germany and Russia was spurred by an invitation from
the Deutsche Zeppelin-Reederei to tour the German aeronautical facilities.
Despite the dominance of U.S. air manufacturers, Lewis was aware that
the Europeans were ahead in the development of high-powered engines.?
A letter from the NACA’s European liaison, John Jay Ide, had already
piqued Lewis’s interest with its description of a large pressurized wind
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tunnel at Gottingen, and visiting Russian researchers had claimed that their
aeronautical research institute had 3,500 employees.* The NACA consisted
of a single research laboratory, Langley Aeronautical Laboratory, with only
350 employees.

Both the economy and aircraft industry had boomed in the United States
following World War I while Europe suffered. By the time of Lewis’s trip
in 1936, Boeing and Douglas possessed the premier airlines in the world.
During this period Europeans were exploring ways to fly higher and faster,
while Americans were easing up on their research and development. As a
result, the United States had greater quantities of aircraft but would find itself
lagging behind in regards to propulsion advances such as liquid-cooled and
turbojet engines.’

“I Have Seen Nothing Like Them in America”

German Chancellor Adolf Hitler had created an air ministry, the Deutsche
Versuchsanstalt fiir Luftfahrt, and supplied it with ample funding for
extensive research and development. Lewis’s personal guide in Berlin was

Image 5: Dr. George Lewis managed the aeronautical research conducted
at the NACA for over 20 years. His most important accomplishment, how-
ever, may have been an investigative tour of research facilities in Germany
in the fall of 1936. A second tour in 1939 included Germany, Britain, and
France. The visits resulted in the NACA’s physical expansion and the broad-
ening of the scope of its research. (NASA EL-1997-00143)
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Dr. Adolf Baeumker, the head of all German aeronautical research and
development projects. When Baeumker told Lewis, “the ordinary military
man is only interested in getting a large number of airplanes and not in
aeronautical development and research,” he was praising Air Minister
Hermann Goring, but he could just as well have been referring to the field
of aviation in their respective countries.®

Baeumker explained that Germany had developed a long-term aeronauti-
cal research plan that involved three major research laboratories. In what
would become a model for the NACA, the Deutsche Versuchsanstalt fur
Luftfahrt had expanded its primary laboratory near Berlin and created two
new research labs—one for aerodynamics and the other for engine research.
Lewis estimated the total employee contingent in the German air ministry
to be 1,600 to 2,000 and growing. Lewis remarked (about the German labo-
ratories), “I have seen nothing like them in America.” Lewis concluded, “If
the United States is to hold its present position in the field of aeronautical
research, it will be necessary to increase the personnel at Langley Field
[Langley Aeronautical Laboratoryl.””

Lewis was also shown a 22- by 17-foot pressure tunnel at Gottingen
University. Gottingen had been the site of the first modern wind tunnel and
had helped to forge the basis of the internally supported wing span. Lewis
referred to the facility, which was capable of creating pressure levels three
times that found at sea level while maintaining a useful Reynolds number,
as the “first wind tunnel of this type to be constructed in the world.”® Lewis
later confided that he was likely the first foreigner to ever visit the Gottingen
facility.®

Evolution of the Wind Tunnel

The concept of trying to re-create flight in Earth-bound facilities had devel-
oped during the 19th century in Europe. The Wright Brothers constructed
a small wind tunnel in 1901 that yielded significant lift information for their
early flights. However, it was Albert Zahm’s tunnel at Catholic University,
also constructed in 1901, which became the first significant U.S. tunnel. The
50-foot-long tunnel with its 6- by 6-foot test section dwarfed any of its con-
temporaries.'® Zahm’s tunnel and those following it benefited from replacing
steam engines with more efficient electric-powered engines, which resulted
in greater wind speeds at a lower cost.''! Though Zahm’s tunnel was ham-
pered by occasional electrical variations and the effect of external weather
conditions, the airflow controls and instrumentation would be used by other
tunnels for years.'?
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Image 6: Ludwig Prandtl’s 1917 wind tunnel at Géttingen University in Germany.
Prandltl’s closed-loop tunnel revolutionized wind tunnel design. It included a throat
section, turning vanes, and an airflow straightener. Studies in the Gottingen tunnel
included wing profile examinations, full-scale propeller tests, and studies of the bound-
ary layer on a rotating cylinder."® (1920) (NACA TN No. 66, Fig. 2).

Despite these early advances, the field of aeronautics in the United States
was led primarily by nonprofessionals, whereas in Europe many scientists
and engineers were pushed into the field by their governments. In addition,
U.S. military leaders did not appreciate the importance of aircraft. The lack
of research and government interest led to a deficiency of aircraft in the
nation that pioneered aviation. An NACA report states, “When World War 1
erupted in 1914, it was reported that France had 1400 airplanes, Germany
1000, Russia 800, Great Britain 400, and the United States 23!”'4

Russia, France, and Great Britain all constructed substantial wind tunnels
around the turn of the century. The most influential European facility was
Ludwig Prandtl’s tunnel built at the University of Gottingen. With funding
from the German Society for Airship Study, Prandtl had his initial tunnel
operating by 1909. It was the first closed-loop tunnel and the first to use
turning vanes or “deflectors” to guide the airflow around the corners. From
the beginning, this facility was seen as a stepping stone to a bigger, more
complex tunnel. The design of this new tunnel had begun in 1911. After
being delayed by the war, the new facility became operational in the spring
of 1917.1%



Premonition 7

Prandtl’s new tunnel expanded upon the innovations of the first. Its 120-mile-
per-hour (mph) speeds made it the most powerful wind tunnel of the
period. The tunnel’s diameter was expanded to 20 square meters upstream
and then narrowed sharply to 4 square meters just before the test section to
increase the airspeed. A honeycomb screen was installed across the width
of the tunnel to straighten the airflow without slowing its speed. The basic
components of Prandtl’s tunnels were standard on almost all later tunnels,
including the AWT.!®

The NACA Starts Its Tunnel Collection

Although its formation in 1915 was too late to have much of an influence
on World War I, the NACA'’s staff and mission were substantially expanded
after the war. In 1917 the NACA established its own research lab at Langley
Field in Hampton, Virginia. Unlike those found in industry, the NACA
Langley Aeronautical Laboratory’s facilities were to be used primarily to study
new aircraft designs and tackle anticipated future aeronautical problems for
the civil aviation industry. One of the principal reasons for creating the lab
was to build wind tunnels. The first was a small insignificant tunnel that
became operational in 1921. Coincidentally this tunnel, the Atmospheric Wind
Tunnel, was also referred to as the “AWT.”!”

Langley’s next tunnel, the Variable Density Tunnel, however, was a major
advancement. It was proposed in 1921 by Dr. Max Munk, who had worked
under Prandtl at Gottingen before emigrating to the United States. The
Variable Density Tunnel was the first tunnel to forgo normal airflow for
highly compressed air. It included a large steel tank in which the atmosphere
could be pressurized and a wooden test section that negated the Reynolds
number differential between tunnel tests and actual flight conditions. The
tunnel, which became operational in 1923, was a highly useful tool and
temporarily closed the gap between U.S. and European research.'®

Langley began putting an entire collection of increasingly complex wind
tunnels into operation. The next was the Propeller Research Tunnel in 1927,
followed by the Vertical Spin Tunnel and Atmospheric Wind Tunnel in 1930,
the Full-Scale Tunnel in 1931, the 8-Foot High Speed Tunnel in 1936, and
the 19-Foot Pressure Tunnel in 1939. The 8-Foot High Speed Tunnel, which
could simulate pressure altitudes of 12,000 feet and speeds of 500 mph,
and the 19-Foot Pressure Tunnel, which combined a large test section with
250-mph speeds, were significant steps forward in flight simulation.*
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Image 7: Elton Miller, successor to Max Munk as Langley’s chief of aerodynamics, stands in
the exit cone of the Propeller Research Tunnel to view the Sperry M-1 Messenger during the
tunnel’s first runs. The Propeller Research Tunnel at Langley was used to clean up drag caused
by aircraft engines but not to study the performance of those engines. The tests were run in
atmosphberic conditions and at relatively slow speeds. (1927) (NASA EL-01892)

Exile of the Engine

Early research at Langley dealt almost exclusively with aerodynamics, even
in its propeller tunnel. The Propeller Research Tunnel could fit an entire air-
craft with an operating engine in its 20-foot-diameter open test section and
could test it at airspeeds up to 110 mph. The tunnel made considerable con-
tributions to the aerodynamics of propellers and engine nacelles, including
the “NACA Cowl,” but little to the actual operation of the engines.?® Langley’s
Powerplants Division, led by Carlton Kemper, had only a handful of people
until 1938, when it increased to 12.2! The group dealt with the fundamentals
of engine power, efficiency, and fuel consumption, but it did not delve into
specific problems associated with these elements.*
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The NACA’s lack of interest in propulsion seems to have stemmed from
an early meeting that it held in 1916 with automobile and aviation engine
manufacturers. The group agreed that with military funding for research,
these manufacturers would possess the needed assets and skills to develop
aircraft engines. Initially the NACA did not have facilities to test aircraft
engines, so Samuel Stratton, who headed the National Bureau of Standards
and served as an original NACA committee member, took on the testing for
the manufacturers at the National Bureau of Standards laboratories. The NACA
seemed content with this arrangement even after Langley was established.
As late as 1937, an original NACA member, Dr. Joseph Ames, stated, “The
[engine] problem is primarily and almost solely one of development, which
can best be attacked by the aircraft engine industry under experimental
contracts with the War and Navy Departments.”?

In order to stretch limited propulsion funding and manpower, the Power-
plants Division primarily studied single cylinders and then extrapolated the
test data to full-scale engines. Abe Silverstein, who was working with the
aerodynamicists in the Full-Scale Tunnel at Langley, discovered that each
cylinder produced a unique temperature during engine operation. This phe-
nomenon could not be studied using single cylinders. Individual engine
components could operate well in isolation only to fail when integrated with
the larger system. Langley was not equipped to test large full-scale engines,
and Kemper continued to put the engine onus on the manufacturers.

The coordinated national research program in Germany pursued engine
technology as well as aerodynamics. On his 1936 tour, Lewis was also shown
a Deutsche Versuchsanstalt fur Luftfahrt facility that was able to test water-
and air-cooled engines under simulated altitude conditions. The intake air
and exhaust were kept at pressure and temperature levels that corresponded
to altitude conditions. The extensive instrumentation and infrastructure led
Lewis to wonder “whether one is in an engine-testing laboratory or a small
edition of the Licke observatory.”®

Construction of a larger facility to test engines would begin at Gottingen dur-
ing World War II. It was a wind tunnel designed to study operating full-scale
jet engine systems in simulated altitude conditions at speeds up to 290 mph.
Its refrigeration system would produce temperatures of —64°F, allowing the
tunnel to also be used for icing studies.?® Although construction would only
be 80 percent complete because of severe German defeats during the war,
the tunnel would have been remarkably similar to the AWT in Cleveland.

Engine testing was taking place in the United States at this time, but it was
scattered and uneven. Private companies could not afford to build large test
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facilities. The National Bureau of Standards, the U.S. Naval Aircraft Factory,
and the U.S. Army Air Corps at McCook Field had successfully designed
tanks to test small engines that could simulate the temperatures and pres-
sures associated with altitude, but they were of limited size and could not
incorporate the benefits of a wind tunnel.*” On the other hand, the 7- by
10-foot Wright Brothers Wind Tunnel at the Massachusetts Institute of Tech-
nology and the 19-Foot Pressure Tunnel at NASA Langley, both completed
in 1939, could simulate altitudes in a wind tunnel setting but were not
capable of running aircraft engines. The AWT and the unfinished Gottingen
tunnel were intended to solve both sides of the equation.

Peace-Time War

George Lewis was not the only NACA member visiting Germany in the 1930s.
Charles Lindbergh was living abroad to escape the publicity surrounding
the kidnapping and murder of his son. From this vantage point, he was able
to provide unique insight into the European aeronautical industry. In 1936
Lindbergh made the first of five trips to inspect German aeronautics facilities.
He regularly wrote to Dr. Ames with his findings.

In a letter dated 28 November 1938, Lindbergh wrote that European military
aircraft were willing to trade range for ever-increasing speed and altitude.
He felt that the United States should concentrate its efforts on improving
its aircraft designs instead of building additional aircraft. He concluded, “It
is more necessary than ever before to give full scope to research if we are
to regain the leadership we have lost in some of the fields of military avia-
tion.”?® Ames responded the following week that General Oscar Westover,
then Chief of the U.S. Army Air Corps, had initiated the NACA’s new Future
Research Facilities Special Committee to investigate the possibility of start-
ing a new NACA laboratory. Ames, added, “There is a new atmosphere in
Washington. It has been likened to a state of ‘peace-time war.””?

In response to General Westover's special committee report and the
impending war, the military finally turned to the NACA for assistance. Congress
approved funding for the expansion of the NACA in 1939 but felt that a
new laboratory was needed to decongest the Langley research community
and disperse the facilities to prevent a catastrophic enemy attack.’ Initially
the NACA sought a single additional facility in which to investigate high-
speed flight. Lindbergh returned to the United States to lead a special
committee to research sites for the new lab. The group selected Moffett Field
in Sunnyvale, California, and construction of the NACA Ames Aeronautical
Laboratory began on 20 December 1939.%*
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The Lindbergh committee report also stated, “There is a serious lack of
engine research facilities in the United States, and that it is of the utmost
importance for the development of aviation in general, and for our defense
program in particular, to take immediate steps to remedy this deficiency.”*?
It was evident that the NACA also required a laboratory to specifically study
aircraft engines.

On 19 October 1939 the NACA endorsed the new research facility for
aircraft propulsion systems. George Mead, former vice president of both
Pratt & Whitney and United Aircraft Corporation, was selected to lead a
Special Committee on New Engine Research Facilities. The team included
George Lewis, Carlton Kemper, the U.S. Army’s Major Edwin Page, and oth-
ers. A committee report issued on 23 January 1940 called for a $10-million
laboratory that would include a test stand for engines, a fuels and lubricants
facility, and—after some debate—a wind tunnel for engines.?*3*

Image 8: Left to right: Charles Lindbergh, U.S. Air Force Vice Admiral Artbur Cook, U.S. Navy
Charles Abbot, and Dr. Joseph Ames. From Europe, Lindbergh wrote to fellow NACA member,
Dr. Ames, “I believe we should accept the fact that Germany will continue to be the lead-
ing country in Europe in aviation. She will be the leading country in the world if we do not
increase our own rate of development. Even now Germany is far abead of us in military
aviation.” Lindbergh claimed that Germany’s ever-growing research facilities were so new
that it would be years before their impact could be determined.’> (NASA GPN-2002-000024)
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Image 9: General Henry Arnold greets fellow NACA committee member Dr. George
Lewis. Arnold served on the main committee from 1938 to 1944 and was a strong
advocate for a new engine research facility. Arnold believed in continual research and
development. Some of bis most influential advisors were civilians such as Theodore
von Kdarmdn, Robert Millikan, and Charles Lindbergh.** (NASA C-1944-07495)

NACA Executive Secretary John Victory remembered seeing a newspaper
headline stating “German Army Enters Paris” while sitting in the Senate gal-
lery during the June 1940 appropriation hearings. Although the Bureau of
the Budget lowered the requested amount to $8.4 million, the figure was
eventually increased to $13.3 million to accommodate a larger role for what
was to become the AWT.?”

Engine Research Tunnel

During the Alessandro Volta Foundation’s 1935 conference on High
Velocities in Aviation, Jakob Ackeret predicted the use of the gas turbine for
high-speed, high-altitude aircraft propulsion. He also stated that new wind
tunnels capable of simulating altitude were important since high-speed flights
would likely take place at high altitudes. Ackeret envisioned a tunnel in
which a vacuum or pressures up to 10 atmospheres could be maintained.?®
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Although the NACA participated in the conference, it was not until the
impending war in 1939 that the importance of increasing altitudes for U.S.
aircraft was thrust to the forefront of the NACA’s consciousness. Improved
antiaircraft weaponry would force bombers and fighters to fly higher in
order to be effective. Air battles in World War I were generally fought at
100 mph and at an altitude around 10,000 feet. By early 1941, newspapers
were reporting that World War II aircraft were already flying 400 mph at
20,000 feet. It was anticipated at the time that aircraft would be exceeding
500 mph and 30,000 feet in the near future.*

Image 10: A full-scale aircraft is lifted into the AWT’s test section. Although testing
Jull-size versions reduced the cost, time, and effort of developing engines, it also
required a substantial investment in large facilities. Many of the NACA's achievements
resulted from its willingness to make those investments. (NASA C-1944-06305)
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Image 11: Early drawing of the new AWT, which was originally referred to as the “Engine
Research Tunmnel.” It was the nation’s first wind tunnel built to study engines under simulated

flight conditions. (NASA C-1944-05308).

George Mead’s Special Committee on New Engine Research Facilities rapidly
began developing ideas and designs for test facilities at the new engine lab.
Rudolph Gagg, a design consultant from Wright Aeronautical, said at the
time, “This aviation research laboratory is being designed for the engines
just around the corner. The purpose of the laboratory is to look forward to
the engines of the future.”® Although this would prove not to be true, the
facilities would be robust enough to adapt to the new engines that would
be around the corner.

The ability to test power, speed, drag, vibration, and cooling on complete
engine systems would provide a faster transition from design to flight test-
ing while avoiding additional time-consuming flight tests with risky and
unproven engines. Performance in the harsh temperature and pressure con-
ditions of these higher altitudes was vital.®! The design and construction of
the Engine Research Tunnel would prove to be a monumental task. It would
combine elements from NACA Langley’s Propeller Research Tunnel, 8-Foot
High Speed Tunnel, and 19-Foot Pressure Tunnel with a massive refrigera-
tion system and the ability to run large engines.

Not everyone agreed with the concept. Just weeks after the engine lab was
approved, Mead wrote George Lewis, “I very much doubt whether there is a
real need for the altitude chamber. In my opinion, a much more useful piece
of equipment would be a full-scale tunnel in which we could test engines
up to 4000-horsepower at sea-level pressure, the purpose being to check
functional characteristics of multicylinder engines and their installations at
speeds up to 500 miles per hour.”#
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Others saw the altitude tunnel as a vital research tool. Just days before the
Pearl Harbor attack, William Knudsen, Director General of the War Depart-
ment’s Production Management Office, wrote to the NACA Chairman, Jerome
Hunsaker, “The development of airplane engines of greater performance at
high altitudes is absolutely essential.” Referring to the AWT, Knudsen contin-
ued, “The high-altitude wind tunnel is especially needed to solve problems
in connection with the cooling and power output of engines in combat
planes required to fight at altitudes of 40,000 to 50,000 feet.”*

Carlton Kemper said at the time, “AERL [the new engine lab—the Aircraft
Engine Research Laboratory] is unique in having the only altitude wind tun-
nel in the world. We can expect that this one research tool will give answers
to the military services that will more than offset the cost of the laboratory.”#
In the end, Mead would get much of what he sought, in addition to the alti-
tude capabilities proposed by others.

Image 12: Zella Morewitz poses with a model of the NACA Aircraft Engine Research Labora-
tory, currently the NASA Glenn Research Center. The AWT can be seen near the center of the
model. The AWT would be the research and geographical center of the lab for years. Morewitz
transferred from Langley with the construction team and remained Dr. Ray Sharp’s assistant
Jfor a number of years after the engine lab became operational. (NASA C-1942-01009)
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Hello, Cleveland

The city of Cleveland put together a detailed proposal to persuade the
NACA to build its engine lab in Cleveland. Industrial Commissioner Clifford
Gildersleeve and Frederick Crawford, head of both the Chamber of Com-
merce and Thompson Products, Inc., were the city’s principal advocates.
Thompson Products manufactured aircraft parts locally, and Crawford him-
self organized and ran the National Air Races held annually since 1930 at the
proposed site for the lab.® A crowd of 100,000 had attended the races over
the 1939 Labor Day weekend. %

The NACA considered 72 bids in 62 other cities before announcing on
15 November 1940 that it had selected the 200-acre area north of the Cleveland
Municipal Airport. The property had been used for parking and grandstands
for the air races.”” Proximity to an airport and the ability to generate sufficient

Image 13: Clevelanders swarm to watch the annual National Air Races at the Cleveland
Municipal Airport on 5 September 1938. The city offered many advantages for the NACA:
Clevelanders bad long bad an avid appreciation of aviation; Thompson Products was one
of many aircraft manufacturing companies in the area; the Case Institute of Technology of-
Sfered a supply of engineering graduates; and the adjacent airport would allow access for test
aircraft. In a little more than two years, construction of the NACA'’s engine research lab would
begin at this site. (NASA C-1991-01875)
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electrical power were essential elements. The airport was a given, but the
electricity posed a problem. The final hurdle was removed when Crawford
negotiated an agreement in which the NACA would operate the AWT and
other facilities requiring heavier power loads during the night. In exchange,
the Cleveland Electric Tlluminating Company promised sufficient power at
reasonable rates.® This practice continues to this day.

During a luncheon at the Hotel Cleveland immediately before the 23 January
1941 groundbreaking for the Cleveland lab, Crawford reminded Cleveland
manufacturers of their promise to supply the new lab with “anything it
needs, more promptly, more cheaply, more accurately and more satisfactorily
than it can be produced anywhere else.” John Victory, who had become
friends with Gildersleeve by this time, said, “There seems to be something in
the spirit of the people in Cleveland that makes effective cooperation
seem easy.”°
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Image 14: The Altitude Wind Tunnel as its shell is constructed by the Pittsburgh-Des Moines Steel
Company in April 1943. (NASA G-2008-00817)
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BUIIdlng a New Design and Construction
Type of Tunnel | (1940-1943)

Design work for the new Aircraft Engine Research Laboratory (AERL) was
well under way at NACA Langley by the time of the 23 January 1941 ground-
breaking ceremony in Cleveland. Under the guidance of Ernest Whitney, the
men hunched intently over drawings and calculations in a room above the
new Structural Research Laboratory. They labored, sometimes two or three
to a single desk, with the difficult task of designing complex engine test
facilities. Initially the engineers did not know the location of the new engine
research lab, let alone other important criteria, such as where the utilities
would tie in.”!

The new lab would have six principal buildings: the Engine Research Building,
a hangar, the Fuels and Lubricants Building, the Administration Building,
the Propeller Test Stand, and the Altitude Wind Tunnel (AWT), formerly
referred to as the Engine Research Tunnel. U.S. involvement in World War IT
was becoming increasingly unavoidable, and there was tremendous pressure
to get the AERL operating. Both the army and navy had a backlog of aircraft
engine problems that needed to be resolved. Ironically, it was the war that
slowed the construction progress down. Extraordinary measures would have
to be implemented to get the lab up and running in time.

The massive wind tunnel was the key component in the overall design of
the new lab and would be its greatest engineering challenge. The Cleveland
Plain Dealer reported that the AWT would require more engineering
man-hours than the Boulder Dam.”? The 263-foot-long by 120-foot-wide
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AWT would include six auxiliary buildings. The AWT’s altitude environment
required enormous refrigeration and exhaust systems and a structure robust
enough to withstand the associated strain. The tunnel would be capable of
testing engines twice the horsepower of any engine in operation at the time.
In order to run the engines within the closed-loop tunnel, an exhaust scoop
would have to be developed to pump the polluted air out of the tunnel. This
lost airflow would have to be simultaneously replenished, and the engines
would have to be operated, measured, and fueled.

Designing a Wind Tunnel for Engines

The main AERL design group at Langley consisted of approximately 30
engineers and draftsmen, but there were smaller groups working separately
on specific facilities. Among these was a group led by Larry Marcus and
Al Young that planned the AWT’s exhaust and makeup air systems,
refrigeration, control room, test chamber, and support buildings.’* Some
elements of the plans had been used for the most recent Langley tunnels,
but others—such as the air scoop and cooling system—were new.

Image 15: The AERL design team works in an office above the Structural Research Labora-
tory at NACA Langley in April 1941. Less than eight months later, they would be transferred
to Cleveland with other Langley personnel to complete the design work on site. This group
included future Cleveland leaders, including Addison Rothrock, George Darchuck, Harold
Friedman, and Nick Nabigyan. (1941) (NASA C-2007-02563)
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Another group, which had been transferred to the new NACA Ames
Aeronautical Laboratory, undertook the task of designing the AWT’s shell
and electrical drive system. Carlton Bioletti led the team, which included
Walter Vincenti, John Macomber, and Manfred Massa. Bioletti had recently
put Langley’s 19-Foot Pressure Tunnel into operation and was in the process
of designing the drive system for the new 40- by 80-foot tunnel at Ames. The
AWT engineers were harried since they were also working on the new wind
tunnels at NACA Ames.>

The overall layout of the AWT was similar to that of other NACA wind tunnels,
such as Langley’s 8-Foot High Speed Tunnel and 19-Foot Pressure Tunnel,
but the temperature and pressure fluctuations due to the altitude simulation
made the design of the shell more difficult than for previous tunnels. The
simultaneous decrease in both pressure and temperature inside the AWT
would produce uneven stress loads, particularly on the support rings. Since
this was an entirely new type of engineering problem, Vincenti took his
best guess at how to calculate for it and then consulted with his former
professor at Stanford, Stephen Timoshenko. Timoshenko, a leading expert on

Image 16: The 1-inch-thick inner shell of the AWT is visible in this photograph of the facility
being erected. The shell was made from a special steel alloy similar to current ASTM A710
Grade A3 steel plate. It was significantly stronger than normal carbon steel. (1943) (NASA
C-2007-02314)



24 Revolutionary Atmosphere

structural dynamics, developed some calculations that addressed the
problem, and Vincenti forwarded the calculations to the main design team.
Although they found them incomprehensible at first, it was not long before
they grasped Timoshenko’s insightful method of analysis.>

The AWT’s shell would be forged from a steel alloy capable of withstanding
low temperatures. The steel was 1 inch thick to ensure that the shell did
not collapse as the internal air pressure was dropped to simulate high alti-
tudes. It was a massive amount of steel considering the wartime shortages.
The shell was to be covered with several inches of fiberglass insulation to
retain the refrigerated air and a thinner outer steel layer to protect against
the weather. A unique system of rollers was used between the shell and its
support piers. These rollers allowed for movement as the shell expanded or
contracted during the altitude simulations. The section near the refrigeration
system would move as much as 5 inches during operation.>

The Birth of Cool

One of the AWT’s most daunting engineering requirements was cooling
the millions of cubic feet of airflow per minute. The refrigeration system
would have to cool the airstream and remove the substantial amount of heat
being produced by the tunnel’s drive fan and the engine being tested.’”
The Langley team devised a refrigeration system that employed a new type
of cooling coil with streamlined tubes. By November 1941 it was clear that
Langley’s development of the refrigeration system was lagging behind that
of the AWT’s other components. The NACA decided to consult with Willis
Carrier, whose Carrier Corporation had pioneered the field of air condition-
ing and refrigeration.

AERL leaders, including Al Young, Lou Monroe, Dr. Edward “Ray” Sharp,
and Rudolph Gagg, met with Willis Carrier and his representatives on
6 November 1941 to discuss the project. The NACA contingent left feeling
“impressed by the confidence with which Carrier approached this problem;
[the Carrier representatives] seem entirely capable of carrying out a project
such as ours.”® Willis Carrier agreed to bid on the job. He later claimed that
he informed George Lewis that “the [Langley] boys conducting the tests did
not know what it was all about, and that too much money, and of more
importance, too much time had been wasted already.”®

Willis Carrier created several teams at his Buffalo, New York, plant to work
on different aspects of the project. Maurice Wilson managed the engineers,
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Samuel Anderson designed the cooling coils, and Adolph Zulinke created
the special refrigerant controls, but it was Carrier himself who was the
driving force on the project.®* Once the contract was signed, Carrier had two
to three months to complete the design work. Anderson recalled that the
team often put in 16 to 18 hours per day on the project.!

Anderson and Everett Palmatier initially attempted to use a standard heat
exchanger setup. When all of the cooling coil tube designs failed to meet
the pressure drop called for by the NACA, a new design was attempted. To
overcome the lack of adequate surface area for the heat exchangers, the
Carrier engineers decided to install the cooling coils in a folded accord-
ionlike arrangement that provided 8,000 square feet of surface area. They
would build a full-size version of one-half of a heat exchanger to test the
design.®* A tunnel section was erected over the exchanger so that air could
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Image 17: Side view of the heat exchanger setup in the Icing Research Tunnel. This
arrangement was almost identical to that for the larger beat exchangers in the AWT. The
accordionlike design was created by the Carrier Corporation to increase the surface area of
the cooling coils eight times. (NASA C-1956-41911)
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Image 18: Interior of the Refrigeration Building showing the 14 Carrier Corporation 1,500-
borsepower centrifugal compressors that were the backbone of the AWT’s complex cooling
system. The system was used to cool the airflow in both the AWT and the Icing Research Tun-
nel. The building also contained York compressors, which were used to refrigerate the AWT’s
makeup air and provide institutional chilled water for the laboratory. (NASA C-1944-7456).

be passed through the device at the proper temperature and scale. The setup
would allow Carrier’s engineers to determine not only the optimal size of the
exchanger, but also the amount of force required to push the wind through
the coils.®

Rather than risk failure with standard equipment, Carrier engineers designed
many of the pumps, valves, flexible joints, and other apparatus specifically
for the AWT project. Carrier engineers also decided to use Freon-12 as the
refrigerant. Although Freon-12 would be common in the coming years,
the use of large quantities of it had not been attempted previously. Carrier
developed a method of circulating the Freon at quantities and pressures
large enough to ensure complete distribution throughout the coils.*® The
engineers were having difficulty with the decrease in speed after the airflow
exited the coils. This was resolved by installing turning vanes across the
back end of the coils to make the cold airflow slightly faster than the tunnel’s
normal airflow.%
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The success of the AWT’s cooling system was one of Willis Carrier’s great-
est accomplishments. He had kept a close eye on the project and had made
several key suggestions himself, including the turning vanes.®® The system
was powerful enough to also cool the Icing Research Tunnel—a smaller
atmospheric tunnel located just behind the AWT—and provide institutional
chilled water for the lab. After over 60 years of operation, the system remains
in use today.

Struggling To Build the Laboratory

The creation of the NACA Ames lab had progressed on schedule and within
its budget. The first Ames technical report was issued in April 1941: just
15 months after ground had been broken.®” The nation had changed a great
deal during the 13-month interlude between the groundbreaking events in
Sunnyvale and Cleveland. Resources and funding became more difficult to

Image 19: Center and right: The AERL’s first two employees—Construction Engineer-Inspector
Charles Herrmann and administrative assistant Helen Ford—arrived in Cleveland from
Langley in early February 1941, setting up offices in a “radio house.” On 30 July they relocated
to the farm house, seen in this photograph, which had been acquired with the property. This
JSarm bouse served as the original administrative building as the AERL was being constructed.
(1941) (NASA C-2006-01209)
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obtain as war approached.® In addition, Langley engineers had less experi-
ence with the AERL’s engine research facilities than with the aerodynamic
facilities built at Ames. This meant that consultants from Wright Field, engine
manufacturing companies, and other companies, such as Carrier, had to be
brought in to assist.

The first Langley personnel began arriving in Cleveland in February 1941.
There were still no buildings completed when Dr. Ray Sharp transferred
from Langley six months later to personally oversee the construction. Sharp
was soon versed on almost every construction project at the lab. The nation
would enter the war before the end of the year, and wartime production
needs were in direct competition with the AERL for limited resources. The
war, therefore, was the cause of many of the construction delays. Materials
were difficult to obtain, contractors were overburdened, and funding was
tight.® A glimmer of progress appeared with the signing of the construction
contract for the AWT just as the year ended.

Late in the day on 31 December, Sharp traveled to Washington, DC, to
discuss the Sam W. Emerson Company construction contract with NACA
Secretary John Victory. After the details were finalized, the two walked
the $95,000 contract over to the White House, where it was approved by
President Franklin Roosevelt at 6:30 p.m.” Emerson was now the primary
construction contractor, in charge of building the AWT’s foundations, the
Shop and Office Building, and the support buildings.”

Image 20: Dr. Ray Sharp bhad briskly moved
through the ranks at Langley before being named
as the AERL’s Officer and Construction Manager.
In March 1940, Sharp was detailed from Langley
to supervise the construction at Ames until Smith
DeFrance assumed control in August. Afterward,
Sharp and construction engineer Ernest Whitney
traveled to Cleveland to perform a property survey
as part of the site-selection process for the new
engine lab.”? Shortly thereafter, Sharp was recalled
to Langley and named Chief of the Construction
Division. In August 1941, be was detailed to
Cleveland to oversee the construction. He would
spend the next 20 years leading the Cleveland
lab. 7" (NASA C-1943-01534)
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Emerging from a Sea of Mud

A large contingent of Langley personnel led by Construction Supervisor
Beverly Gulick and supervising engineer Ernest Whitney arrived in Decem-
ber 1942. A month later the hangar became the first building completed.
When the Engine Propeller Research Building was completed in May, a
ceremony was held to initiate research at the lab. The media and NACA
officials were on hand when George Lewis activated a 14-cylinder R-2600
Wright Cyclone engine.”

Most of the lab was still a sea of mud, however. Excavation for the AWT’s
foundations had begun only recently. Just three days after the ceremony,
General Henry “Hap” Arnold requested that the NACA’s priority rating be
elevated to Class 1 to expedite the allocation of resources. George Lewis

Image 21: This photograph from late spring 1942 shows the construction of the AWT’s Shop and
Office Building. The tunnel’s steel and concrete piers can be seen bebhind the crane. The Sam
W. Emerson Company would complete this task by late December. The hangar, the first AERL
building completed, is in the background. Retiree Frank Holt recalled that during this period
the surveyors were “out everyday in their high-top boots with their tripods and scopes” in the
mud laying out the new lab.”® (1942) (NASA C-2007-02306).
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began arriving from Washington every Monday to oversee the lab’s prog-
ress.”” He stated at the time, “Originally planned for completion over a
period of two and one-half years, this new NACA laboratory is being rushed
to completion at least one year ahead of schedule because of its importance
in [the] present war effort.””s7

In September 1942, U.S. Army Air Force Major General Oliver Echols
wrote, “The work of the NACA is a vital and inseparable part of the aircraft
production program. Much depends upon its ability to be fully ready by

Image 22: Left to right: Ray Sharp and George Lewis speak to AERL employees in May 1942.
Construction was progressing but would be expedited in the coming montbs in an effort to
bave the lab operational by the end of the year. Lewis began visiting the site weekly to personally
assess its progress. Work on the AWT’s support buildings and tunnel foundation had started,
but the majority of ils construction would take place in 1943. (NASA C—-1942-08287)
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December 31, 1942, to meet growing demands of the military services. I
must therefore urge that the NACA be given the highest preference in
obtaining needed materials and equipment.”®

Drastic measures were undertaken to accelerate the lab’s construction
schedule. The military provided special supplies, contractors were given
new agreements and pressured to meet deadlines, and Congress approved
additional funds.®! Entire sections of NACA Langley engineers and researchers,
including the Powerplants Division, were transferred to the AERL.??
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Image 23: Left to right: NACA Secretary Jobn Victory, U.S. Navy Fleet Admiral Erwin King, and
AERL Manager Ray Sharp. In a 14 July 1942 letter to the Army and Navy Munitions Board,
King wrote, “The present A-1-A priority rating is not bigh enough to assure its readiness in
time. Whatever bigher priority rating or special directive may be necessary to avoid delay in its
completion is justified and recommended.”™ (NASA C-1945-11620)
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Model Builders Prove Their Worth

“Hurry boys and girls, make your hobby pay you back in money and satisfac-
tion of helping to do your part. Help our planes fly higher, better and faster
than those of the Axis by aiding the research engineers,” beckoned a May
1944 “Junior Aviators” column in the Cleveland Press. 8

A large contingent of Langley construction personnel arrived at the AERL in
December 1942. These veteran engineers would be the foundation for the
new lab's research and management staffs. Most of the mechanics and tech-
nicians, however, were journeymen from the Cleveland area. There was a
need for additional workers, and the AERL appealed to young people in high
school.

Frank Holt, a retired technician, recalled in 2005 that the NACA and AERL
Construction Manager Ray Sharp were particularly interested in model
builders. Beginning at Langley
and carrying over to Cleveland,
Sharp sought model builders to
craft the large wooden propellers
for the wind tunnels. After over-
coming initial opposition from
veteran NACA craftsmen, the
young model builders demon-
strated their skill and were soon
hired for a variety of permanent
positions.%

The nation had just entered the
war when Holt, then just 16 years
old, read about the new engine
laboratory in one of the “Junior
Aviators” columns. He was an  Image 24: Hired at the age of 16, Frank Holt

avid model builder who had won  was likely the youngest employee to ever work

several prizes, so he decided at the lab. He was one of the many techni-

. ’ - 5 cians hired in the lab’s initial years because

to send in an application. | was o pis model-building skills. After the war

amazed when they called me,” he  be crewed a team that won two trophies in

remembered. the National Air Races held annually in
Cleveland. (NASA C-1943-01331)

He recalled going to the AERL

employment office in a small radio shack at the edge of the construction
site on a blistery January morning. ‘I came into the room, and there
was a bunch of guys | recognized as top model builders. | felt very
inferior. | didn't have a chance.” During the interview, Holt's mother,
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who had been shivering outside in the car, came inside to warm up,
mortifying the young applicant in front of his peers. Despite his self-
consciousness, the interview went well and Holt began work on 9 February
1942. He would spend the next 38 years working in the lab’s wind tunnels.®

Model builders had two roles: building scaled versions of facilities and
creating aircraft test articles that could be studied in the wind tunnels. Since
the AERL would have no tunnels in operation until 1944, the early model
builders worked on teams, creating the elaborate facility models piece by
piece, or were reassigned to new positions as mechanics in the hangar.

The AERL's recruiting campaign continued throughout the war. NACA lit-
erature told prospective employees that following World War | and through
the Depression the NACA had not laid off a single employee because of a
lack of funds. “Unlike industry, the laboratory has no products to sell. Its pur-
pose is not to make money. Research on aircraft engines will go on whether
industry turns out one or one million planes.”® Compensation was not the
greatest, however. In 1942 AERL beginning model builders earned less than
$1,300 annually, with increases as they worked their way up the ranks.®

Image 25: This wooden scale model of the Bell YP-59A Airacomet was
created by the AERL’s model shop in 1944. It was used as part of the first test
in the new AWT. For the test, an actual full-scale fuselage with its two jet
engines was installed in the tunnel test section. (NASA C-1945-11554)
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Image 26: NACA construction engineers Lou Hermann and Jack Aust assemble the
AWT drive fan inside the bangar at the AERL. This 12-bladed, 31-foot-diameter
spruce wood fan was designed at NACA Langley. Jobn Breisch, a Langley technician
with several years of wind tunnel installation experience, was brought up in July to
supervise the fan assembly. He would return several weeks later to oversee the actual
installation in the tunnel.® (NASA C-1943-01849)

Image 27: On 7 July 1943 the Memphis Belle and. its crew visited the AERL as part of a
publicity tour. The B-17 Flying Fortress and its crew were returning after 25 successful
bombing missions over Germamny. Inside the bangar in the background, the large fan
Sfor the AWT was being assembled at the time. (NASA C-1943-1867)
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Photo Essay 1:

The Altitude Wind Tunnel Stands Up

Image 28: Corner rings for the AWT are raised into place on 9 January 1943 during the
early phases of the shell’s construction. The Pittsburgh-Des Moines Steel Corporation con-
structed most of the enormous 263-foot-long, 120-foot-wide rectangular tunnel. The ring
in the foreground had a 51-foot interior diameter. (9 Jan. 1943) (NASA C-1944-06707)
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Image 29: Steel framework for the Shop and Office Building is at the left, with one of the
tunnel’s corner rings standing vertically. The completed aircraft hangar is in the back-
ground, and the tunnel’s foundations are in the foreground (viewed from the southwest).
(1942) (NASA C-2007-02294)

Image 30: Construction of the AWT with its test chamber visible in the center. Construc-
tion of the tunnel shell began in early 1943 and was completed in January 1944. In this
photograph, the outer layer of the shell had yet to be installed (viewed from the south).
(NASA C-1943-01521)
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Image 31: Interior of the Refrigeration Building with the flash cooler in the center of
the photograph. The flash cooler would be connected to the distributing beaders and
the Carrier compressors along both the left and right. (NASA C-2007-02318)

Image 32: During July 1943 the AWT’s drive motor was installed in the northwest
corner of the Exhauster Building. The motor, whose support frame is seen in this pho-
tograph, connected to the drive shaft that extended from the building, through the
tunnel shell and into the AWT'’s fan assembly. The 18,000-horsepower General Electric
Company induction motor was installed, and the corner of the building was built
around it afterward. (1943) (NASA C-1943-01962)

37
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Image 33: Construction of the viewing platform in the AWT’s Shop and Office Building. The
Pplatform is in the rear of the high bay. The shop can be seen below to the right. The lower
balf of the tunnel’s test section, out of view to the left in this photograph, was sunken below
the platform so that the test articles were near the floor level. (NASA C-2007-02298)

Image 34: Interior of the shop area inside the western wing of the AWT’s Shop and Office
Building as it was being constructed. (NASA C-1943-02186)
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Image 35: Interior of the AWT's southern leg during construction. The propeller bear-
ing supports are in place, and the bearing box propeller hub and drive shaft are being
installed at the far end. (1943) (NASA C-1944-04710)
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The Final Push

The frame of the AWT’s Shop and Office Building was complete, and exca-
vations had begun for the Exhauster and Refrigeration buildings. The AERL
staff worked 48-hour weeks throughout 1942, but construction of the actual
tunnel was only beginning when the lab closed for its only holiday that year,
Christmas Day.*® As the AERL opened for business in 1943, construction of
the AWT went into high gear. The Pittsburgh-Des Moines Steel Company
was responsible for building the tunnel structure. They would erect the
remainder of the support rings and tunnel shell and would install the
exhaust scoop, turning vanes, and intake air vents during 1943.°!

The support buildings were largely completed by September 1943, but ele-
ments of the refrigeration and exhaust systems required additional time to
install.”> Work proceeded on the balance chamber and test section, including
the test section’s hinged door. Work on the tunnel, test section, balancing
scales, and fan continued into the new year.

Image 36: The test section lid, seen raised in this photograph, was 40 feet long, 20 feet wide,
and 10 feet high. A motor-driven system using large counterweights, pulleys, and cables could
open and close the lid in approximately 10 minutes. The lid contained a number of viewing
windows and a portal for a periscope camera. Handwheels were used to seal the lid once it was
lowered in place. (NASA C-1950-26294)
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Harold Friedman, a young engineer who had recently finished a project,
approached the construction supervisor, Ernest Whitney. He recalled saying,
“Mr. Whitney, I don’t have a goddamned thing to do. What should T do?
Ernest told me that T should go over to the Altitude Wind Tunnel, which
was under construction, and talk to Al Young and Lou Monroe because
they needed somebody to design a door.” “I said, ‘Sure.” What the hell’s so
hard about designing a door?” Friedman’s “door” was a massive mechanical
clamshell-shaped lid that sealed the tunnel’s test section. It used large coun-
terweights, pulleys, and cables to open, close, and lock in place.

The Most Important Component

In January 1943, the AWT and the Icing Research Tunnel joined the Engine
Analysis, Engineering Drafting, and Unconventional Aircraft Engine Research
groups in the Engine Installation Division.”* Abe Silverstein, the 35-year-old
Chief of Langley’s Full-Scale Tunnel, was selected by George Lewis to man-
age the AWT. Silverstein was in the aerodynamics group but had always
had a strong interest in aircraft engines. Silverstein later recalled Lewis
informing him of the reassignment, “I can see that you want to be in the

Image 37: Left to right: Abe Silverstein and Smith DeFrance. Silverstein
transferred to Cleveland after 14 years at Langley. He had played a key role
assisting deFrance with the design of the Full-Scale Tunnel. He served as
chief of the facility from 1940 to 1943. Although he mainly cleaned up drag
problems on fighter aircraft, be did sneak in two engine tests during this
period. (NASA C-2009-02181)
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engine business, and I want to give you the chance.” Most of the Langley
personnel previously transferred to Cleveland were from the construction
and powerplants groups. At Langley, Silverstein did not have the best rela-
tionship with the powerplant people, so there was some tension when he
arrived just in time to manage the new world-class facility. Lewis escorted
Silverstein to Cleveland in the fall of 1943 to make a formal introduction and
smooth things over. After that initial meeting, Silverstein claimed that he had
never had any serious problems with the original Langley crew.”®

Silverstein immediately began assembling the 90-person AWT section. Not
surprisingly, he chose individuals such as Al Young, Lou Monroe, and
Harold Friedman, who had been involved in the design and construction
of the tunnel. The original AWT organization consisted of 40 engineers,
25 mechanics, 15 analysts, and 10 computers.”” “Computers” were female
employees hired to record raw test data and perform mathematical calcula-
tions in order to make the data useful.

Image 38: Al Young was involved with the AWT from its design at Langley
to bis retirement in 1970. For most of that time, be managed the tunnel’s
operation. Silverstein remembered bim as “a superb mechanical engineer,
absolutely able.” The two shared an office in the AWT for almost four years.
Silverstein recalled, “[Young| never spoke unless he was very sure what
be was going to say...he was very good and I enjoyed working with
bhim.”*® (NASA G-2008-00629)
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Image 39: The AWT complex as it originally appeared. The Shop and Office Building is in
the center, the Refrigeration Building is to the right, and the Exhauster Building to the left.
When completed in early 1944, it became the first wind tunnel in the nation designed specifi-
cally to study engine bebavior and capable of creating a high-altitude environment. (NASA
C-1945-13045).

Silverstein shared room 103 in the Shop and Office Building with his dep-
uty, Young; Friedman; and Monroe, an ex-Carrier employee who oversaw
the installation of the refrigeration system. Other members of the design
team, including John Macomber and Manfred Massa, were located upstairs.
With the exception of Young, these men would go on to design the 8- by
6-foot and 10- by 10-foot supersonic wind tunnels in Cleveland. Other origi-
nal AWT staff members included future leaders such as G. Merritt Preston,
Robert Godman, Myron Pollyea, DeMarquis Wyatt, and Austin Reader.”

The core members of the AWT’s long-term research staff were assembled by
early 1944. The original team included future manager Al Young, principal
AWT engineers such as William Fleming, Robert Dietz," and Martin Saari, as
well as James Quinn, the head of the AWT mechanics, and Clifford Talcott,
who managed the AWT’s electrical supply.'®

tYears later, Dietz would be a key advocate of NASA’s most recent wind tunnel, the National
Transonic Facility at Langley.
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After almost two years of construction, the AWT was finally completed in
January 1944. Willis Carrier and his team were on hand for the AWT’s ini-
tial trial runs to ensure that the refrigeration system worked properly. The
first official test took place on 4 February 1944.'°! For the next year and a
half, the AWT would contribute to not only the current war effort, but more
importantly to the future development of aircraft engines. Although prog-
ress seemed to lag because of the urgency of the war, the construction
of the AWT in less than two years was a remarkable feat. In the end, the
new NACA lab was completed ahead of schedule but at nearly twice the
estimated cost.'??
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Image 40: The secret test of the Bell YP-59A Airacomet was the first investigation in the new Altitude
Wind Tunnel. The Airacomet was the first aircraft in the United States powered by a jet engine, the
General Electric I-16. (February 1944). (NASA C-1944-04830)
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Chapter 3

Dual Wartime | the world War 1T Years
Mission | (1944-1945)

“Will the solution of this problem be of assistance to us in time to be of use
to the men on the fighting front?” That was the question Acting Executive
Engineer, Addison Rothrock, asked the Aircraft Engine Research Laboratory’s
(AERL’s) new research staff on 20 December 1942 to consider when con-
ducting their investigations.!® Earlier that day, an engine fire had wrecked
the flight test of a Boeing B-29 prototype and grounded the program for
seven weeks. The U.S. Army Air Corps had already ordered 1,500 of the
long-range bombers and was relying on it to serve as the exclusive weapon
for the bombing of Japan.'® The next flight would end in disaster after
another engine fire caused a crash in Seattle that killed 8 crew members
and 20 civilians on the ground.'®

The overheating of the B-29’s 18-cylinder radial engines was precisely the
type of problem that the Altitude Wind Tunnel (AWT) was intended to
resolve. Unfortunately, in December 1942 the tunnel’s corner rings were
just being put in place. It would be another year before the facility would
become operational. Unknown to Rothrock and the audience was that, two
months before, a Bell XP-59A fighter had flown using the first jet engine built
in the United States. This advanced technology would threaten to make the
new AERL facilities obsolete unless they adapted and returned to research.

The dichotomy of the AERL’s mission was later emphasized during a visit
by General Henry Arnold. Arnold told the assembled staff, “You've got a
dual task. You’ve got a job ahead of you to keep the army and the navy air
forces equipped with the finest equipment that you can for this war. You
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also have the job of looking forward into the future and starting now those
developments, those experiments, that are going to keep us in our present
situation—ahead of the world in the air. And that is quite a large order, and
[ leave it right in your laps.”'%

Image 41: General Arnold addresses AERL employees. As Commander of the U.S. Army Air
Forces during World War II, be almost single-bandedly dragged the nation’s aviation leaders
into the era of the jet engine, while simultaneously trying to squeeze all of the power from the
nation’s largest piston engine for his B-29 program. (NASA C-1944-07493)

The NACA’s traditional mission of basic research was to be mothballed for
the duration of the war. The army and navy relied on the NACA to solve very
specific problems with existing military aircraft and their piston engines. The
NACA Langley and NACA Ames aeronautical laboratories used their large
wind tunnels to reduce the drag of military aircraft and also improved ice
prevention and dive bombing. The AERL initially concentrated its efforts on
propulsion problems such as engine knock and turbocharger performance.
Once the AWT and its sister facility, the Icing Research Tunnel, became
operational in 1944, the AERL was able to considerably expand its work.
The two tunnels were used for military applications 93 percent of the time
during the last year and a half of the war. The Langley and Ames tunnels,
which had been active for the entire war, spent 57 percent of their operating
time on military tests.'””
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Burning Up in the Sky

One of the most pressing problems facing the air force was the overheating
of the Wright R-3350 engines that were used to power Boeing’s new long-
range bomber, the B-29 Superfortress. Although twice as heavy and power-
ful as its predecessor—the B-17—the B-29 was designed to fly significantly
faster, longer, and higher. It was one of the most formidable and versatile
aircraft ever designed and the top priority of the air force. The B-29 was
plagued with problems, though, most notably the overheating of the engines
as the aircraft reached its higher altitudes.*®

Missouri Senator Harry Truman led a legislative investigation into the March
1942 crash that had resulted in 29 deaths. The committee concluded that the
B-29 crisis stemmed from Wright's poor quality control and the rush of the
air force’s development schedule.'® Over a year before the first test flight
had taken place, the War Department had outfitted the nation’s factories to
mass-produce the bombers.!°

The most significant problem was the engines. The fuel-injection system fre-
quently caught fire, and the combination of poor airflow and engine strain
caused the engines to overheat during the B-29’s climb to its 30,000-foot
cruising altitude. The overheating was exacerbated by the use of magnesium
crankcases, which were strong and lightweight but highly flammable.'"* The
crew had less than a minute to bail out once the crankcase ignited. The
nation’s most modern flying machine seemed more like a death trap.

Image 42: A Boeing B-29 participates in the AERL’S intensive wartime study of its Wright
R-3350 engines. (NASA C-1944-05883)
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The bombers were hurried into service in the Pacific and received their
testing in combat. The R-3350s would require over 2,000 modifications. In
1944 alone, 54 key revisions had to be implemented on every new B-29.''* It
was not uncommon for the R-3350 to have to be overhauled after less than
100 hours of operation. Yet pilots were still reporting that their engines
were overheating and losing power at higher altitudes.!"

Frank Bechtel recalled in 2004, “They were flying these planes over Japan
and back nonstop. They weren't losing any of them to ground fire or
Japanese fighter planes, but the planes were going in the drink because the
engines were burning up. They [would] get overheated and just quit, and the
planes were going in.”'14

Despite the pressure to complete the AWT in order to analyze the R-3350
cooling problems, it was the General Electric (GE) I-16 jet engines on the
Bell XP-59A Airacomet that were tested first when the facility was finally
ready in early 1944. This decision would prove significant for both the B-29
and the AWT’s future focus on the turbojet.

“Nobody Was Really Looking Ahead”

Upon assuming control of the U.S. Army Air Corps in 1938, General Arnold
called a meeting to identify vital aeronautical research and development
areas. One of the items on the table was the jet-assisted takeoff developed
by Frank Malina and Jack Parsons at the California Institute of Technol-
ogy. Committee members Jerome Hunsaker and Vannevar Bush revealed the
NACA’s closed-mindedness at the time by deriding the proposal.'’® Three
years later Arnold became aware of the turbojet developments in Europe
and ordered the NACA to explore the possibilities. Many in the air corps,
including NACA member Major General Oliver Echols, urged continued
concentration on reciprocating engines. !¢

The success of the turbocharger—which was perfected at GE’s West Lynn,
Massachusetts, plant—caused U.S. aircraft manufacturers to become compla-
cent. The turbocharger used the engine’s hot exhaust gases to spin a turbine
that powered a compressor. Because it supplied the engine with additional
air, the turbocharger resulted in significantly greater speeds and altitudes for
piston aircraft. The Lockheed P-38 and Republic P-47 were considered to be
the fastest fighters in the world, but the Boeing B-17 and Consolidated B-24
were the only 30,000-foot-altitude heavy bombers.!'”
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The Langley Powerplants Division was just beginning to delve into the
turbojet field, even though its staff had been aware of the gas turbine
for years. They had felt that, with existing materials and technology, jet
engines would not be any more efficient than piston engines. All three of the
NACA'’s studies on the turbojet in the 1930s were farmed out to the National
Bureau of Standards.''® Abe Silverstein later explained that the NACA was still
primarily an aerodynamics-based agency and that when it came to propulsion
“nobody was really looking ahead.”'"

Other nations were not only looking ahead, but moving ahead. German and
British engineers had not mastered the turbocharger, so they had sought
other ways to improve engine performance. Engineers in both countries
were drawn to the gas turbine. By late 1939, the German government had
funded two jet engine design programs and contracted with its two largest
aircraft manufacturers to develop fighters that would incorporate the new

Image 43: Left to right: Colonel Edwin Page, Dr. William Durand, Orville Wright, and Addison
Rothrock tour the AERL in Cleveland, Obio, on the lab’s May 1943 Dedication Day. Durand,
Sformer chairman of the NACA, had been called out of retirement to head the NACA Special
Commiittee on Jet Propulsion. Prior to becoming the AERL’s Air Technical Service Command
Liaison Officer in May 1943, Colonel Page had spent most of the previous 18 years developing,
designing, constructing, and overseeing the research for the engine test facilities at Wright
Field. (NASA C-1943-01562)
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turbojets.'® Although they lacked Germany’s coordination, the British also
were pursuing the jet engine. After a visit to the United Kingdom, Northrop
Aircraft’s Joseph Phelan related how impressed he was by “the established
air of something which had definitely arrived, so to speak. Nowhere did
there appear to be anything but a profound belief and faith in the future of
the gas turbine in some form or another.”!*!

As the Langley engineers were in the initial stages of designing the AWT for
piston engine testing, the Europeans were beginning to fly turbojets suc-
cessfully. In late August 1940 the Italians flew a ducted-fan jet engine, in
early 1941 the first rocket-propelled aircraft was flown in Germany, and on
15 May 1941 the British flew their first jet aircraft. While the AWT’s founda-
tions were being installed in July 1942, the German Messerschmitt Me-262
Schwalbe, which could fly 540 mph, became the world’s first operational
fighter jet.'*

Image 44: Left to right: Henry Reid, NACA Langley Engineer-in-Charge; Cariton Kemper, Chief
of the Powerplants Division; and Elton Miller, Chief of the Aerodynamics Division, in an April
1929 division meeting. Neither the Langley powerplants group nor Kemper thought much of
the jet engine. Kemper agreed with a 1923 National Bureau of Standards study stating that
Suel consumption and weight made jet propulsion impossible. Kemper, who would become
Executive Engineer at the AERL, did not reconsider the jet engine until April 1940, and then
only in a limited fashion. (1929) (NASA EL-1997-00141)
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Although the decision had been made to fight the war with piston aircraft, it
was obvious to Arnold and his closest advisors that aviation’s future lay with
the turbojet. At Arnold’s request, the NACA called Dr. William Durand out
of retirement in March 1941 to head a Special Committee on Jet Propulsion.
The committee—which included members of the NACA committee,
scientists such as Hugh Dryden, and industry leaders including GE’s
Sanford Moss—was tasked with coordinating the nation’s secret development
of the turbojet.

Heads in the Virginia Sand

Edgar Buckingham of the National Bureau of Standards had conducted stud-
ies of a gas turbine in 1923 and concluded in his report for the NACA that
the jet engine would never surpass the reciprocating engine’s performance.
The Langley engine group, headed by Carlton Kemper, accepted Bucking-
ham’s findings and showed no interest in the possibilities of gas turbines.
Although the conclusions were true at the time, the NACA did not foresee
the turbojet’s potential for high-speed flight. Silverstein said later, “Unless
you visualize airplanes going at 400 to 500 mph, you can’t make a point for
the gas turbine. And airplanes weren’t flying that fast at the time.”'*

Unaware of the German and British advances made during the interim,
Langley engineer Albert Sherman replicated the Buckingham study and
produced an April 1940 report which concluded that the gas turbine was
indeed viable. Sherman’s findings convinced Kemper and Langley Engineer-
in-Charge Henry Reid that the gas turbine was now worthy of further inves-
tigation. Sherman and Eastman Jacobs were tasked with the construction of a
ducted fan static test cell, referred to as the “Jeep.” Before the Jeep was even
completed, Durand’s new subcommittee ordered the pair to convert the Jeep
setup into a true turbojet capable of being integrated with an airframe. This
was a daunting task that lasted the remainder of 1941.1%

The Jeep’s first fiery runs occurred over a year later in February 1942. After a
series of improvements, the system was considered to be operational in July.
In October, Durand’s special committee visited Langley for an exhibition of
the new Jeep powerplant. The engine’s failure during the big demonstration
for all intents killed the program. It was officially ended with the transfer of
the Powerplants Division to Cleveland in December.'” NACA work on axial-
flow compressors during the war did influence the manufacturers, but the
NACA was left out of the design work for the first wave of turbojets.
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Secret Delivery for Cleveland

In April 1941 General Arnold had witnessed the first jet-powered flight in
Britain, the Gloucester E-28/39 with its Whittle W-1B engine. Through the
Lend-Lease agreement, plans for the Whittle centrifugal engine were secretly
brought to the United States so that engineers at GE’s West Lynn plant could
replicate it.

Work on the new engine, called the I-A, was difficult with only Whittle’s
drawings as a guide. Colonel Donald Keirn, who oversaw the early U.S.
turbojet work, and three British engineers then accompanied the shipment
of a Whittle W-1X engine to the United States. The development progressed,
but the first attempt to operate the engine in March 1942 was disappointing.
After several modifications the 1,250-pound-thrust engine was successfully
run on 18 April 1942.12¢

Bell Aircraft Corporation had been contracted the previous October to con-
struct an aircraft that would incorporate the new GE I-A engines. The result
was the Bell XP-59A Airacomet.'?” During June of 1942 Whittle himself spent
several weeks in Massachusetts assisting with the integration of the engine
into the airframe. After a secret cross-country railroad delivery and sev-
eral days of preparations, the XP-59A made its first flight over Muroc Lake,
California, on 2 October 1942.1%8

Image 45: Jet Propulsion Static Laboratory at the AERL. GE’s West Lynn team had designed this
nondescript two-cell test bed to be built at the AERL to test their new Whittle-based jet engines.
An I-A, the first turbojet built in the United States, was secretly brought onto the lab disguised
as a supercharger and tested in the Jet Propulsion Static Laboratory in the fall of 1943. The I-A
had been superseded by the I-16 by this point. The I-16 would be tested in the AWT just a couple
of months afterward. (NASA C-1945-12097)
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Although the Airacomet flew, it did not perform well and provided little
performance enhancement over the piston version of the aircraft. Its speed
of 290 mph was a little over half of what the Messerschmitt Me-262 had
achieved several months before.'”® General Arnold, who had been aware of
the engine for over a year, expressed his concerns over the slow develop-
ment of jet aircraft. In a 14 October 1942 letter to NACA Chairman Jerome
Hunsaker, Arnold stated that it would be easier to improve the overall air-
craft design rather than the engine because the overhaul process required
less time. More importantly, he realized that jet propulsion engineers were
still rare in the United States and that the I-A engines were not designed
specifically for fighter planes.'*°

By January 1943 the West Lynn group had begun work on a 1,650-pound-
thrust successor, the I-16. The new engine was more powerful than the I-A,
but it added additional weight to the already heavy aircraft. Its speed of
409 mph and altitude of 35,000 feet during a July 1943 test flight were
considered to be only moderately better than the original prototype.'!

== g ':I
1

Image 46: Benjamin Pinkel uses a GE I-16 engine to explain thrust augmentation studies to
members of the Aviation Writer’s Association touring the AERL. The GE I-16 and I-40 and
Westinghouse 19B engines on display were tested in the AWT during the war years. Pinkel
bad worked on the Jeep engine project at Langley before being transferred to Cleveland in
December 1942. (NASA C-1945-10634)
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The Turbojet Takes Precedence

By the end of the year it had been decided that the GE I-16, not the long-
waiting Wright R-3350, would be the first engine investigated in the NACA’s
new AWT. Colonel Keirn summoned Silverstein, the head of the AWT, to
GE’s West Lynn facility to discuss testing the I-16 in altitude conditions.
When asked later about the trip, Silverstein replied, “We had the only
altitude tunnel. That’s the reason I went.” Silverstein had been aware of
the Jeep project, but the meeting with Keirn was his first real exposure to
the turbojet. After viewing the work at West Lynn, arrangements were made
“to get the engine going.”!??

Although the AWT was not designed for jet engines, Silverstein leapt at the
chance to examine the new technology in his brand new wind tunnel. One
of the 1-16’s most troublesome problems was the uneven airflow through

Image 47: The AWT’s first test: the Bell YP-59A with its two GE I-16 turbojet engines. Improve-
ments from the AWT tests included a boundary-layer removal duct, which decreased
the fuselage’s boundary layer by 60 percent; a new nacelle inlet, which in combination with
the boundary-layer removal duct resulted in an additional 16-percent average pressure
recovery near the compressor inlets; and new engine cooling seals, which reduced the nacelle’s
cooling airflow by 75 percent.'® (NASA C-1944-04825)
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Image 48: Bell YP-59A, a production version of the prototype XP-59A, was flown from the Bell
plant in Buffalo, New York, to the AERL by Bob Stanley. Stanley piloted the first successful flight
of the XP-59A at Muroc Army Air Field (now Edwards Air Force Base) on 1 October 1942.
The secret AWT tests led by Merritt Preston improved the performance of the engine, but the
enbancements could not overcome the engine’s many design flaws. (NASA C-1944-04314)

its intakes. Silverstein had already investigated engine airflow in Langley’s
Full-Scale Tunnel and felt confident that studies in the AWT would result in
increased thrust for the I-16.13

After the logistics were worked out, Bell pilot Bob Stanley flew a YP-59A to
Cleveland for the tests.!®® Harold Friedman remembered the aircraft’s arrival,
“[Colonel Page, the U.S. Army Air Force liaison] was all dressed up in his
air force uniform and was carrying a sidearm like he was going to protect
it.”1*¢ The wing tips and tail were cut from the aircraft so that the entire
fuselage and engines would fit into the AWT’s test section. The tests began
on 4 February 1944.
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The study, led by Merritt Preston, first analyzed the engines in their original
configuration and then implemented a boundary layer removal duct, a new
nacelle inlet, and new cooling seals. Tests of the modified version showed
that the improved distribution of airflow increased the 1-16’s performance by
25 percent.’” Despite the improved speed, the aircraft was not stable enough
to be used in combat, and the design was soon abandoned. GE created 241
of the engines for the U.S. Army Air Force, but only 20 production Aira-
comets were built by Bell. These were used primarily for pilot training.'*®

Image 49: The Bell YP-59A Airacomet with nacelle cover removed to reveal one of its two GE
I-16 jet engines. GE’s West Lynn plant had developed the turbocharger, which increased the
capabilities of piston engines and allowed the first over-weather flight in July 1937. Because
of the demand for the turbochargers, the West Lynn plant expanded its facilities and began
working closely with the air corps. This relationship led to its selection to build the nation’s
Sfirst jet engine, the I-A. Turbocharger guru Sanford Moss was called out of retirement in
1943 to assist with the next generation of centrifugal jets—the I-14, I-16, and 1-20."*° (NASA
C-1945-10686)
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Image 50: Mechanics attend a class on jet propulsion. The introduction of turbojets dur-
ing the war required crash studies for mechanics and engineers alike. In this photograph,

Gesa Major demonstrates a centrifugal compressor used on the Whittle-based engines. (NASA
C-1945-13464)
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“Too Much Damn Work”

The nation made countless sacrifices during the war, and the AERL was no
exception. The January 1943 Overtime Act resulted in a six-day, 48-hour
work-week without overtime pay for the duration of the war. Those earning
under $2,900 were given a 22 percent salary increase, but the 5 percent
“Victory Tax” remained in place."® The AWT crew worked around the clock to
keep the facility going.

There were many tests in its queue when the AWT became operational in
February 1944. As soon as one investigation was complete, the engine was
quickly removed and replaced with another. For example, mechanics were
prepping the Douglas XTB2D and Westinghouse 19B engines in the shop
as the B-29's R-3350 engine was being tested. After the R-3350 failed at
3 a.m. on 14 September 1944, it was quickly removed from the test section.
By 16 September, a 19B had taken its place. After adding a lengthy list of
tasks completed on 5 September 1944 to the AWT logbook, mechanical
supervisor, Austin Reader, noted, “Too much damn work.""!

Image 51: The AWT seen during its overnight operation. The tunnel was usually run at
night when the electric company had sufficient electricity for the massive power loads.
(NASA C-1945-09513)
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Operating the AWT was a demanding job, even without the pressure of
the war. For the mechanics, the work was often dirty and tedious. For the
engineers, the days were long and stressful. Generally the first and second
shifts set up or broke down the test articles. The tests were run by the third
shift at night when electricity was available. Engineers would often have to
work all day, then operate the tunnel and run their test overnight.

NASA retiree Bob Walker described it: “First and second shift [werel
designed to get the work done for the day, all the squawks on your squawk
sheet, just like you'd have an aircraft operation someplace. The engineers
would put down the work they wanted done and things you'd burned up the
night before or whatever. So, you'd get it all back together on the first and
second shift, then [the overnight crew]l would come in and crank it up at night
and run it."142

la
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Image 52: Crowded conditions inside the Fabrication Shop. The lab was under pres-
sure to meet the military’s demand for wartime testing. This resulted in 48-hour weeks
and three shifts per day. The AWT’s late entry into the war left no time to spare. Those
who were frequently absent or arrived late were transferred or discharged.'* (NASA
C-1945-10396)

63
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Harold Friedman added, “We were running the Altitude Wind Tunnel from
10:00 at night until 4:00 in the morning because that's when the electricity
was available. When that was finished, we'd go home and go to bed and get
up and come back to work."'*

“Because there were fewer and fewer engineers who wanted third shift
after working all day at their desks,” recalled former technician Howard
Wine, “they came up with a theory that, well, maybe the technicians, the crew
chiefs, could operate the facility.” The operation of the tunnel was a
sophisticated process that required communication with the electric
company and the support buildings. According to Wine, the crew chiefs were
trained to operate the tunnels, even though some of the mechanics had a
better understanding of the system.'*®
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Image 53: Lockbeed YP-80A with its GE I-40 engines being tested in the AWT. One of the modi-
[fications required to test jet engines in the AWT was the ducting of conditioned airflow directly
to the engine inlets. This method effectively reduced the tunnel size but allowed greater speeds
and altitude conditions for the engine. The direct-connect method was used for all future
turbojet and ramjet tests in the AWT. (NASA C-1945-094406)
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“It Was So Simple”

In May 1944, a wing section with the right inboard nacelle and its 18-cylinder
R-3350 engine was finally installed in the AWT. Components of the R-3350
had been investigated the previous fall in the Engine Research Building,
resulting in an improved fuel-injection system, but the AWT would be
needed to study the entire engine under the normal high-altitude environ-
ment, particularly the airflow around the engine.

Abe Silverstein played a key role in the studies. Not long before his trans-
fer from NACA Langley, he began studying engine cooling in the Full-Scale
Tunnel. He used his acquired aerodynamics knowledge to improve the flow
of air through the engines.'® The AERL engineers found that there was no

Image 54: The AWT was used to study the engine cooling problems for the Boeing B-29
Superfortress for the Pacific phase of World War II. The B-29’s right inboard nacelle and
wing section were installed in the AWT test section from May to September 1944. As part of
this series of tests, several different flap designs were studied on the Wright R-3350 engine’s
43-inch-diameter cowl inlet. The logbook notes that the day shift “washed model for pictures”
prior to this midday 4 July photograph 'Y (NASA C-1944-05554)
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Image 55: The massive Wright R-3350 18-cylinder piston engine is prepared for testing in the
AWT. In 1935, Curtiss-Wright Corporation began developing bigger and more powerful air-
craft engines that were based on the principles of their existing Cyclone engine. One of the new
engines was the 2,200-horsepower R-3350, which was plagued by problems from the begin-
ning. Altbough first run in May 1937, it was not successfully flown until 21 September 1941.
When proposals were drawn for the B-29 bomber in 1940, the design included the use of four
of the unproven R-3350s. (NASA C-1944-04488)
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cooling airflow where the exhaust was ejected, which was the hottest sec-
tion of the engine. After a relatively short period of analysis, they found that
by elongating fins within the engine the airflow would be directed around
the cylinders to the problem areas. This resulted in a 50°F reduction of the
operating temperature. Silverstein, who was gaining more and more experi-
ence with engine cooling, later explained, “It was so simple.”!4®

The AWT also was used to study the R-3350’s cowl inlets, particularly the
flap design. Cooling-air pressure levels, distribution, and drag were analyzed
for a variety of cowl flap configurations. The researchers found that sliding
flaps required 60 to 80 less horsepower than did the original chord flaps.
This would produce an extra 190 mph at an altitude of 15,000 feet.'®

The design of the R-3350 still had problems, but the AERL enhancements
could get the bomber through the war. The 18 percent increase in fuel
efficiency could broaden the B-29’s flight range or increase its armament
capabilities.”® This improvement was calculated to be either an altitude
increase of 10,000 feet, a gross-weight increase of 10,000 pounds at sea
level, or a gross weight increase of 35,000 pounds above 10,000 feet.'>!

The final run of the R-3350 in the AWT had an inauspicious conclusion on
15 September 1944. “At approx[imately] 3:02AM this morning the B-29 threw
#14 cylinder of the engine during operation the cyllinder], passed thrloughl]
the cowling[,] hit tunnel under wing, hit base of exhlalust inlet & hit half
way up turning vanes putting large dent in vane. The piston was found at
the second vane. Most of piston was stopped by screen at this vane. The
tunnel was locked up awaiting inspection of U.S. Army. Took pictures[,] then
[Royce] Moore & Silverstein ordered B29 removed from tunnel.”®? None-
theless, the studies had been successful, and some felt that just 10 days of
R-3350 testing had paid for the NACA’s investment in the AWT.'>?

Forsaken

Harold Friedman and others from the AERL flew to Boeing headquarters
in Renton, Washington, to present the findings from the AERL tests. The
group remained in Washington for six weeks while Boeing verified the AERL
conclusions with their own tests. Friedman claimed that the suggested
modifications were not implemented. He surmised that it was because the
fuel-injection system would have increased fuel consumption.'™ It appears,
however, that the findings arrived just a little too late for the modifications
to be used for the war.
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In late August 1944, just as the AWT tests were wrapping up, Major General
Curtis LeMay was placed in charge of the XXIst Bomber Command, which
controlled all B-29 aircraft in the Pacific. The first phase of the B-29 bomb-
ing campaign, beginning three months later in November 1944, consisted of
high-altitude precision strikes on specific targets during daylight.

In addition to the engine difficulties, the winds at high altitudes were causing
navigation problems. General Thomas Power, who led the B-29 missions,
and LeMay decided to switch their strategy to low-level missions to avoid the
weather problems and keep the engines from burning up. There would be
no need to bolster the R-3350s for high-altitude flight, and the reduction of
engine overhauls would provide additional bombers for the sorties. In addi-
tion, the aircraft could carry a larger quantity of bombs, hit their targets more
accurately, and use less fuel.’>

The second phase of bombing was at low-altitude at nighttime. It began
during the night of 9 March 1945. General Power led three-hundred forty-six
B-29s on an assault of Tokyo using napalmlike incendiary bombs. The attack
killed 84,000 Japanese and destroyed 16 square miles of the city. Postwar
studies indicated that the fires on this night produced more heat than the
Dresden bombing or either of the subsequent atomic bombs.!*® The devas-
tating low-level nighttime fire-bomb raids and medium-altitude daylight
attacks continued through the end of the war.’>’

Image 56: B-29 Superfortress in the AERL hangar for a postwar open house event with its Wright
R-3350 engine on display. The AERL bad remedied the engine’s cooling problems, but many of
the modifications would not be implemented until after the war. (NASA C-1945-10587)
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It is difficult to say for certain, but if the R-3350 testing in the AWT had not
been delayed for several months, the U.S. Army Air Force may have been
able to accomplish its goals by using the B-29’s high-altitude capabilities
to bomb Japanese industrial and transportation targets, and the incendiary
bombing—which resulted in so many casualties—may have been averted.
After the war the R-3350 went on to a successful career, powering both civil-
ian and military aircraft using the baffling and fuel-injection modifications
made at the AERL. The precedence given to the turbojet would pay off for
the AWT, though. By the time of the March raid on Tokyo, the AWT had
investigated three jet engines, including the nation’s first successful jet
fighter, the Lockheed Shooting Star.

The Americans Get It Right

Although the AWT investigations significantly increased the 1-16’s thrust, the
military needed an engine twice as powerful. The Messerschmitt Me-262 had
begun making its mark in Europe, and the air force sought a new 500-mph
fighter.”®® In June 1943, GE engineers began work on a 4,200-pound-thrust
engine. The new 1-40 engine was first tested at West Lynn, Massachusetts,
the following January, just as the AWT was preparing to test the 1-16s.'>

Image 57: Lockbeed’s YP-S8OA Shooting Star on display in the AWT shop. The Shooting Star was
the first jet aivcraft manufactured in the United States and the first U.S. Air Force aircraft to fly
Jaster than 500 mph. (NASA C-1945-10600)
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After the disappointment of Bell's XP-59A; in June 1943 the air force
had tapped Lockheed to design a new jet fighter to incorporate the
[-40s. Lockheed’s drawings for the XP-80 Shooting Star were approved on
16 October, and the first aircraft, which used Halford H-1 engines, was
completed 150 days later. The Shooting Star’s initial flight took place in
January 1944 as construction of the AWT was being finalized.!®

The flight was a success, but almost immediately the airframe was modified
for use with the I1-40. Two new XP-80As were produced and flight
tested during the summer of 1944. On the basis of their performance,
Lockheed produced the first eighteen YP-80A Shooting Star production air-
craft in September. The air force dispatched two to Britain and two to Italy
to try to neutralize the Me-262’s successes. The Shooting Star continued to
experience operational problems, though, and crashes resulted in the deaths
of several pilots.!®!

Image 58: GE I-40 engines for Lockbeed’s YP-80A Shooting Star were tested in the AWT from
March to May 1945. The tunnel’s 20-foot-diameter test section allowed the entire fuselage to be
installed. (NASA C-1945-09576)
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The I-40 engine underwent a thorough analysis in the AWT during the spring
of 1945. Like the Airacomet, the entire YP-80A fuselage was installed in the
test section. The tunnel airflow was directly connected to the inlets in order
to increase the altitude and speed of the air as it entered the engine. One
of the primary areas of research was the engine’s thrust performance at alti-
tudes up to 50,000 feet. An attempt to forecast altitude thrust levels based on
sea-level measurements was successful, and a curve was created to predict
the I-40’s thrust at all altitudes.'¢?

Follow-up studies on a Lockheed TP80S, a Shooting Star modified to
accommodate a second pilot, revealed that the I-40’s turbine and compressor
efficiency and fuel consumption were not affected by altitude but that
combustion efficiency and thrust diminished as altitude increased.'®® After
analyzing different tailpipes, researchers found that a short nozzle with a
uniform diameter tailpipe was most efficient.!®4

The resulting P-80 fighter and the I-40 engines would be great successes, just
not in time for the war effort. Thousands of the 1-40 engines were eventually
built, including 300 during the last year of the war. As a result of the 1-40, for
the first time British engineers were traveling to the United States to study a
jet engine.'® In 1947 the P-80 set the world’s speed record with a 620-mph
flight at the Cleveland Air Races. The second generation, the F-80, was a vital
weapon in the Korean War.!%
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Image 59: A researcher examines the stator blades on a Westinghouse 24C axial-flow turbojet engine
in the shop area. Axial-flow engines, with multiple stages or rows of compressor blades as shown
bere, were studied extensively in the Altitude Wind Tunnel. (NASA C-1950-26086)
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The new turbojet reorganization at the NACA’s Aircraft Engine Research
Laboratory (AERL), known as “the Big Switch,” would not officially take
place until the end of the war. The emphasis on jet engines, however, unof-
ficially began two years earlier with the acquisition of the General Electric
(GE) centrifugal engines for studies in the Jet Propulsion Static Lab and then
the Altitude Wind Tunnel (AWT). The sudden emergence of the turbojet
affected the AERL far more than the NACA’s two aerodynamics-based labo-
ratories. The staff had to quickly learn the new technology and modify their
test facilities to accommodate more powerful engines.

One of the most significant problems with the early turbojets was combus-
tion at high altitudes. The AWT was the nation’s only facility in which the
combustion and performance characteristics of a turbojet could be studied
under altitude conditions.'” During the final year of the war, the AWT was
used almost exclusively to address this problem. In addition to testing the
Whittle-based series of centrifugal engines, the tunnel was used to study and
improve almost every early model of the axial-flow compressor engine. The
axial-flow engine powered the successful Messerschmitt Me-262 and would
prove to be the enduring version of the turbojet.
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Image 60: Cutaway drawings. Top: Centrifugal compressor engine. Center: Axial-flow engine.
Bottom: Ducted-fan engine. Growth of the centrifugal engine was limited by the outward
expansion of the single compressor. At a certain point, the tradeoff between power and size
would be inefficient. Axial-flow engines could gain additional power by adding sets of com-
pressor blades in a line. The length of the engine would increase but not the diameter. (NASA
C-1946-15565, C-1945-13707, and C-1946-15563)
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Steam Turbine Experts Heed the Call-Up

Although the military had considered as many as 15 different jet engines from
a number of different companies between 1942 and 1945, the two experi-
enced steam turbine manufacturers—Westinghouse, and GE’s Schenectady,
New York, plant—produced the most significant results. William Durand’s
Special Committee on Jet Propulsion included Westinghouse’s L. W. Chubb,
Schenectady’s Alan Howard, and Allis-Chalmers’s R. C. Allen. The largest air-
craft engine manufacturers, Pratt & Whitney and Wright Aeronautical, were
omitted so that they could focus their efforts on producing piston engines for
the war.!®® Westinghouse contracted with the navy’s Bureau of Aeronautics
and GE with the U.S. Army Air Corps. During the 1940s, both of the compa-
nies created three increasingly powerful generations of axial-flow turbojets.

In July 1941, months before GE’s West Lynn group began recreating Whittle’s
engine, Durand’s committee asked three engine companies to each design a
jet engine for possible military production. Allis-Chalmers proposed a ducted
fan that remained mired in the design process, GE suggested the TG-100

Image 61: NACA leaders accompany General Henry Arnold on his tour of the AWT on
9 November 1944. Here the group is on the tunnel’s viewing platform peering into the
20-foot-diameter test section. The refrigerated air in the tunnel is vaporizing as it mixes with
the warmer exterior air. Arnold pushed the development of jet engines during the war. This
included the testing of nearly every early model in the AWT. (NASA C-1944-07499)
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turboprop, and Westinghouse offered the 19A turbojet. All were based on
the axial-flow compressor model.'® The initial designs quickly led to more
powerful incarnations. The AWT would conduct extensive studies on almost
every one of the early axial-flow engines. Each of these studies included
an analysis of general operating characteristics over a range of speeds and
altitudes, as well as analysis of specific performance enhancements such as
tailpipe burning, windmilling, and high-altitude flameouts.

Westinghouse Designs First U.S. Turbojet

In November 1941 the navy requested that Westinghouse put together a pro-
posal to design a turbojet engine capable of reaching 500 mph. The day after
the Pearl Harbor attack, despite not having a contract, Westinghouse began
work on what would be the 19A engine. Official work began the following
August, and the 19A was first run on 19 March 1943. Following a 100-hour
endurance test on 5 July, the 19A became the first operational jet engine
designed in the United States.'” When it was used on 21 January 1944 as a
jet-assisted-takeoft-like booster on a Chance-Vought FG-1 Corsair, the 19A
became the first and only of the original U.S. turbojets to be flown during
the war in Europe.

Image 62: Westinghouse 19B six-stage axial-flow turbojet in the AWT. The 1,400-pound-thrust
19B improved on Westinghouse’s original 1,100-pound-thrust 194 engine. Instrument rakes
can be seen in the engine’s inlet. The engines were relatively small, with a length of 8-feet
8.5 inches, with a maximum diameter of 20.75 inches, and a weight of 825 pounds.” (NASA
C-1944-06735)
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In March 1943, just over a week before the first run of the 19A, Westinghouse
agreed to create an improved six-stage version, the 19B. Unlike its pred-
ecessor, the 19B could serve as either a booster or primary propulsion unit.
The engine underwent its first test run a year later in March 1944. Almost
immediately the navy agreed to Westinghouse’s proposal for the even larger
10-stage, 1,600-pound-thrust 19XB prototype.'”> By July the navy had con-
tracted with the NACA for the testing of both engines in the AWT.

The AWT investigations began on 9 September, one week after the 19B
underwent its first flight test. The AWT runs revealed the superiority of the
previously untested 19XB over the 19B. The 19B engines failed to restart
consistently and suffered combustion blowouts above 17,000 feet. The 19XB,
however, performed well and restarted routinely at twice that altitude.'”
Two months later on 26 January 1945, two 19Bs powered a McDonnell
XFD-1 Phantom, the U.S. Navy’s first fighter jet, on its initial flight. Following
its exceptional performance in the AWT, the 19XB engines soon replaced the
19Bs in the Phantom.'”

Image 63: The Westinghouse 19XB seen from the side in the AWT. Two 19XBs arrived on
6 November 1944 and were promptly installed in the tunnel. The 19XB-1 and 19XB-2B
produced 1,400 and 1,600 pounds of thrust, respectively. The AWT tests revealed the superiority
of the 19XB over the 19B and led to its success. (NASA C-1944-07564)
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General Electric Takes on the Axial-Flow Engine

When asked to participate in the Special Committee on Jet Propulsion in
March 1942, GE was still trying to build the Whittle engine at its West Lynn,
Massachusetts, plant. Another GE group in Schenectady, New York, however,
had been working on the TG-100 axial-flow turboprop engine for several
years. Turboprops could move a large volume of air and thus required less
engine speed. The turboprop was progressing slowly, so in May 1943 the
army requested the development of an axial-flow turbojet, the TG-180. It
was accepted that the TG-180 would not be ready in time for the war effort,
but its long-term potential was considered to be more promising than that
of the Whittle engines.'”

Like the turboprop, the development of the TG-180 was sluggish. Although
the engine was bench tested in April 1944, it was not flight tested until
February 1946.17¢ During the interim, the engine was brought to the AERL

Image 64: The McDonnell Phantom XFD-1 became the U.S. Navy'’s first completely jet-propelled
aitrcraft. Its development began in August 1943. The Phantom was originally designed to use
two Westinghouse 19B jet engines. After successful tests in the AWT, these were replaced by
19XBs. The 19XBs were also used for the experimental Douglas XB-42A Mixmaster and the
Northrop XP-79 “flying wing” aircraft. (U.S. Navy/Department of Defense)
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for the first of four rounds of testing in the AWT. The studies, which would
continue intermittently into 1948, subjected the engine to an array of tests.
Modifications were made that steadily improved the TG-180’s performance,
including the first successful use of an afterburner.

To GE’s chagrin, the army contracted with Allison to manufacture the
TG-180s for use on the Bell X-5, Republic F-84 Thunderjet, and Northrop
F-89 Scorpion. Although the TG-180 was not the breakthrough engine that
the military had hoped for, it did power the Douglas D-558-1 Skystreak to a
world speed record on 20 August 1947.177

Image 65: Douglas D-558-1 Skystreak powered by the TG-180 engine. On 20 August 1947
U.S. Navy Commander T. Caldwell flew the Skystreak to a new world’s speed record of
640.7 mph. A second D-558-1 flown by U.S. Marine Pilot Major Marion Carl soon bettered the
record by 10 mph. Unlike the X-planes, the Skystreaks took off from the ground under their
own power and bhad straight wings and tails.'® (NASA E-713)
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Image 66: Eleven-stage axial-flow GE TG-180 installed in the AWT test section. The initial
tests focused on the benefits of tailpipe burners, or afterburners, to improve thrust. One area
of research determined the rmance of a 29-inch-diameter tailpipe burner over a range
of altitude conditions using several different flamebolders and fuel systems. AERL research-
ers determined that the optimal design was a three-stage flamebolder with its largest stage
upstream.'” (NASA C-1945-08687)
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“It Was No Accident”

Once the decision was made to proceed, the development of turbojet
engines was given precedence and heavy financial support by the military.
Numerous sea-level facilities for testing piston engine endurance existed,
and others were created specifically for the turbojet. One of the difficulties
in developing turbojets, however, was the lack of altitude test facilities
capable of handling the jet engines. The army’s Wright Field and the navy’s
Aeronautical Engine Laboratory had a number of test stands, including alti-
tude simulators, but the range of conditions and the size of the engines
were restricted. The same was true for the altitude stands at the National
Bureau of Standards and GE. Flight tests were complicated because it was
extremely difficult to fly a test aircraft with elaborate instrumentation installed
on the jet engines. The AWT was the only facility the nation had to study the
performance of large turbojets at altitude conditions.®°

Image G67: Left to right: Roger Weining and Bob Godman operate an engine from the
AWT’s control room. The tunnel’s ability to repeatedly study a full-size engine under
Slight conditions and engine parameters of their choosing allowed the researchers to
make modifications and test them quickly without the expense and uncontrolled vari-
ables of flight testing. (NASA C-1945-10365)
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This ability permitted the AERL engineers to try different modifications to
improve performance without redesigning the entire engine. Former AERL
engineer Bruce Lundin recalled, “We had the facilities and the opportunity
to create new kinds of compressors, to create afterburners, to create variable-
area nozzles, to create high-altitude combustors and all this stuff...let's try this
altitude, and let's see if this will work. If it doesn't work, we'll fix it so it does. And
then we can go to Boeing or Lockheed or General Dynamics or some of these
places, show them what we've done and they can put the marketing skills into
that, and the production skills, and the reliability, and the maintenance skills,
and sell them. And that's why American aviation has led the world. It was no
accident. It was this partnership where you each contribute to the building of
the whole."'®

During typical AWT investigations, the operational and performance data
for the entire engine were determined at various altitude flight conditions,
as well as that of the various engine components. The operating range of the

Image 68: Test engineers lower an NACA inlet duct into the 20-fool-diameter test section
Sfor installation on a Westinghouse J40 engine. Engines could easily be tested in flight
conditions with modified components, alternatve throttling methods, or different fuels.
(NASA C-1951-28464)
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engine was established at various altitudes, and it was determined whether
the operating range was limited by high turbine temperature, faulty combus-
tion, or other factors."® Once the range was established, the AWT researchers
sought to make general improvements that could be used on any jet engine.
Three of the most significant advances dealt with restarting at high altitudes,
windmilling, and the afterburner.

Early versions of the turbojet suffered from combustion blowouts and were
difficult to restart as the airspeed or altitude increased. As the mixture of fuel
and air became colder and less dense at higher altitudes, ignition problems
increased. The AWT was used to determine the maximum altitude at which
a particular engine could be started. AWT testing of the GE TG-180 in 1945
showed that relatively small modifications such as spark plug adjustments
resulted in considerable improvements. The engine started consistently at an
altitude of 40,000 feet if the engine was properly throttled.'®®

Windmilling, or the rotation of compressor blades during flight while the
engine is inoperative, causes serious aerodynamic drag on an aircraft.
Reciprocating engines combat this by feathering the engines. In jet engines,
the increased airflow from windmilling alters fuel-spray patterns, hampers
ignition, and sharply increases the drag. AWT studies of both centrifugal and
axial-flow engines revealed that windmilling was directly linked to airspeed
but had no relation to altitude. At speeds of 600 mph the resulting drag
exceeded the normal engine thrust for both the I-40 and TG-180."% Inlet
closures and compressor brakes would be used in ensuing generations of jet
engines to prevent this phenomenon.
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The Afterburner Comes to Life

The advantages of the afterburner were agreed on almost immediately after
the introduction of turbojet engines. The concept was not invented by AERL
researchers, but they were the first to make it operational. Afterburners
operate by heating the engine’s exhaust before it fully expands. This pro-
duces additional thrust without increasing temperatures or stresses on the
engines.'®

The AWT was used extensively throughout the mid-1940s to study various
afterburner configurations for several different engines. Each component—
the tailpipe, flameholder, combustion chambers, and variable-area nozzle—
was studied independently over a variety of altitudes and speeds. The
researchers would have to weigh the tradeoffs between contradicting elements
such as the need for cooling systems and the resulting extra weight.!8¢

Abe Silverstein claimed that a 29-inch-diameter tailpipe installed in 1945 on
a TG-180 in the AWT was the first operating afterburner. In a 1974 interview,
Silverstein explained to John Sloop, “I recall very clearly the first night we
ran that afterburner. I was sitting by one of [the AWT test section viewing

Image 69: Republic F-94 interceptor tests its afterburner prior to takeoff during the Korean
War. The AWT was used to systematically study afterburner configurations on several early jet
engines. Desired elements included maximum thrust, maximum operable range, high com-
bustion efficiency, minimum weight, minimum size, low internal pressure losses, adequate
cooling, and good control."¥” (27 July 1953) (National Archives)
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Image 70: A technician adjusts the large afterburner on a GE TG-180 engine in the AWT test
section. The 29-inch diameter of the burner resulted in a low-velocity, but bighly efficient,
thrust. The three main sections of tailpipe burners are the diffuser section, the combustion
chamber, and nozzle section. The engine underwent thrust augmentation tests in the tunnel
using a variety of tailpipe burners. (NASA C-1946-14938)

portals] when we turned that afterburner on for the first time. And of course
they turned it on and immediately the thing combusted and ignited, and a
flame 50 feet long, deep purple, came right out of the back end of that, a
full flame, with a noise that was unbelievable. You wouldn’t believe it.” He
continued, “We designed it for low velocity, a big area, and we got a very
efficient afterburner, which was a good place to start.” After the initial stud-
ies, the engineers began reducing the diameter to increase the velocity.
Silverstein claimed that it took 10 years for NACA researchers to merge
the more powerful smaller-diameter designs with the combustion efficiency
achieved on that first run.'s®

The AERL worked closely with engine companies in the mid-1940s on
improving the afterburner.’ Although NACA researchers analyzed the burn-
ers for specific engines, they were able to accumulate a wide array of basic
data that was applicable to most engines. By 1946 the lab had published data
on the operation of afterburners, and the AWT would be used the following
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year to study a variety of components. These included the burner inlet dif-
fusers, fuel-injection systems, flameholders, combustion space, combustion
instability, starting performance, diluents, and burner shell cooling.'*® Within
a decade, afterburners were incorporated into nearly all turbojet engines. In
addition, their role had expanded from brief thrust augmentation to a key
element of supersonic flight.'!

Controlling the Thrust

Afterburner research produced several related innovations, including the
cooling liner, V-gutter flameholder, fuel-spray bar system, and variable-
area nozzle.' To combat the slow response time in early turbojets, AERL
engineers developed an adjustable nozzle. This device was particularly
important for takeoffs and landings. Bruce Lundin explained, “You can’t
have an afterburner if you don’t have a variable-area exhaust nozzle. That
was obvious from the beginning. The nozzle has to get larger when the
afterburner’s on; and when you turn it off, the nozzle’s got to get smaller to
keep the rest of engine operating properly.”'??

Image 71: A variable-area nozzle is installed on a GE TG-180 engine with an afterburner
in the AWT. AERL created a clam-shell design because it was easier for the mechanics to
build. The AERL studies led engine manufacturers to later develop an iris-type nozzle that
was lighter and more efficient. ** (NASA C-1945-8708)
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After one of the AWT’s overnight runs of an early afterburner, the crew
informed Silverstein that the burner’s shell was getting hot spots that could
prove dangerous. Silverstein and Al Young met in the morning and devised
a corrugated metal cooling liner that would fit inside the tailpipe. The cold
airflow between the burner shell and liner kept the liner from burning up.'
Silverstein recalled, “And you know, that cooling liner has been used ever
since. That liner we probably knocked out in one day and stuck in there and
ran it the next night. That was really a time of great creative development.
We really moved ahead.”

The War Is Over

Following the last run of the GE I-40 on 3 August 1945, the AWT was shut
down for two weeks of cleaning. During that period B-29 bombers dropped
atomic bombs on two Japanese cities. The resulting destruction forced Japan
to surrender and accept the terms of the Potsdam Declaration. The war was

Image 72: The Douglas XTB2D-1 Skypirate, an experimental torpedo bomber powered
by the Pratt & Whitney R-4360 Wasp Major engine. The XTB2D-1 was too large to be
used on pre-Midway carriers, and multiseat torpedo bombers were falling from favor
by the time that the Midway carriers were put into action in late 1945. Carburetor air
scoops and the effect of the R-4360’s long propellers were investigated in the AWT in
November and December 1944."7 The propeller caused low-pressure recoveries in the
engine inlet, particularly at bigh angles of attack."® (NASA C-1944-08060)
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Image 73: A mechanic installs instrumentation on the Lockbeed XR-60’s R-4360-18 engine
inside the closed AWT test section during a test for the navy. The October 1945 studies found
that engine temperature did not exceed 450°F at takeoff or at cruising altitudes of 5,000,
10,000, or 15,000 feet. In this photograph, the four-bladed Curtiss propeller bas been removed.
(NASA C-1945-13598)

over. Despite German technological advancements, it was the piston-driven
Allied air power that had been the decisive element in both Europe and
Japan. The German Me-262 fighters were in the air in 1944, but their effect
was minimized by a lack of strategic metals needed for both the engine
and airframe. By the time that engineers had created alternative designs, the
Allies had inflicted heavy damage on German manufacturers.'”’

In spite of the NACA’s desire to deal exclusively with existing reciprocating
engines, only two of AWT’s eight wartime tests involved piston engines, the
Wright R-3350 and the experimental torpedo bomber—the Douglas XTB2D-1
Skypirate. The Skypirate was powered by the Pratt & Whitney R-4360 Wasp
Major engine, the country’s largest mass-produced engine.?® Immediately
after Victory over Japan Day (V-] Day), the Republic YP-47M Thunderbolt
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Image 74: After a two-week break in early August to clean up the tunnel and celebrate
Victory over Japan Day (V-] Day), the AWT resumed testing on 17 August 1945 with the
Republic YP-47M. The YP-47M, a faster variation of the P-47, was intended to combat the
Messerschmitt jet fighters and defend against the V-2 bombs. Propellers from four different
manufacturers were studied at altitudes up to 40,000 feet. The researchers developed curves
to determine maximum efficiency and the distribution of the maximum thrust loading along
the propeller blades during operation.*' (NASA C-1945-13445).
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and the R-4360 engine for Lockheed’s XR-60 Constitution underwent brief
analysis in the tunnel. Neither the Skypirate nor Constitution ever made it
beyond the prototype stage. The YP-47Ms had seen some action in Europe
in 1945 but continued to have problems when the war ended.

In the end, the AWT had little effect on the outcome of the war. Its most
applicable contribution, the baffling for the B-29 engines, was not imple-
mented until later. Although U.S. development of the turbojet would not be
fast enough to make any significant impact on the outcome of the war, it did
have long-term effects. The AWT demonstrated remarkable flexibility and
became a significant contributor in developing the nation’s first jet engines,
both centrifugal and axial-flow. The AWT had not only survived the turbojet
revolution, it had embraced it. During its first 18 months of service, the tun-
nel was modified to test jet engines, the staff showed that it could handle
the new facility, a methodology of analysis was established that would be
applied repeatedly over the next decade, and the emerging AERL leadership
showed that it could change course with almost no warning.
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Postwar Snapshot

After not taking a day of leave between the Pearl Harbor attack and the
Armistice, the NACA Director of Aeronautical Research, George Lewis,
would suffer two heart attacks during the first week of November 1945 and
be forced into retirement two years later. From April to September 1945
Carlton Kemper participated in a team that followed in the wake of advanc-
ing Allied troops in Germany, collecting research papers, examining facili-
ties, and interviewing researchers.?? Kemper lost his position as Executive
Engineer in the postwar reorganization, but he remained at the AERL as a
consultant. Although Ray Sharp came to Cleveland to oversee the construc-
tion of the laboratory, his administrative skills were such that he would man-
age the lab until 1961. A former NACA Langley engineer, Jesse Hall, would
serve as a technical liaison between Sharp and the research staff.

Abe Silverstein had been instrumental in testing the first jet engines and was
already designing the lab’s first supersonic wind tunnels. On 31 May 1945
Silverstein presented a summary of the recent engine studies conducted
in the AWT at the GE Gas Turbine Conference. Despite having been aware
of the turbojet for only a year and a half, the paper shows Silverstein’s
remarkable understanding of the gas turbine technology. He was able to
summarize and integrate information from tests on GE's axial-flow TG-180
and centrifugal 1-40 and on Westinghouse's 19B and 19XB engines.?%
Silverstein would spearhead the lab’s research for the next 12 years.

Image 75: NACA representatives pose in front of the AWT. Below left to right: George
Lewis, Carlton Kemper, and Ray Sharp. Above left to right: Abe Silverstein and
Jesse Hall. (NASA C-1944-04955)
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Image 76: Two men work on top of the 51-foot-diameter section of the Altitude Wind Tunnel. The
Sfacility emerged from the secrecy of the war and began a bighly productive 10-year period of
advancing turbojet technology. (NASA C-1945-10525)
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. The Postwar Era
Will to Power (1946-1949)

“Trying to be a patriotic American I have refrained from taking this matter up
with you during the war,” wrote Robert Boone, owner of a nearby residence,
“... almost every day except Sundays during the past year or more, the
noise from your laboratory has been almost unbearable.”* This 29 August
1945 complaint was one of the first indications that the respite following
Victory over Japan Day (V-] Day) would be short lived. Although there were
many sources of noise at the Aircraft Engine Research Laboratory (AERL),
it was the inaudible low-frequency vibrations generated by the Altitude
Wind Tunnel’s (AWT) exhausters, which ran during the late night and early
morning hours, that seemed to “have the greatest range of annoyance” for
the surrounding community. By November the NACA had taken a number
of steps to appease the neighbors, including the installation of mufflers over
the vent pipes exiting the Exhauster Building.?*

It was these AWT exhausters that were used to create the lab’s two new
supersonic wind tunnels. Now that the war had ended, the lab would have to
grapple with the new field of high-speed flight, the return to basic research,
and the reorganization of its staff. The rapid advancement in propulsion
technology during the war years was unrivaled in the history of aviation. The
AERL and AWT had tackled the changes on the fly and were poised to lead
the way now that peace had settled. The AWT would continue the turbojet
work it had started in 1944 while also studying ramjets, turboprops, and
British engines. The benefit of the AWT’s steady analysis of newly emerging
jet engines such as the GE TG-190 and Westinghouse 24C would become
evident with the powerful turbojets of the 1950s.
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Image 77: The residence of Robert Boone, owner of the Store News Company, was built
in the 1930s as a bucolic home in an undeveloped area along the Rocky River. Following
the construction of the AERL just to the southeast in the early 1940s, Boone’s home was
besieged by noise from the test facilities, particularly the Propeller Research Test Facility
and the AWT, which was less than a half mile away. The house was sold to the Guerin
Jamily in the 1950s but was acquired by NASA soon after as the lab expanded. NASA
demolished the home in 2008. (1940s) (NASA C-1995-03926)
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Image 78: During the final montbs of the war, the AERL began opening its doors to groups
of writers, servicemen, aviation industry leaders, and others. Stands were built for group
photos outside the lab’s centerpiece, the AWT. On 5 July 1945, Fleet Admiral Erwin King
beaded a group of bigh-ranking officers who participated in an NACA and U.S. Navy
research conference at the AERL. The group posed with NACA hosts George Lewis, Ray
Sharp, Jobn Victory, Jerome Hunsaker, and Addison Rothrock. (NASA C-1945-11156)
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The Laboratory Takes a Moment To Regroup

The AERL staff was expanding quickly during this period. After doubling
in 1944, the number of employees crested at 2,600 in early 1946. The staff
would remain near that level until the early 1960s.2% In October 1945, just
after the end of the war, the staff was reorganized into four divisions to
tackle its turbojet research efforts. Abe Silverstein was promoted to Chief
of the new Wind Tunnels and Flight Division, and Al Young assumed the
oversight of the AWT. The two would continue to share the same office in
the AWT’s Shop and Office Building for several years.?*” Silverstein’s division
formed a study group that met in the evenings and on weekends to discuss
new technology and areas of research. For each session, one individual
would study the literature on a specific area and teach the others.

Virginia Dawson’s Engines and Innovations details the heated postwar
debate regarding the influence of development on the lab. Some felt that the
AERL was distancing itself from research, particularly with the use of full-size
engines. The hurried nature of the wartime testing left little time to obtain
basic data.?®® Silverstein, however, stressed that the NACA should strive to
not provide just academic research but also to “keep it useful.” Both the air
force and the navy would remain active at the lab. Military representatives
would meet frequently with the AERL staff to identify potential projects. The
military would then submit a formal request to the NACA Headquarters for a
test on a specific engine. Although the NACA acted as a service organization
for the military and industry, Silverstein pushed AERL staff members to use
their knowledge and experience to guide them into the best areas.?®

The emergence of the jet engine required changes not only from the staff
but also the test facilities. Not long after it came online, the AWT had been
reconfigured to accommodate jet engines. Facility engineers found that
by taking advantage of the pressure differences between the outside air
environment and the pressures created by altitude simulation, they could
provide enough pressure to simulate speeds that were one and two times
the speed of sound. The ducting of the airflow directly to the inlet still
allowed entire engines to be studied, but it effectively reduced the size of
the test section so that fuselages and nacelle engine covers could not be
included in the studies.?’® Although the AWT was adapted for the turbojet,
Silverstein and other engineers were already designing other facilities for
high-speed flight and larger engines.
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Image 79: Construction of the Small Supersonic Tunnel bebind the AWT in June
1945. This would be the lab’s first supersonic tunnel. Eventually the building would
house three small supersonic tunnels, referred to as the “stack tunnels” because of the
vertical alignment. The two other tunnels were added to this structure in 1949 and
1951. (NASA C-1945-10764)

3-80.FT. SUPCRSONIC WIND TUNNELS |3 |

Image 80: Early drawing of the Small Supersonic Tunnels bebind the AWT. The
control room was in the basement. Half a story above was Tunnel No. 1, which bad
an 18- by 18-inch test section and could reach Mach 1.91. Tunnel No. 2 was a Mach
3.96 tunnel with a 24- by 24-inch test section. Tunnel No. 3, a Mach 3.05 tunnel, also
bad an 18- by 18-inch test section.*'' (NASA C-1946-14156)
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Because the AWT only ran during the night, its exhausters sat idle most of
the day. In the spring of 1945 Silverstein designed a small supersonic tunnel
that utilized the AWT exhausters. The 2.25-square-foot-diameter open-circuit
tunnel was built in just 90 days.?'* It was the first of three “stack” tunnels
built just outside the AWT’s southwest corner. Another small supersonic
tunnel, referred to as the “Duct Lab,” was created in the AWT’s basement
passage. These tunnels were small in size but yielded valuable data on high-
speed aerodynamics. Bill Harrison, whom Silverstein pressured into running
the stack tunnels, recalled, “We ran the living hell out of that thing. We
really cranked them up.”®? Once these tunnels were working, Silverstein
immediately took key members of the AWT design team aside to begin work
on the large 8- by 6-Foot Supersonic Wind Tunnel. The 8x6, which was
completed in 1948, would be the most significant of the NACA’s postwar
supersonic wind tunnels.

The AWT’s unique ability to test full-size turbojets in altitude conditions
resulted in an 8- to 12-month backlog of requests. To alleviate this problem,
construction was begun on two altitude test cells in the Engine Research
Building. This facility, referred to as the “Four Burner Area,” contained static
chambers into which full-size engines could be installed and run at altitudes
up to 50,000 feet and temperatures ranging from 200 to —=70°F. When it came
online in 1947, it not only took some of the burden off of the AWT, but its
compressors helped increase the capabilities of the AWT’s exhaust system. '
Work on a second, even larger, pair of engine test cells began almost imme-
diately. When completed in 1952, this Propulsion Systems Laboratory would
further reduce the AWT’s workload.

Project Bumblebee

In 1944 the U.S. Navy’s Office of Scientific Research and Development began
developing a surface-to-air missile to combat Japanese Kamikaze attacks. The
program, referred to as “Project Bumblebee,” was based on the supersonic
and long-range capabilities of the ramjet engine. The project was assigned to
the Applied Astrophysics Laboratory at Johns Hopkins University. Although
not used in the war, test flights continued throughout 1945.2%>

The ramjet system was extremely efficient at high speeds. Silverstein claimed
in a 1951 interview, “The ramjet engine is more economical than the
automobile engine in its use of fuel when flying at high supersonic speeds.”?'¢
It was also the simplest type of propulsion engine. Like other engines, it was
powered by combustion gases that were heated to high temperatures under
pressure then exhausted. Compared with other engines, though, the ramjet
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was an extremely simple concept. It was basically a tube with no moving
parts. Fixed grated devices, referred to as “flameholders,” produced a
constant flame to ignite the air passing through the ramjet.

The ramjet’s major problem was that it could not operate until a certain
airspeed was achieved, so either a turbojet or rocket had to be used to
launch the vehicle. Another problem was fuel storage. The ramjet required a
large quantity of fuel, but the aerodynamic design of supersonic missiles or
aircraft generally do not provide much storage space.?"”

The idea of the ramjet had been around for years prior to Project Bumblebee,
but component research and complete engine systems had yet to be
completed. Industry did not have the massive quantities of process air
needed to test full-scale ramjets, so the testing was taken on by the AERL.
An NACA-designed 20-inch-diameter ramjet was installed in the AWT in May
1945. Thrust figures from these runs were compared with drag data from
tests of scale models in small supersonic tunnels to verify the feasibility of
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Image 81: The ramjet’s potential for high-speed flight was unmatched by reciprocating,
turbojet, or turboprop engines. The reciprocating engine bhandled air poorly, and the power of
the turbojet and turboprop engines was limited by the temperature fatigue of the components.
The advantage of the ramjet was its ability to process large volumes of combustion air,
resulting in burning fuel at the optimal stoichiometric temperatures, which was not possible
with turbojets. The higher the Mach number, the more efficient the ramjet operated.*®
(NASA C-1946-15566)
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the ramjet.*” The researchers found that an increase in altitude caused a
reduction in the engine’s horsepower. Optimal flameholder configurations
were also determined for high-speed and high-altitude flights.?*

The war ended before the Bumblebee missile was operational, but its
development continued, and the scope of the project grew. By 1947 the
ramjet diameter had been increased to 18 inches. The missile was no longer
intended for just antiaircraft operations but also for long-range attacks on
ground targets.!

In March 1947 Brigadier General Samuel Brentnall, Assistant Deputy
Commanding General for Research and Development at Wright Field,
requested that the NACA undertake a systematic study of the fundamentals
of ramjets. He wrote, “The analytical problems of ‘Why’ and ‘How’, rather
than ‘What is the important point.”*** The 8- by 6-Foot Supersonic Wind

Image 82: Mechanics working on the 20-inch NACA ramjet in the AWT test section. Referring
to the ramjet tests in the AWT, Bill Harrison said, “Back in those days, about the only tool you
needed was an inch and a quarter wrench to take the copper tubing apart. All this was, was
a pipe with angle irons and fuel injectors.”? The tunnel’s refrigerated airflow was ducted
directly into the ramjet’s inlet (as seen in this photograph) to create the desired speed, static
pressure, and temperature to simulate bigh-speed flight. The tunnel was used to analyze
the ramjet’s overall performance up to altitudes of 47,000 feet and speeds to Mach 1.84.%*
(NASA C-1946-14733)
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Image 83: A 16-inch ramjet is installed in the AWT to study inlet shocks for the Project Bum-
blebee missile. The free jet air allowed the supersonic ramjet to be studied in the subsonic
wind tunnel. The 18-foot-long ramjet was tested in the AWT from January through May 1949.
Initially there was some concern with the number of contractors to be given clearance and
allowed to witness the tests. A request from United Aircraft Corporation to have a representa-
tive present was declined.* (NASA C-1949-23409)

Tunnel would not be completed for another year, so researchers at the
Cleveland lab resorted to flight-testing the ramjets. The ramjets were initially
dropped from aircraft so that gravity would accelerate them to a speed at
which the engines could operate.?*

The combustion performance of the ramjet was difficult to study during
the high-altitude drop tests, so an 18-inch-diameter version was tested in
the AWT during the winter of 1947/48. The studies focused on variations of
the flameholder and fuel mixtures. Because the tunnel’s airflow was ducted
directly to the inlet, the AWT was once again able to simulate supersonic
speeds at an altitude of 30,000 feet. The optimal configuration was found to
be a can-type flameholder with a kerosene-propylene oxide fuel mixture.?*’
The free-flight investigations showed that a variable-area nozzle would be
required for the ramjet to operate efficiently at different speeds and flight
conditions. The AWT tests confirmed the increase in performance with the
variable-area nozzle plug.?*®
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The Bumblebee tests resumed in the AWT the following January under the
guidance of Dr. Wilbur Goss. Dr. Goss had developed the combustion system
for the missile at Johns Hopkins.?® This time the tests were on a 16-inch-
diameter, 18-foot-long ramjet. The tests were similar to those from the
previous year—the air was ducted through a supersonic diffuser, and the
focus was on flameholder and fuel configurations. The combustion efficiency
for three flameholder designs was verified, and it was found that gasoline
provided better efficiency than kerosene.?*°

Though its development was protracted, Project Bumblebee r