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FOREWORD

In 1978, something wholly unexpected happened at what was then the NASA Lewis
(now Glenn) Research Center—a “new” aircraft icing program was started. The story
goes something like this: Milt Beheim, chief of the Wind Tunnel and Flight Division,
was put in charge of the nearly defunct Icing Research Tunnel (IRT). It was in a state of
serious disrepair, and no NASA program needed it. Industry used it sporadically. A
propulsion and power laboratory, Lewis Research Center (LeRC) no longer had much
interest in aircraft icing. Many influential people at LeRC were veterans of the success-
ful NACA icing program of the 1940s and 1950s, and thus thought they had solved the
icing problem a long time ago.

So what should Milt do with the IRT? In typical Beheim fashion, he researched air-
craft icing, studied reports, and contacted U.S. aerospace companies and other civil and
military government agencies. With encouragement and help from those contacts, he
organized an International Workshop in Aircraft Icing in July 1978 at LeRC.

As you will read in this book, the workshop fully endorsed NASAs getting back into
aircraft icing. Times had changed, the participants said. Growing commuter markets
insisted on dependable flight schedules; an expanding private aircraft fleet wanted
“all weather” capability for their expensive investment; military and civilian helicopters
needed rotor-blade ice protection; the large transport aircraft sought more energy-
efficient systems; and it was time to apply modern computers and instrumentation to the
icing problem. Milt became a believer, and, to the surprise of many old “icingologists,”
he won the day by gaining approval to form a new Aircraft Icing Section in his division.
Through the competitive process, I was selected to head this new section.

Opver the next couple of years, we spent many hours visiting the offices at NASA
Headquarters seeking funding for the new section. When the opportunity later arose,
Milt organized a successful effort to finance the first major upgrade of the IRT. With that
upgrade, the IRT went from LeRC’s most humble facility to its most modern wind tun-
nel, a prototype for future upgrades to its other tunnels.

That first IRT upgrade could not have been more timely. On 13 January 1982, the
Air Florida flight 90 accident at Washington National Airport alerted the nation to the
lethal hazards of ground icing and influenced NASA’s decision to approve the first
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upgrade to the IRT. Shortly after the upgrade was complete, the Boeing Airplane Co.,
the FAA, the Association of European Aitlines, and the fluids manufacturers approached
us about conducting an extensive joint test program in the IRT to evaluate the effects of
ground de-icing/anti-icing fluids on takeoff acrodynamics. We eagerly agreed to this cru-
cial international safety program. We knew that the upgraded IRT, with its modern
control systems, could do the job. The IRT and its test crews performed flawlessly,
prompting the Boeing engineers to remark that the IRT productivity was at least as high
as their best performing wind tunnels. The IRT test results formed the basis for new
ground de-icing regulations, which the FAA promptly promulgated to the air trans-
portation industry. That winter, following the IRT tests, the airline industry was using
the newly tested and approved fluids.

The aerospace community came to regard the IRT as a unique national
resource. In 1987, the American Society of Mechanical Engineers designated the IRT an
“International Historic Mechanical Engineering Landmark” for its leading role in mak-
ing aviation safer for everyone. When I retired from NASA in 1994, the IRT had long
been one of NASA’s most heavily used windtunnels. Its annual test time of about 1,000
hours was divided nearly equally between government research and industrial develop-
ment. In 2002, nearly 24 years after its “new” start, the IRT is now NASA’s busiest wind
tunnel.

The new icing program began with three NASA-funded study contracts, in which the

U.S. aerospace industry told us what it needed. We, in turn, set up a program to address

all of those needs. Its key objectives were as follows:

1.  Develop computer codes that would: a) predict water droplet collection on air-
craft surfaces, b) model the ice buildup on aircraft surfaces, and c) provide
design tools for various ice-protection systems.

2. Assess and, where appropriate, experimentally evaluate some recently proposed
ice-protection systems, such as microwave systems and electro-impulse systems.
Fund the development of new ice-protection concepts through the proof of
principle stage.

3. Assess and, where appropriate, experimentally evaluate new icing instruments
for the detection of ice on aircraft and the measurement of super-cooled cloud
properties in flight. Fund the development of new icing instruments and their
calibration procedures through the proof of principle stage.

4.  Upgrade the IRT to provide improved control of the air speed, air temperature,
and super-cooled cloud properties.

5. Conduct aircraft flight tests to assess the effects of ice accretion on aircraft per-
formance, to ensure that IRT test results accurately simulate natural icing, and
to extend the existing database on the physical properties of super-cooled icing
clouds. The aircraft should be fully instrumented for aircraft performance
measurements and for cloud property measurements.

Vi
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Although the three study contracts formed the foundation of our icing program, it
evolved further through frequent NASA-industry workshops and peer reviews. Industry
or other government agencies often proposed programs to address urgent technology or
safety needs. With such a diverse and extensive list of objectives, it was clear that NASA
could not singlehandedly support this large effort in either funding or staff. So we did it
by coordinating personnel, test equipment, and experimental facilities within the U.S.
government, industry, universities, and, on occasion, within other countries. We wrote
interagency agreements with the FAA, Army, Navy, and Air Force. We also forged inter-
national agreements in icing with Canada, France, and the United Kingdom. Some of
these interagency agreements were accompanied by fund transfers to NASA, and these
were an important part of our total funding picture. Another important source of funds
was the SBIR (small business innovative research) program at LeRC, through which
nearly all of our advanced ice-protection concepts were funded.

A good example of coordination that required both national and international
resources was the program to evaluate pneumatic boots for helicopter rotors. The
BFGoodrich Company supplied pneumatic boots and system hardware for IRT model
tests and helicopter flight tests, and participated in all tests. The U.S. Army supplied a
UH-1H helicopter, its pilots, and its support crews for all flight tests. The Bell Helicopter
Company supplied experienced test engineers to assess any safety hazards and to follow
all tests. Canada supplied its Hover Icing Spray Rig. The U.S. Army supplied their in-
flight icing simulator Helicopter Icing Spray System (HISS), a custom CH-47 heavy-lift
helicopter fitted with water tanks and spray bars, and all the support aircraft and crews.
NASA helped calibrate the HISS by flying its heavily instrumented Twin Otter in the
super-cooled cloud behind the HISS. The program began with NASA testing several
boot configurations in the IRT to determine the best tube arrangement for effective ice
removal and minimal drag increase. Then Army personnel flew the UH-1H in clear air
to evaluate the effects of the inflated boots on helicopter handling qualities. Next they
flew hover tests in Canada’s Hover Icing Spray Rig. Then they flew behind the HISS at
Edwards Air Force Base in California. Again they flew in natural icing in Minnesota.
Finally, the Army tested the boots on a UH-1H in its special rain and sand erosion facil-
ity at Fort Rucker, Alabama.

By coordinating and sharing our resources, we became a close-knit icing
community in which good communications flourished. Industry and government agen-
cies got test results promptly, because they participated in the tests. Master’s and doctoral
students worked closely with industry to ensure their NASA grant research was relevant
and that our new NASA computer codes gained wide distribution.

With our “new” program came the heavy development of computer codes.
These included droplet trajectory codes, ice-accretion modeling codes, and ice-
protection system design codes. These highly useful codes have been distributed widely

vii
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throughout industry and government. Hundreds of engineers use the LEWICE ice-
accretion modeling code, and the FAA now accepts it as part of their icing certification
process. NASA continues to improve these codes and verify them against experimental
data. Because of our close ties with the European icing community, they too are familiar
with LEWICE and our other codes—a favorable situation for those U.S. airplane man-
ufacturers who must certify their products in Europe.

Although we developed several new ice-protection and ice-detection concepts
early on, mainly through SBIR contracts, industry did not adopt any initially. But after
I retired and Tom Bond became the branch chief, his team succeeded, via an SBIR con-
tract, in getting a new aircraft ice-protection system approved by the FAA in 2001. It was
the first new ice-protection system approved by the FAA in 40 years! The system, built
by Cox & Company, Inc., New York, NY, is a hybrid that uses both thermal anti-icing
and electro-mechanical expulsion de-icing. The system is adaptable and uses much less
energy than other systems that provide equivalent protection. The system is in produc-
tion for Raytheon Aircraft’s Premier I business jet.

Another internationally recognized contribution of Tom Bond’s branch is pilot edu-
cation for improved flight safety in icing conditions. NASA has made three pilot training
videos and one training CD (compact disk). These widely distributed videos and CDs
address the icing environment, flight preparedness and strategies for avoiding icing con-
ditions, stall due to tailplane ice, and loss of control due to wing ice. According to Tom
Bond, “The tail stall recovery techniques developed in the Tailplane Icing Program have
resulted in averted accidents and saved lives. NASA has received numerous accounts of
pilots who have used these operational procedures and successfully prevented a loss of
control due to a tail stall.”

For 10 years, Tom Ratvasky has been the technical program manager and lead flight
research engineer on NASA’s icing flight research aircraft. The American Institute of
Aecronautics and Astronautics recognized Mr. Ratvasky’s leadership in conceiving and
producing these instructional materials by awarding him the prestigious 2002 Losey
Atmospheric Science Award.

I believe that we can say with pride that the “new” aircraft icing program at Glenn
Research Center has continued the tradition of the “old” program by contributing valu-
able technological and safety support to the aircraft industry.

One final note: the title of this book, “We Freeze to Please,” was the brainchild of
Mr. Al Dalgleish, a branch chief in the Test Installations Division. He used to answer the
telephone by saying “Icing Research Tunnel, where we freeze to please.” Besides being a
play on words, it was Al's way of saying “we will cooperate with you to get your job
done.” The “We Freeze to Please” logo made its way onto the IRT baseball caps. Nearly
everyone who tested in the IRT went home with an IRT baseball cap. Visitors from other
countries took them home. The logo sent the message far and wide that the IRT staff was

viil
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there to help. As you read this book, you will surely be struck by the pride and esprit of
the IRT operators, operations engineers, and research engineers. This hardworking and
productive staff made my association with icing a pleasure. I thank you one and all.

-John J. (Jack) Reinmann
Cleveland, Ohio
April 2002
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Preface

Icing research has received only limited attention from historians. Yet the problem
of icing has challenged aviators and aircraft manufacturers since the earliest days of pow-
ered flight—and continues to do so. At various times in the past, victory has been
declared over the menace of icing, but these claims have always proved premature.
Despite more than seven decades of research into the phenomena, much remains to be
learned about the nature of icing and how best to respond to it.

In the United States, the National Advisory Committee for Aeronautics
(NACA) and its successor, the National Aeronautics and Space Administration
(NASA), have led the way in investigating the interaction between aircraft and the
icing environment, as well as in developing various means to protect fixed- and
rotary-wing machines. To be sure, icing research has never been given a high priority.
When the NACA began to investigate icing during the 1930s, most of the engineers
at the Langley Memorial Aeronautical Laboratory were far more interested in
advances in aerodynamics than they were in icing. When work shifted to the new
Aircraft Engine Research Laboratory in Cleveland in the 1940s, icing research rep-
resented only a minor interest of a laboratory that was devoted to engine
development. Later, the demands of the space age overshadowed NASA’s work on
aeronautics. Within this limited context, icing investigations usually ranked low on
the aeronautical research agenda.

Perhaps because of their lack of status in the NACA/NASA world, icing researchers
tended to form a close-knit group. Untroubled by distinctions between fundamental
research and practical engineering, they believed that they were doing important work
and were making a significant contribution to safety. They found other icing enthusi-
asts in industry, academia, and government agencies, both in the United States and
abroad, and eventually came together in an international “icing community.”

Esprit de corps among individuals concerned with icing problems tended to be high.
Opver and over again during the course of my research for this study, interviewees would
tell me that their association with icing research was the highpoint of their careers. Their
attitude was infectious, making my work not only a learning experience, but also an
enjoyable one.

In telling the story of NACA/NASA icing research, I have focused on the role of the
Icing Research Tunnel (IRT) at the Cleveland laboratory. Because the experiments that
were conducted in the IRT formed only part of a broader investigation into icing which
encompassed flight research and computer simulation, I have included information
about these topics while keeping the tunnel at the center of my study. Also, I have
attempted to place the work of the NACA/NASA in the broader context of the icing
problems faced by the international aviation community.
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I have been assisted by many people along the way. Kenneth E. Zaremba, now man-
agement analyst at the Glenn Research Center, first had the idea for a book on icing
research and persuaded NASA Headquarters to support the project. Susan L. Kevdzija,
IRT facility manager and enthusiastic supporter from the beginning, hosted my first visit
to Glenn and opened many doors for me. William P. Sexton conducted a tour of the
icing tunnel and shared with me his deep affection for the facility. Robert E Ide kindly
allowed me to observe the operation of the tunnel during a calibration run.

Kevin P. Coleman, history coordinator at Glenn, looked after my care and feeding
during visits to the laboratory, and I am grateful to him. Laura M. Bagnell and Mary E.
Carson of the Imaging Technology Center opened to me the rich photographic collec-
tion at Glenn. During a visit to the NASA History Office in Washington, Jane H. Odom
facilitated my access to icing records and made my brief stay in the office a most pleas-
ant one. Also at Headquarters, NASA chief historian Roger D. Launius extended his full
support to the project, and I am grateful to him.

Edmund Preston, historian at the Federal Aviation Administration (FAA) and an
old friend, always promptly responded to my requests for FAA material. Another old
friend, Michael H. Gorn, took time during a personal tragedy to send me a draft of his
now published study of flight research at the NACA and NASA. H. Garland Gouger
and Erik Conway made my visit to the archives at the Langley Research Center a most
rewarding experience.

Bonita S. Smith, InDyne, Inc., employee and archivist/historian at the Glenn Center,
has been my strong right arm throughout the research for this book. An accomplished
archivist, she has searched for documents, located obscure technical reports, arranged inter-
views, located retired employees, and cheerfully responded to a thousand and one requests.
Without her assistance, this study would have taken far longer—and might never have been
finished. I cannot thank her enough.

Thanks are also due to the professionals at NASA Headquarters who made this book
physically possible. In the NASA History Office, Louise Alstork edited the manuscript
and prepared the index. In the Printing and Design Office, Joel Vendette and Steve
Oberti expertly laid out the book, Michelle Cheston carefully edited it, and David Dixon
handled the printing. My sincere appreciation goes out to all these people.

The many individuals who submitted to interviews, wrote letters and e-mails, pro-
vided material from their personal files, and generally contributed substantially to
making their study possible are listed in the Essay on Sources. While I am grateful to all
of them, I should note that John J. Reinmann took a special interest in the project and
spent a great deal of time attempting to educate me on the nature of icing research. As I
managed to avoid physics and chemistry in high school, this was no small task.

In writing this book, my fondest hope is that I have done justice to the efforts of
the many men and women who have devoted a substantial portion of their lives to
defeating the menace of icing and making the skies safer for us all.

William M. Leary
Athens, Georgia Xi
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Chapter 1
The Beginning of Icing Research

The dangers posed by icing rarely concerned aviators during the first two decades of powered
flight. Lacking the instruments necessary to fly without visual references, pilots did their best to
avoid clouds. As a result, encounters with icing seldom happened and were always inadvertent. The
situation changed in the mid-1920s when the intrepid aviators of the U.S. Air Mail Service
attempted to maintain scheduled day-and-night operations between New York and Chicago. These
instrument-flying pioneers were the first group of flyers to face the icing menace on a regular basis.
As one of their pilots noted at the time about the hazards of the New York-Chicago route, “the
greatest of all our problems is ice.”

A typical encounter took place during the early morning hours of 23 December 1926.
Pilot Warren Williams was en route from Cleveland to Chicago with 321 pounds of mail. He
was flying underneath an overcast sky until low clouds at Woodville blocked his way. He
decided to fly on top, as the cloud layer seemed only 1,000-feet thick. He went on instru-
ments, monitoring his gyroscopic turn indicator, ball-bank indicator, and airspeed. As the
Douglas M4 biplane began to climb, Williams felt his controls grow “mushy.” His turn indi-
cator malfunctioned; his compass began to spin; his aldimeter unwound. Williams fought the
controls, but without success. As the ground approached, he cut the throttle and jumped. He
pulled the rip cord on his recently issued parachute and floated down safely from 300 feet.?

Williams was lucky to have survived his encounter with icing. Fellow pilot John E
Milatzo was not as fortunate. Shortly after midnight on 22 April 1927, while en route
from Chicago to New York with the mail, Milatzo crashed into a field during a severe
snow and sleet storm. He was killed.?

! Wesley L. Smith, “Weather Problems Peculiar to the New York-Chicago Airway,” Monthly Weather Review 57
(December 1929): 503-06.

? William M. Leary, Aerial Pioneers: The U.S. Air Mail Service, 1918—1927 (Washington, DC: Smithsonian
Institution Press, 1985), p. 234.

3 Ibid., pp. 234-35.
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There were various attempts made to deal with the icing problem during the 1920s.
The U.S. Air Mail Service, for example, worked closely with Army Air Service techni-
cians at McCook Field, the major Air Service research facility in Dayton, Ohio, to find
some answers. In 1925, the Army used a small wind tunnel that had been set up in a
refrigerated room at McCook to study the formation of ice on pitot tubes. Although the
Army failed to come up with a solution, instrument manufacturers later developed elec-
trically heated pitot-static tubes.*

The National Advisory Committee for Aeronautics (NACA) first turned its atten-
tion to the icing problem in 1928, thanks to the initiative of George W. Lewis, Director
of Aeronautical Research. On 10 February, Lewis wrote to Brig. Gen. William E.
Gillmore, chief of the Air Material Division of the Air Corps, seeking information about
the military’s experience with icing. While Air Corps pilots had a number of encounters
with ice, Gillmore responded on 28 February, a search of records produced only a single
report. “No active research has yet been undertaken at this [Material] Division on the
subject of ice formation,” Gillmore continued. Nonetheless, he was prepared to offer his
advice on how to deal with the problem. Heat could be applied to the parts of the air-
plane on which ice usually formed, he noted, although the means by which this could be
accomplished remained untested. Also, he held out the hope that waterproof finishes
might work, as they did for the aquatic birds that often passed through regions where ice
frequently forms. “Propellers,” he noted, “have been greased in some cases with apparent
success in preventing ice formation.”

Gillmore went on to suggest a variety of approaches that might be adopted to inves-
tigate the problem of icing. Flight research, he suggested, would probably be the most
expensive alternative but also would be “the most certain to achieve results.” Also, space
could be secured in “a cold storage plant, where an air-conditioning apparatus could be
installed to create the ice-forming atmosphere in which to whirl model airfoils.” While
several government agencies might become involved in seeking a solution to the icing
problem, Gillmore concluded, the NACA should coordinate the various efforts.
Accordingly, he recommended “that an authorization for research on this subject by the
NACA be approved.”™

No doubt as a result of Lewis’s initiative, the Navy’s Bureau of Aeronautics (BuAer)
joined with the Air Corps in supporting a program of research into icing. “The problem

“Bradley Smith, “Icing Wings,” U.S. Air Services 15 (April 1930): 22-25; Montgomery Knight and William
C. Clay, “Refrigerated Wind Tunnel Tests on Surface Coatings for Preventing Ice Formation,” NACA TN 339
(May 1930).

>Gillmore to Lewis, 28 February 1928, File RA 247, Historical Archive, Floyd C. Thompson Technical Library,
Langley Research Center, Hampton, VA.
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is one of great interest to Naval aeronautics,” Rear Adm. William A. Moffett, chief of
BuAer, wrote to Lewis on March 12, “and one in which very little data is available. A
solution to this problem is considered to be one of great importance.” Moffett went on
to request that the NACA “undertake research on this problem with a view of deter-
mining the conditions under which ice forms on the structures of aircraft; second,
possible preventative means; and third, the development of an instrument or instruments
which would indicate to the pilot conditions of temperature and humidity under which
ice formation takes place.”

One day later, citing Gillmore’s request and anticipating the letter from BuAer,
Lewis told the NACAs Langley Memorial Aeronautical Laboratory (LMAL) in
Hampton, Virginia, to begin planning an investigation into the icing problem. He noted
that the Department of Commerce, which also had an interest in the subject, had at first
suggested that the Bureau of Standards erect a small wind tunnel in their alticude
chamber and devise a system to control temperature and humidity in order to investigate
conditions under which ice would form on metal and fabric surfaces. Upon further con-
sideration, however, it had been decided to conduct the preliminary investigation at the
Langley laboratory. “This investigation,” Lewis continued, “could be made in the
6-inch wind tunnel, using a small metal airfoil section. The temperature of the airfoil sec-
tion could be controlled by the expansion of CO, . . . and the humidity controlled either
by water spray in the air stream or by admitting steam in the air stream. [If] the tem-
perature of the air stream could also be controlled by the expansion of the CO,, by
lagging the small tunnel with Cellotex or cork, and by placing a box or chamber around
the test section, fairly constant conditions could be obtained.”

Lewis hoped that the investigation would produce information on the temperature
and humidity at which ice will form on metal and fabric surfaces, develop an instrument
to alert pilots to conditions under which icing could be expected, and suggest methods
of preventing ice formation “such as heating the wings or coating the wing or surface
with some material which will prevent deposition of water.”

Two weeks later, on 28 March, William P. MacCracken, Jr., assistant secretary of
commerce for aeronautics, called a special conference of representatives of the Army Air
Corps, Navy Bureau of Aeronautics, Weather Bureau, Bureau of Standards, and the
NACA to study “the causes and prevention of ice formation on aircraft.” Lewis was able
to report at this meeting that the NACA had already begun such a study. Reports from
pilots who had experienced icing conditions were being reviewed, and research flights
into icing were underway. Also, the NACA had plans for tests “in a special wind tunnel

¢ Moffett to Lewis, 12 March 1928, File RA 247, Langley Library.
7Lewis to LMAL, 13 March 1928, RA 247, Langley Library.
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in which atmospheric conditions will be simulated.” The day after this meeting, Lewis
informed Langley “that in as much as the National Advisory Committee for Aeronautics
had undertaken this problem and was working on it, [it was agreed that] all activities
along this line should be coordinated and should be reported to [the NACA].”

The final step necessary to formalize the NACA’ investigation into the icing
problem came on 28 June 1928, when the organization’s Executive Committee approved
Research Authorization (RA) 247, “Ice Formation on Aircraft.” RA 247 declared the
purpose of the investigation was: “To determine the conditions under which ice forms
on the structures of aircraft; to develop possible means of prevention; and to develop an
instrument or instruments which will indicate to the pilot conditions of temperature and
humidity under which ice formation takes place.”

Even before approval of the research authorization, NACA chief pilot Thomas
Carroll had laid the groundwork for a flight investigation of icing. Carroll had been
interested in the problem ever since Air Mail Service pilots had begun to report their dif-
ficulties with icing. “The most difficult aspect of the matter,” he wrote to Henry J. E.
Reid, engineer-in-charge at the Langley Laboratory, on 17 March 1928, “appears to lie
in an almost total ignorance of the conditions which must exist to produce the phe-
nomena and . . . the double difficulty of artificially reproducing the conditions.” He
recommended that the NACA’s Flight Operations section conduct a research program
into inflight icing on a priority basis. To accomplish the task, he wanted “a supercharged
airplane” that would be equipped with automatically recording air temperature ther-
mometers that also would be visible to the pilot. In addition, he sought “an automatically
driven motion picture camera placed and focused at short range on certain struts and sur-
faces on the airplane to be controlled by the pilot or observer to provide additional data
to visual observation.” He proposed to seek out cloud formations with a range of tem-
peratures that were conducive to icing. Together with investigating the phenomena of
icing, Carroll also wanted to experiment with preventive measures, such as “heat control,
oiling, etc.”

RA 247 meant that Carroll would get his opportunity to investigate icing. The
NACA equipped a Vought VE-7 with small auxiliary surfaces and aerodynamic shapes
that were similar to the struts, wires, pitot heads, and other areas that were vulnerable to
icing. Research pilots Carroll and William H. McAvoy set out in search of cloud forma-
tions where ice was likely to be encountered. They recognized and described the different

® “Conference at Department of Commerce Regarding Formation of Ice on Aircraft,” 28 March 1928; Lewis
to LMAL, 29 March 1928; both in RA 247, Langley Library.

? Research Authorization 247, copy in RA 247, Langley Library.

1 Carroll to H. J. E. Reid, 17 March 1928, RA 247, Langley Library.
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types of ice that they found. Glaze ice, which formed at temperatures just below freezing,
was clear and tended to protrude from the leading edge of airfoils. Rime ice, on the other
hand, which occurred at lower temperatures and was opaque, usually took on a stream-
line shape. Performance penalties, they noted, were caused more by distortions to the
shape of the airfoil than by the weight of the ice. Engineers knew, of course, that a cubic
foot of water weighed 62.5 pounds. When water expanded on freezing, the weight
decreased to 56 pounds per cubic foot. Even a biplane, with its wires and struts, was
unlikely to accrete more than seven cubic feet of ice, or some 400 pounds, during the
most severe icing conditions. While the added weight would cause some performance
penalties, it would not constitute a dangerous overload.

Aecronautical engineers also knew that air flowing over the upper surface of a wing
produced lift. To ensure that nothing disturbed the even flow of air, the airfoil surface
was gently rounded. When ice formed on this surface, especially on the leading edge of
the airfoil, turbulence and eddy currents caused by the non-streamlined shape destroyed
lift. At some point, the airfoil would stall, and the airplane would fall out of the sky.

Carroll and McAvoy pointed out that a number of means of preventing or removing
the ice formations had been suggested. The most frequently tried method had been the
use of oil or grease to reduce the adhesion of the ice to vulnerable parts of the airplane.
To date, however, the application of oil and grease had failed to produce worthwhile
results. In fact, it seemed that the use of these substances might even hasten the forma-
tion of ice. Suggestions had also been made so that engine exhaust heat might be piped
through the leading edge of the wing to melt the ice or prevent it from forming—a
method that might be worth further investigation. But given the current state of ice pre-
vention, Carroll and McAvoy concluded, “safety . . . obviously lies in avoidance.”"

The NACA's laboratory research also began in 1928 when it placed into operation a
refrigerated wind tunnel at Langley. The facility consisted of a metal shell that was insu-
lated by layers of cork and wood. Air temperature inside the tunnel was lowered and
regulated by brine, which was cooled by a commercial refrigerating apparatus that flowed
through hollow metal guide vanes. A propeller circulated the air. Water droplets, their size
regulated by air and water pressure, came through four spray nozzles. Double glass doors
and windows permitted observation and photographs of models in the test chamber.

This first refrigerated icing research tunnel had two main problems. One was its
small size—the air stream was only 6 inches in diameter. The other major difficulty
related to the formation of small water droplets. “Considerable time,” the NACA’s

" Carroll and McAvoy, “The Formation of Ice Upon Exposed Parts of an Airplane,” NACA TN 293 (1928),
and “The Formation of Ice Upon Airplanes in Flight,” TN 313 (1929). See also Bradley Jones, “Icy Wings,”
U.S. Air Services 15 (April 1930): 22-25.
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“We Freeze to Please”

Annual Report for 1929 noted, had been devoted “to means for controlling the amount
of water sprayed into the air stream, the size of water particles, and the temperatures of
the air and water.” Commercial spray nozzles simply could not produce the small water
droplets that were found in natural icing. Nonetheless, it was possible to use the facility
for some icing research; although fuller experimental capabilities would come only after
the construction of an icing research tunnel in the 1940s.

The first tests in the tunnel employed a section of a Clark Y mahogany airfoil.
Widely used in the design of wings for aircraft during the 1920s, the high-lift airfoil fea-
tured a 3-inch chord and a 12-inch span. Researchers Montgomery Knight and William
C. Clay left half the airfoil bare and brushed the other half with a thin coating of sub-
stances designed to retard the formation of ice. They first investigated six insoluble
compounds: light and heavy lubricating oil, cup grease, Vaseline, paraffin, and simonize
wax. None of the coatings prevented ice from accreting on the model. “The drops
adhered to the surface,” they reported, “especially at the stagnation point of the leading
edge, and [they] froze quite readily as on the bare wing.”

The researchers next tried five soluble substances: glycerin, glycerin and calcium
chloride, molasses and calcium chloride, a hardened sugar solution, and a hardened glu-
cose solution. The first three were brushed on the airfoil, but the sugar and glucose had
to be boiled down and applied while hot. When they hardened, Knight and Clay noted,
they had the consistency of “taffy candy.” The solubles were supposed to dissolve with
water as it struck the airfoil and lower the freezing point so that ice would not form.
The glycerin and calcium chlorate solutions, however, immediately blew back from the
leading edge and left it bare. The sugar and glucose solutions remained on the airfoil,
but ice built up on top of them.

Knight and Clay also tested corn syrup, honey, glycerin soap, commercial paint,
and goose grease. All proved disappointing except the White Karo corn syrup, which
seemed to provide some protection against ice accretion and merited further study.
Perhaps the most useful information derived from the first of what would prove a
lengthy quest for ice-phobic materials was the observation that ice formed only on the
leading edge of the airfoil in all tests. “Any preventive compound,” they concluded,
“need be applied only to that part of the wing to be effective.””?

Flight tests brought more promising results. In June 1931, famed physicist
Theodore Theodorsen and researcher William C. Clay reported on the use of engine

"2 Fifteenth Annual Report of the National Advisory Committee for Aeronautics, 1929 (Washington, DC:
Government Printing Office, 1930), pp. 25-26.

13 Knight and Clay, “Refrigerated Wind Tunnel Tests on Surface Coatings for Preventing Ice Formation,”
NACA TN 339 (1930).
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exhaust heat as a means to prevent ice from forming. They mounted a modified Clark
Y airfoil of approximately full-scale dimensions on a Fairchild F-17 monoplane and
inserted a small boiler in the engine’s exhaust pipe. Steam passed through a con-
ducting pipe and entered the leading edge of the airfoil by means of a distribution
pipe equipped with small holes. The researchers mounted spraying jets 4 feet in front
of the airfoil. As the airplane was flown into temperatures as low as 18 °F, water was
sprayed on the airfoil.

“The most essential result obtained in this study,” Theodorsen and Clay wrote,
“is the fact that ample heat is available in the exhaust and in the cooling water for the
purpose of ice prevention.” The successful design of an airplane immune from the
dangers of ice accumulation, they confidently but erroneously predicted, was now
“only a matter of technical development.”

Theodorsen and Clay also used the refrigerated wind tunnel at Langley for their
icing research. After the NACA received reports about gasoline tank vents freezing in
flight, the two researchers developed a program to test various configurations in the
refrigerated wind tunnel. The primary function of the vents was to maintain the pres-
sure inside the gasoline tank approximately equal to that of the atmosphere. The size,
position, and location of the vent pipes differed with different types of aircraft, and
the designs seemed “more or less at random.”

The researchers positioned eleven different vent pipes in the test section of the
refrigerated wind tunnel. The pipes varied in tube diameter from 0.125-inch to 0.5-
inch and in shape from straight to L-shaped to U-shaped. They were subjected to the
icing spray until the ends froze over and plugged the vent. Experiments showed that
tubes perpendicular to the airstream consistently froze over, with the time required to
plug the vent varying with the diameter of the tube. The opening of the tubes pointed
aft, however, did not accrete ice.

As a result of their investigation, Theodorsen and Clay were able to make a spe-
cific recommendation to manufacturers and operators. A 0.75-inch tube, bent at a
right angle and placed with the open end pointed downstream, they concluded,
would be “the safest arrangement for gasoline tank vents . . . and also the most prac-
tical, with respect to gas tank pressure.” Harry A. Sutton, chief engineer for American
Airways, who earlier had reported a problem with the icing of gasoline tank vent
pipes, expressed his appreciation to Dr. Lewis for the investigation and reported in
October 1931 that “we are installing the type of vent recommended in your report.”"

1 NACA Report 403 (1933). Although published in 1933, this report was written on 12 June 1931.
15 “The Prevention of Ice Formation on Gasoline Tank Vents,” NACA TN 394; Sutton to Lewis, 16 March and
17 October 1931, RA 247, Langley Library.
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While the NACA believed that the application of heat eventually would solve
the problem of inflight icing, a more immediate solution seemed at hand during the
early 1930s, thanks primarily to the work of William C. Geer. A retired scientist,
Geer had graduated from Cornell University in 1905 with a doctorate in chemistry
and joined the BFGoodrich Company of Akron, Ohio, in 1907 as their chief
chemist. In 1927, two years after he had retired from Goodrich due to ill health,
Geer became interested in the airplane icing problem. He knew that there had been
sporadic research since 1922 on ice-phobic liquids and wing fabrics, but these early
efforts had produced no satisfactory results. Geer decided to try his own experi-
ments. He built a small research laboratory and began to test chemical methods to
prevent the formation of ice.'®

By 1929, Geer’s work had showed sufficient promise to attract the attention of
the Daniel Guggenheim Fund for the Promotion of Aeronautics. As part of its grant
program to enhance aeronautical safety, the Guggenheim Fund gave Geer $10,000 to
conduct further research. Working with Dr. Merit Scott of Union College, Geer
arranged with the Department of Physics at Cornell to build a small icing research
tunnel. The facility featured a 7-inch by 7-inch test section and a 3-inch circular
throat, with the temperature lowered by ice.”

Tests in the tunnel suggested that oiled rubber sheets that covered the vulnerable
parts of the airplane showed considerable promise. Coated with a mixture of 4 parts
pine, 4 parts diethylthalate, and 1 part castor oil, the rubber sheet retarded the accu-
mulation of ice. The major problem was to get rid of the ice that managed to form
on the sheet. Working with B. E. Goodrich, Geer came up with an “expanding rubber
sheet” or “ice-removing overshoe.” The coated rubber sheet was placed on the leading
edge of an airfoil in the tunnel, and air pressure was used to inflate the sheet and
remove the ice.

Practical tests of the device were conducted in late March and April of 1930. Wesley
Smith, a former Air Mail Service pilot who was now operations manager for National Air
Transport, flew three test runs with the overshoe or boot. The test section consisted of
laced-on overshoes that were 36 inches long by 15 inches wide. Two tubes, 2 inches in
diameter, supplied air to inflate the boots. During the flights, Goodrich engineer Russell
S. Colley sat on an orange crate in the mail compartment of the airplane and used a
bicycle pump to deliver air into the tubes, alternating from one tube to the other by
means of a manually operated valve. The boot worked well on a flight from Cleveland to

16 William C. Geer, “The Ice Hazard on Airplanes,” Aeronautical Engineering 4 (1932): 33-36.
7 Ibid.; Richard P. Hallion, Legacy of Flight: The Guggenheim Contribution to American Aviation (Seattle:
University of Washington Press, 1977), pp. 109-10.
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Buffalo in heavy icing conditions. The main problem was ice forming on the unprotected
propeller, which Smith removed by violent sideslips.'

Goodrich was so impressed with the flight tests that he decided to build a large icing
research tunnel at Akron. By far the largest facility of its kind in the world, the tunnel
measured 10 feet by 40 feet, with a test chamber 3 feet by 7 feet by 6 feet. Two standard
36-inch propellers drew air through cooling pipes, across the test section, and into an exit
cone. The propellers were on the same shaft, which extended outside the tunnel to a 15-
horsepower motor. Refrigeration was achieved by passing the air over coils—780 feet of
1.25-inch pipe—that were cooled by a flood system of liquid ammonia. Airbrush noz-
zles used 80 pounds of compressed air to atomize water into a fine mist and simulate an
icing cloud. Designed with the assistance of NACA engineers from the Langley labora-
tory, the Goodrich tunnel could produce temperatures as low as 0 °F and wind speeds of
85 miles per hour.”

The first test in the tunnel took place on 22 August 1930. A Clark Y airfoil,
equipped with a prototype two-tube boot, was placed in the test chamber. With
ammonia flowing through the coils and the fan turned off, the temperature in the tunnel
reached 26 ° after 1.5 hours. The propeller was then started. As the wind speed reached
60 miles per hour, the temperature rose slightly. Water, with a temperature of 43 °, was
introduced into the airstream, producing a slush-type ice. The boot successfully removed
several coats of ice before the spray nozzles became clogged.”

Although the spray system was never able to produce the small droplets found in a
natural icing cloud, the tunnel nonetheless proved a useful research tool. The best way
to deal with accumulated ice, Goodrich discovered following numerous tests in the
tunnel, was to inflate the boots three times a minute. Engineers developed a lightweight
air pump that was equipped with a valve that would open automatically and inflate the
boots. Other work in the tunnel led to overshoes that would protect tail surfaces, struts
and other parts of the airplane that would be vulnerable to icing.”!

Early in 1931, Goodrich equipped a Lockheed Vega—AMiss Silvertown—with the
protective system that had been developed in the tunnel. Tailored boots were snapped
onto the leading edge of the wing, zippered to struts, and laced to tail surfaces. An air
compressor installed on the motor automatically supplied air to the inflatable boots. On

'® Geer, “Ice Hazard;” Ben Kastein, “Russell S. Colley, Inventor,” Rubber World, June 1982, pp. 38-40.

¥ Colley, “Problem #4825: Goodrich Refrigerated Wind Tunnel,” 13 September 1930, The Records of
BFGoodrich Aerospace, Akron, Ohio. The author is indebted to David Sweet of BFGoodrich’s Ice-Protection
Systems Division for this memorandum and for other material relating to Goodrich’s icing research.

2 Ibid.

2 New York Times, 29 October 1933.
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30 March 1931, Charles Meyers flew Miss Silvertown through icing clouds that extended
from 2,000 to 8,000 feet over Akron. The system worked perfectly. This flight, the New
York Times announced the next day, marked “victory” over “one of aviation’s most dan-
gerous enemies.”?

Most airlines quickly adopted the Goodrich boots. TWA equipped its Northrop
Alpha 4-As with boots on wings and tails in the winter of 1932-33. In the summer of
1933, United Airlines ordered boots for its Boeing 247s, while TWA put them on its
Douglas transports during the winter of 1934-35. The airlines encountered and over-
came numerous installation problems. The rubber boots, for example, refused to remain
attached to airfoil surfaces at high speeds. Goodrich engineer Russell Colley solved this
problem by inventing a hollow threaded rivet called a Riv-Nut that could be installed
from outside the wing.”

Goodrich, working in cooperation with 1. R. Metcalf of the Bureau of Air
Commerce and Walter R. Hamilton of TWA, also used the icing tunnel to develop a pro-
peller de-icing system. It consisted of a circular trough of inverted U-section that was
bolted to the rear face of the propeller hub and fitted with short tubes that opened at the
base of the propeller blade. De-icer fluid, usually a mixture of glycerin and alcohol, was
produced at a pressure of 4-9 pounds from a storage tank inside the cockpit and then
dripped into the U-section on the propeller hub. Centrifugal force then carried the fluid
along the bare aluminum alloy blades. Following a long series of flight tests by TWA pilot
D. W. Tomlinson, this “slinger ring” arrangement became standard equipment on the
nation’s air transports.*

By the winter of 1935-36, most airlines had retrofitted their fleets with the modi-
fied Goodrich de-icing system. The total weight of the system, at least on TWA’s Douglas
transports, was 177 pounds, and it cost $65,000. This seemed a small price to pay for
the protection against icing. In August 1936, TWA President Jack Frye proclaimed that
results during the past winter proved that the new de-icing equipment “has served virtu-
ally to eliminate ice formation as a danger to scheduled flight.””

Frye’s optimistic comment would soon come back to haunt him. On 26 March 1937,
the front page of the New York Times announced the crash of “a giant Transcontinental
Airways skyliner” the previous evening while attempting to land in Pittsburgh. All thir-

2 “Goodrich Airplane De-Icers,” Aero Digest 18 (May 1931): 66; New York Times, 13 March 1931.

% Kastein, “Colley.”

2 S. Paul Johnson, “Ice,” Aviation 35 (May 1936): 15-19; Jerome Lederer, Safety in the Operation of Air
Transportation (Norwich University, 1939).

» Fred L. Hattoom, “Installation of De-Icer Equipment for Winter Airline Service,” Aero Digest 29 (November
1936): 38, 86; Jack Frye, “No Ice Today,” .S, Azr Services 21 (August 1936): 13-14.
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teen passengers and three crewmembers had perished when the DC-2 dove nose first into
a small gully near Clifton, Pennsylvania, 10 miles from Pittsburgh. It did not take inves-
tigators long to establish the cause of the accident. Observers who reached the scene of the
crash reported that 1.5 inches of ice remained on the leading edge of the ailerons and on
the wing tips of the shattered airplane, which had not burned. A report of the Accident
Board of the Bureau of Air Commerce confirmed the initial findings—ice had brought
down one of TWA’s new transports.”

The TWA crash set in motion a chain of events that would bring the NACA back
into icing research. The committee had done little in this area since 1931. The small
icing tunnel at Langley had rarely been used. The last experiment in the tunnel—a test
of an ice-phobic substance—had taken place in August 1935, and there had been no
plans for any further use of the facility. The aerodynamicists at Langley did not think
highly of the pneumatic boot system, which they believed caused drag. As far as they
were concerned, researchers Theodorsen and Clay had demonstrated in 1931 that the
application of heat was the answer to the icing problem. The fact that manufacturers had
been slow to engineer such a system was not the concern of the NACA.”

In the wake of the TWA accident, however, icing became an issue that the NACA
could not ignore. On 8 April 1937, Paul E. Richter, vice president in charge of opera-
tions for TWA, wrote to Rear Adm. A. B. Cook, chief of the Bureau of Aeronautics,
seeking his assistance in persuading the NACA “to proceed at the earliest instant with an
investigation of ice formations which must produce solutions to every aspect of the
problem.” No transport company, Richter emphasized, had “the personnel or facilities to
undertake the scientific program necessary to solve this vital problem.”*

Cook was quick to lend his support to Richter’s request. Two weeks later, he
informed Dr. Lewis that despite the NACASs earlier work, the problem of icing “has not
been completely solved.” The NACA, therefore, should “continue these investigations,
particularly in reference to formations [of ice] on wings and control surfaces.” A suc-
cessful solution to the icing problem, he emphasized, had both commercial and military
value and should be given “the highest priority.””

Lewis forwarded Cook’s letter to engineer-in-charge Reid at Langley. Reid, in turn,
sought the views of Smith J. DeFrance, senior aeronautical engineer at the laboratory.

% New York Times, 26 and 27 March and 5 May 1937.

¥ William C. Clay to Chief, Aerodynamics Division, 28 August 1935; H. J. E. Reid to NACA, 8 April 1937;
Smith J. DeFrance to Engineer-in-Charge, 20 May 1937; all in RA 247, Langley Library.

2 Richter to Cook, 8 April 1937, RA 247, Langley Library. In his letter to Cook, Richter noted that he had
sent a similar request to General A. W. Robbins, commanding officer of the Air Corps’ Materiel Division.

» Cook to Lewis, 24 April 1937, RA 247, Langley Library.
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DeFrance recommended that any icing tests be conducted in flight. A model airfoil could
be attached to a research airplane together with a water-spray system so that photographs
could be taken of ice formations. Because of the size of the model, the tests could not be
done in the existing refrigerated wind tunnel, and he would not recommend “that a
larger tunnel be constructed.” The water-spray method on an airfoil attached to an air-
plane, he concluded, would produce better results than tunnel research and would be far
more economical. Reid endorsed DeFrance’s views, which he passed along to Lewis as the
position of the Langley laboratory.*

The Langley laboratory, however, would not have the last word on the matter of
icing research. Edward P Warner, influential chairman of the NACA’s Aerodynamics
Committee, not only wanted the NACA to proceed with an investigation of icing, but
also believed that it should be done with the assistance of a new and larger refrigerated
wind tunnel. With Warner’s strong support, the Aerodynamics Committee recom-
mended that a refrigerated wind tunnel be built. Icing, Warner told his colleagues, was
considered by many commercial pilots to be their worst problem. The NACA’s Executive
Committee endorsed the recommendation of the Aerodynamics Committee, which was
then approved by the full Committee on 6 June 1937

In mid-June, Lewis visited Langley to discuss “the problem” of a large refrigerated
wind tunnel. The proposed facility, he told DeFrance and Eastman N. Jacobs, would
accomplish two purposes. Not only would it be used for icing experiments, but it would
be the model for Jacobs’s long-desired low-turbulence variable-density wind tunnel
(VDT) as well. Appropriations had been provided in funds for 1939 to build the pres-
surized two-dimensional, low-turbulence facility that Jacobs needed for his work with
laminar-flow airfoils. The Bureau of the Budget, however, required complete plans and
specifications for the VDT tunnel by 1 July 1938. Jacobs could use the icing tunnel as
his model to secure the necessary information to design the VDT.»

Construction of the icing tunnel began early in 1938. W. Kemble Johnson recalls
being asked by construction administrator Edward Raymond Sharp to head a major
project to build a new wind tunnel at Langley and to modify existing tunnels and other
facilities. The money for the project, Sharp said, would come from “post-account” funds

% DeFrance to Reid, 30 April 1937; Reid to Lewis, 4 May 1937; both in RA 247, Langley Library.

3 Lewis to Joseph S. Ames, 26 April 1938, RA 247, Langley Library.

2 Lewis to Ames, 26 June 1937, and 26 April 1938; both in RA 247, Langley Library. James R. Hansen,
Engineer in Charge: A History of the Langley Memorial Laboratory, 1917-1958 (NASA SP-4305, 1987),
p. 110, contends that Lewis had always intended the tunnel to be used as a variable-density facility and that
labelling it an icing tunnel had been “a necessary political subterfuge.” There is no indication of this in the
material in RA 247.
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and would involve internal resources. The first priority would be the construction of an
icing tunnel. Aircraft had been encountering icing problems, Sharp explained to
Johnson, and the NACA needed more information about how and when ice formed and
what could be done to get rid of it.”?

Putting up the 100-foot by 200-foot structure to house the icing research tunnel,
which would be located behind the Technical Services Building at the Langley laboratory,
was no easy task. “We built that from scratch,” Johnson remembered; “I mean, we were
poor people.” He went to nearby Fort Eustis and located steel, trusses, and support
columns from a building that had been torn down. The materials were lying in the weeds
“with practically trees growing through them.” He had welders straighten out the trusses,
then cut off the ends of columns and attach them to other columns in order to get the
required height for the new building.

For insulation, Johnson secured surplus life preservers from the Navy Yard in
Washington, DC. He then hired half the local high school football team to open the pre-
servers and fluff up the kapok which would be used to insulate the tunnel. “That was
quite a nasty mess,” Johnson noted; “[the workers] had to wear face masks and respira-
tors to keep from breathing in dust and fluff from the kapok.”

A simple refrigeration system was devised. Johnson purchased carloads of dry ice
that would be used to cool an open tank of ethylene glycol. A fan circulated air through
the 7-foot by 3-foot test section, while adjustable spray nozzles put water into the
airstream.

The cooling system was tried out for the first time on a hot summer’s night in 1938.
High schoolers were again on hand— this time to chop up the dry ice. A fog of dry ice
quickly rose up on the floor of the tunnel to a depth of about 2 feet, with a layer of CO,
on top. Above that was a 0.5-inch-thick layer of mosquitoes. “It was a very weird thing,”
Johnson recalled. Nonetheless, the system worked, and the facility had cost only 100,000
depression-era dollars.

In April 1938, as the new refrigerated wind tunnel neared completion, Warner and
other senior NACA officials had visited Langley to inspect the work that was being done
at the laboratory. As part of their tour, the group was taken to the test chamber of the
icing tunnel and treated to a lecture by Jacobs about how the facility would be used as a
model for the new two-dimensional tunnel. This came as news to Warner, who promptly
expressed his concern to Lewis, “lest the non-turbulent qualities of the icing tunnel
obscure the fact that it is an icing tunnel. I appreciate Jacobs’s desire to do in that tunnel
the work for which he finds it so exceptionally well fitted; air transport, at least, needs a

3 Interview with W. Kemble Johnson by Michael D. Keller, 27 June 1967, copy in the NASA History Office,
Washington, DC.
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solution to the icing problem just now much more than it needs further increases in effi-
ciency.” Warner suggested that transport lines be asked for suggestions about the type of
research that would be most urgent for them.*

Lewis assured Warner that the work that Jacobs was doing in the tunnel was only
for the purpose of obtaining data for the two-dimensional wind tunnel and was not in
any way holding up the operation of the icing tunnel, which was set to be ready in July.
“I concur with you 100 percent,” Lewis told Warner, “in your remarks concerning the
icing tunnel and its use.” The air transport companies would be contacted, and a
schedule of icing research would be drawn up.”

Lewis made good on his promise to Warner and solicited suggestions from the air-
lines through the Air Transport Association. The airlines responded with a lengthy list of
possible areas for investigation. American Airlines, for one, envisioned airplane icing tests
that would encompass wings, windshields, struts, propellers, control surfaces, airplane
skin, engines, cabin windows, exterior lights, and ventilating system inlets and outlets.*

As it turned out, the Langley laboratory had its own agenda for tests in the new icing
tunnel, and this agenda had little to do with what the airlines wanted to accomplish.
Lewis A. Rodert, a junior aeronautical engineer who had joined the NACA in September
1936, took the lead in formulating the laboratory’s icing research program. For Rodert,
as well as for most of his engineering colleagues at Langley, the answer to the airline
industry’s icing problems lay in thermal de-icing systems. Existing data indicated that
sufficient exhaust heat was available for de-icing. The problem, Rodert noted, was “one
of distribution.” In order to investigate this aspect of a thermal de-icing system, Rodert
wanted to test models in the new icing tunnel. Securing the approval of his superiors, he
used three models of 6-foot sections of NACA 23012 airfoils with a 72-inch chord, each
with a different duct system. An electric heater and three small electric fans circulated hot
air through the ducts. With temperatures from 20° to 28°F and a wind speed of 80 miles
per hour, he adjusted the spray nozzles to produce water droplets that varied from 0.002
to 0.05 inches in diameter. He found that ice could be removed or prevented from

3 Warner to Lewis, 23 April 1938, RA 247, Langley Library. Jacobs responded to Warner’s criticism. “I must
admit,” he wrote, “I was discouraged and disheartened over learning Mr. Warner’s reaction toward our efforts
to advance wind-tunnel technique as indicated by this new equipment. To me, it appears to represent in many
ways a successful attempt to keep ahead of foreign countries in our research methods, but evidently to him it
inspired a comment no more eloquent than it is an icing tunnel.” Jacobs to Chief, Aerodynamics Division, n.d.
[May 1938], RA 247, Langley Library.

% Lewis to Warner, 28 April 1938, RA 247, Langley Library.

% Lewis to Edgar S. Gorrell, 7 May 1938; William Littlewood, vice president, engineering, American Airlines,
to Fowler W. Barker, 20 May 1938; both in RA 247, Langley Library.
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forming by heating the skin of the leading 10 percent of the airfoil to a temperature that
was approximately 200 degrees above tunnel air temperature. The required gas tempera-
ture in the duct to produce this skin temperature varied from 360° to 834°FE>

Although Rodert also used the icing tunnel to conduct experiments with electrically
heated windscreen panels, he saw no future for tunnel-based research. He believed icing
tunnels could not create conditions that resembled natural icing and far more could be
accomplished with flight research. His colleagues at Langley agreed. When the Glenn L.
Martin Company asked for the NACA’s assistance to run icing tests on a cowling, engi-
neer-in-charge Reid recommended that the request be turned down. The icing tunnel,
he wrote to NACA headquarters in the fall of 1939, was not being used for icing research
“because of the fact that we are obtaining excellent results in our flight tests, which are
being pushed at this time by all the personnel available.” Also, Reid continued, the icing
tunnel “is in constant use in the further study of low-drag airfoils.” The Langley labora-
tory had obviously won the battle over the use of the refrigerated wind tunnel.”®

As Reid had noted, Rodert had moved on to flight tests of thermal systems. Initially,
this involved mounting a model of a NACA 0012 airfoil, with a span of 4 feet and a
chord of 3 feet, between the wings of an XBM Navy biplane. He wanted to determine
the amount of heat that could be extracted from the exhaust gas of the airplane’s engine.
An exhaust tube was placed inside the model along the interior of the leading edge to
carry the hot gas. Flying in temperatures between 17° and 25°F he turned on a spray
nozzle that was mounted in front of the airfoil to test both ice prevention and ice
removal. The system, he found, could melt 0.5-1 inch of ice in 10 to 30 seconds.

“In view of the favorable results of the NACA investigations on the application of
heat in de-icing,” Rodert concluded, “and also in consideration of the reports that have
been received describing the successful application of exhaust-heat de-icing on numerous
four-engine transport airplanes in Germany, it is believed that full-scale application of
this method should be undertaken at an early date in the United States.””

Upon his recommendation, NACA Headquarters approved the purchase of a
Lockheed 12A for icing studies. Working with chief engineer Hall L. Hibbard of

7 Rodert, “A Preliminary Study of the Prevention of Ice on Aircraft by Use of Engine-Exhaust Heat,” NACA
TN 712 (June 1939).

3 Reid to NACA, 23 February and 11 September 1939, RA 247, Langley Library.

 Rodert and Alun R. Jones, “A Flight Investigation of Exhaust-Heat De-Icing,” NACA TN 783 (1940).
Rodert obtained information on German exhaust-heating deicing in 1939. See BuAer to NACA, 29 June 1939,
RA 247, Langley Library. He later had an opportunity to examine and admire the anti-icing systems of a
Junkers JU-88. See Rodert and Richard Jackson, “A Description of the Ju 88 Airplane Anti-Icing Equipment,”
NACA Restricted Bulletin, September 1942.
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Lockheed, Rodert and Alun Jones modified the aircraft with a “hot wing,” using valves
in the engine exhaust stack to divert hot gas into a 4-inch-diameter tube that ran close
to the leading edge. By the time the aircraft was ready in January 1941, the NACA had
transferred Rodert and his icing research program to the new Ames Aeronautical
Laboratory in Moffett Field, California. During the war years, Rodert and his team
worked to perfect a thermal de-icing system, first with the Lockheed and later with a
B-24 and a B-17. In 1943, he converted a Curtiss C-46 into a flying laboratory and
continued the flight-test program at the Army Air Forces’s Ice Research Base at
Minneapolis. Although Rodert opposed the use of chemically heated air for his thermal
de-icing system, aircraft manufacturers distrusted the use of exhaust gas, which they
feared would corrode aluminum and was potentially dangerous. At the end of the war,
many manufacturers turned to chemically heated air for their de-icing systems. The
Douglas DC-6, for example, used gasoline-burning heaters that were built into the
engine nacelles. Rodert’s work, nonetheless, was hailed as pioneering and would be rec-
ognized by the award of the 1946 Collier Trophy.*

Rodert and the aerodynamicists at the Langley laboratory never had any confidence
in the utility of a refrigerated wind tunnel as a research tool, but others in the NACA
were not as pessimistic. Indeed, while Rodert was conducting his flight experiments at
Ames, work was beginning on another icing tunnel at the new NACA Aircraft Engine
Research Laboratory in Cleveland.

1 See Glenn E. Bugos, “Lew Rodert, Epistemological Liaison, and Thermal De-Icing at Ames,” in Pamela E.
Mack, From Engineering Science to Big Science: The NACA and NASA Collier Trophy Research Project Winners
(Washington, DC: NASA SP-4219, 1998), pp. 29-58.



Chapter 2
The IRT Takes Shape

Existing documentation does not include a record of the discussions which led to
the NACA’s decision to build a new refrigerated icing tunnel after the Langley facility
was converted to other use, but the sequence of events is clear. In December 1938, in
the face of an increasingly tense international situation, the NACA responded with
plans to build two new research laboratories. One would be located on the West Coast
and would emphasize flight research. The other would be built in the central part of the
country and would focus on engine research. Congress approved funding for the two
facilities in June 1940, and construction began for the new NACA Aircraft Engine
Research Laboratory (AERL) in Cleveland in January 1941.!

The centerpiece for the AERL would be an Altitude Wind Tunnel (AWT), which
would allow engines to be tested at high altitudes and high speeds. The AWT would
require a revolutionary refrigeration system to simulate the low temperatures found at
high altitudes. It was the presence of this system, with its excess capacity, that permitted
the possibility of building a tunnel next to the AWT that could be used for icing research.

The first document that discusses an icing research tunnel is dated 16 February
1942. It is clear that a decision in favor of constructing what became the Icing
Research Tunnel (IRT) had been made by that point in time, but that opposition
remained. A conference was held on that date with three Langley engineers: John W.
Crowley, Jr., chief of research; Carleton Kemper, head of engine research; and Robert
T. Jones, a distinguished aerodynamicist. Crowley argued—as Langley aerodynami-
cists had been arguing for a decade—that the icing problem had become one of
engineering, not research. The icing tunnel at Cleveland should therefore be designed
with acrodynamic requirements in mind. Kemper agreed. Although there was a need
for icing tests of scoops, radiators, pitot tubes, and other components, the tunnel

' On the AERL, see Virginia P. Dawson, Engines and Innovation: Lewis Laboratory and American Propulsion
Technology (Washington, DC: NASA SP-4306), 1991.
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Figure 2-1. General George Brett, with shovel, and Dr. George W. Lewis, with pick, break
ground for the AERL, 23 January 1941. (NACA C-88-3574)

should not be limited by design to icing tests. Jones believed that some types of icing
research were still needed because of the limitations of flight testing. The three men
finally agreed “that the most desirable course of action would be to take the present
7 x 10 tunnel design of Moffett Field and adapt same with a minimum of change for
the Cleveland Ice Tunnel.”

Eleven days later, NACA Langley wrote the design specifications for a large refrig-
erated wind tunnel. The tunnel, it began, should simulate flight conditions as closely as
possible. The test section, which should permit the testing of at least medium-size
wings, should be 10 feet wide and 7 feet high. The tunnel should be capable of pro-
ducing wind speeds of at least 300 miles per hour and temperatures as low as —20°E In
order to save time in designing the tunnel and preparing the necessary working draw-
ings, the Cleveland facility could use the plans for the 7 x 10-foot tunnel at Ames, with

? Charles N. Zelenko, “Cleveland Ice Tunnel: Conference with Crowley, Kemper and Jones,” 16 February
1942, History Office, Glenn Research Center (GRC), Cleveland, OH.
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Figure 2-2. Construction begins for the AERL, 8 May 1942. (NACA C-8289)

only minor modifications. Also, the tunnel could be used for aerodynamic research in
the event that enemy air attack damaged the NACA’s coastal laboratories.

Turning to specifics, the plans called for a closed, continuous airtight passage
through which air would be circulated by a six-bladed propeller, driven by an electric
motor. The motor would be placed in a faired nacelle and located in the airstream. The
facility would cover an area of approximately 230 feet by 85 feet, with tunnel passage
varying from 30 feet by 33 feet at maximum cross-section to 7 feet by 10 feet at the test
section. The test chamber, 45 feet long, would include a hinged access door at the top
and observation windows at the sides. Refrigeration would be supplied by a heat
exchanger that would consist of banks of four or five rows of round pipes, evenly spaced,
with a gap of 2 feet between each bank. The plans were vague about the spray system in
the tunnel, merely noting that a “means” would be provided for injecting water into the
air stream. The tunnel should cost approximately $690,000, a figure that was based on
the cost of the Ames tunnel, plus adjustments.?

» NACA, Langley, “Design Specifications for Cleveland Ice Tunnel,” 27 February 1942, History Office, GRC.
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Using Langley’s specifications as a basis for their plans, the design and construction
team at Cleveland began work on the tunnel in the spring of 1942. Four individuals
played key roles in the creation of the new facility. Edward R. Sharp, as construction
administrator (later, manager) of AERL, was in overall charge of the project. His chief
lieutenants were Ernest G. Whitney, head of the design group at AERL, and mechan-
ical engineer Alfred W. Young. Charles N. Zelenko, an assistant aeronautical engineer,
had responsibility for translating plans into reality.

From the beginning, the design team at AERL had questions about Langley’s orig-
inal specifications. Economic factors argued strongly for a somewhat smaller facility
than the 7-foot by 10-foot tunnel. Information from Goodrich had pointed out that the
starting point for the design of any icing tunnel should be the selection of the maximum
water density to be sprayed across the throat. This spray places the heaviest load on the
refrigeration system, causes ice deposits on turning vanes, creates ice removal problems,
and causes possible icing of the heat exchanger. When simulating icing conditions at
300 miles per hour, the maximum refrigeration load for a 7 x 10-foot tunnel would be
approximately 2,000 tons. Achieving this would require a total of 8,645 horsepower per
hour. With Cleveland’s high power costs, this would translate into $25.80 per hour.

If the tunnel could be scaled down to 6 feet by 6 feet, the savings would be con-
siderable. Goodrich indicated that the smaller tunnel would be suitable for icing
experiments. The construction costs would go down from $650,000 to $458,000. The
smaller tunnel would require only 4,490 horsepower to produce simulated icing condi-
tions, lowering operating costs to $13.40 per hour.

In July 1942, Young and Whitney approved an amended set of design specifications for
the tunnel. The overall shell would be 200 feet by 75 feet, containing a test section that would
be 6 feet by 9 feet by 25 feet long, which would permit the testing of at least medium-size
wings. Its “basic throat” would accommodate wind speeds of 300 miles per hour, with a
smaller auxiliary throat that would allow speeds of 400 miles per hour. “The tunnel,” noted
the specifications, “shall be a low turbulence tunnel suitable for aerodynamic tests.”

As originally planned, the tunnel would be a closed continuous passage facility
through which air would be circulated by means of a propeller driven by an electric
motor that would be placed in a faired nacelle. A temperature of -40°F would be
achieved by using the refrigeration equipment of the Altitude Wind Tunnel. As in ear-
lier specifications, the nature of the spray system was left vague. The construction cost
for the 6 x 9-foot tunnel was estimated at $559,138.°

4 Zelenko to Whitney, “Design Consideration for the Refrigeration Tunnel,” 24 March 1942, History Office,
GRC.
> Zelenko, “Design Specifications for Ice Tunnel,” 9 July 1942, History Office, GRC.
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Figure 2-3. Shell framing for the Icing Research Tunnel, with Altitude Wing Tunnel in back-
ground, 21 July 1943. (NACA C-IRT-4)

Construction of the basic tunnel posed no particular problems for the NACA, as
the committee had extensive experience in building wind tunnels. The Pittsburgh-Des
Moines Steel Company had been selected as the general contractor for both the Altitude
Wind Tunnel and Icing Research Tunnel, and the company’s only challenge related to
wartime priorities for materials. The real challenge came with the design and construc-
tion of the refrigeration unit that would be used for both tunnels.®

When Willis Haviland Carrier, known as the “father of air conditioning,” saw
the original plans for refrigerating the NACA facility, his reaction was “impossible.”
The NACA wanted 10 million cubic feet of air per minute to be cooled to -67°F
for the Altitude Wind Tunnel. Nothing of this magnitude had ever been done
before. Furthermore, Carrier believed that NACA engineers would fail in their

¢ Pittsburgh-Des Moines Steel Company, “Invitation for Bids for Ice Tunnel Heat Exchanger and Equipment,”
21 September 1942, History Office, GRC.
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attempts to accomplish this cooling objective by using an experimental coil with
streamlined tubes.’

Carrier recalls a luncheon meeting in Washington, DC, with Drs. Vannevar Bush,
Jerome Hunsaker (chairman of the NACA), and George Lewis. At the time, NACA engi-
neers were testing the streamlined coils at Langley. Lewis asked Carrier if the
experimental coils had any value. Carrier’s reply was blunt. “I told Dr. Lewis,” he remem-
bered, “that the 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.” It
was Carrier’s outburst, together with disappointing results from early tests with the
streamlined coils, that likely led to a meeting with Carrier, representatives of his com-
pany, and high officials from Langley on 6 November 1941. At the beginning of the
meeting, Carrier announced that his company had decided not to bid on the contract
for the refrigeration plant at Cleveland. As an executive of the Carrier Corporation, L.
L. Lewis later explained, the company was “loaded with work in familiar fields,”
whereas the NACA project would involve “great risk and great effort.” It was suspected
that Willis Carrier, having been ignored by the NACA at the outset of the project, now
wanted to be courted.?

Russell G. Robinson, a senior NACA official, was prepared to be the suitor. “I
explained the urgency of the project in the interests of national defense,” Robinson said,
“and pointed out that the highest priorities could be obtained wherever advantageous.”
The end of the day’s discussion had persuaded Carrier. His company would bid on the
project. Robinson was pleased. “I was impressed,” he wrote, “by the confidence with
which Carrier [Corporation] approached this problem; they seem entirely capable of
carrying out a project such as ours.”

After its bid was approved in March 1942, the Carrier Corporation created a spe-
cial department, headed by Maurice J. Wilson, to undertake the challenging task.
There were several major problems to be overcome to create the cooling system for
Cleveland. “Calculations indicated,” Willis Carrier pointed out, “that we would need
a direct expansion coil with a face area of approximately 8,000 square feet.” But the
wind tunnel, 51 feet in diameter, had only 2,000 square feet of cross-sectional area.
Carrier solved this problem by folding the coils “like a collapsed accordion until they
fitted into the tunnel.”"

7 Margaret Ingels, Willis Haviland Carrier: Father of Air Conditioning (Country Life Press, 1952), pp. 96-101.

8 Ibid.

* Russell G. Robinson, “Conference with Representatives of Carrier Corporation,” 6 November 1941, History
Office, GRC.

1 Ingels, Carrier.
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Figure 2-4. Construction of balance frame supporting piers for the IRT, with ventilating tower
framing in left background, 5 August 1943. (NACA C-IRT-9)

A system to supply refrigerant to the coils also challenged Carrier’s engineers. Freon-
12 had been specified as the refrigerant needed to produce a temperature of -67°F But
Freon-12 had never been used in such a large system. Engineers redesigned their cen-
trifugal compressors to handle a maximum of 7,150 tons of Freon-12."

“Much was not standard,” Willis Carrier observed, “nor could it be, for such an
unusual installation.” After numerous shakedown difficulties and false starts, the system
was ready on 24 April 1944 for a formal run-in test. Carrier was present to watch the
innovative system come to life. It worked as designed. Carrier later was to hail this
system as his company’s greatest engineering feat.™

In the summer of 1943, as work on the IRT and the refrigerating system con-
tinued, AERL created a new division to conduct icing research and hired Willson H.
Hunter to take charge of it. Hunter brought extensive icing experience to the task. After

" L. L. Lewis, “Carrier in World War II Wind Tunnel Air Conditioning,” 26 September 1956, Records of the
Carrier Corporation, 1875-1964, Box 16, Cornell University Library; Ingels, Carrier.

12 Ingels, Carrier; L. L. Lewis to E. T. Murphy, “Wind Tunnel Activity,” 21 April 1944, and W. H. Carrier to
Maurice J. Wilson, 3 March 1945, Records of the Carrier Corporation, Box 16.
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receiving his bachelor’s degree in mechanical engineering from Yale University in 1930,
Hunter had joined the Goodyear Zeppelin Corporation in Akron as a power plant
design engineer for the Navy’s rigid airships Akron and Macon. Four years later, he went
to work for the BFGoodrich Company as an aircraft wheel and brake development
engineer. In 1938, he became aeronautical research supervisor, and later manager, of de-
icer research and development.”

Hunter’s first task at AERL was to design the spray system for the IRT. While
using nozzles similar to the ones employed in the Goodrich icing tunnel, he came up
with a novel way to arrange them. His aim was to concentrate the spray around the
model that was to be tested and thereby reduce icing in the tunnel to a minimum.
The Goodrich tunnel had nozzles mounted on horizontal spray bars. Working with
Halbert E. Whitaker, Hunter had the Cleveland nozzles mounted on a rotating air-
foil that was located 30 feet in front of the test section. There were in fact two sets of
nozzles. One set consisted of the end of a 0.25-inch-diameter stainless steel tube that
had been flattened to a gap of 0.01 inches and would produce a fine spray. Behind
the water nozzles were air nozzles, which were supposed to regulate the size of the
water droplets and the dispersal of the spray. At the time, Hunter’s arrangement was
hailed as “ingenious.”"

Calibration tests for the IRT began on 22 March 1944. To accomplish this task, a
metal grid was placed in the center of the test section, and the tunnel was brought to a
given temperature and airspeed (about 30° and 200 miles per hour). The tunnel oper-
ator then would set the water and air pressure of every spray nozzle to produce a droplet
size and liquid water content that would result in a uniform accretion of ice on all por-
tions of the grid. If successful, tunnel operators would know that these nozzle settings
under these conditions would produce the uniform icing cloud that would be found in
nature. Different temperature and airspeed combinations would require different air-
and water-pressure settings; and nozzles, despite their similar design, had individual
peculiarities. Calibration was a tedious but essential process.

From the beginning of the calibration runs, it was clear that Hunter’s spray system
had problems. Distribution of the icing cloud was uneven. The spray tended to concen-
trate in the middle of the test section, with little if any water around the periphery.
Whitaker tried several commercially available spray nozzles to correct the situation.
While the new nozzles tended to produce a more uniform cloud, the water droplet size
was far too large. Also, the nozzles kept plugging up. It turned out that the system’s

1 Undated obituary [1983] for Willson H. Hunter, NASA History Office.
1]. K. Hardy, “The N.A.C.A. Icing Tunnel at the A.E.R.L. - Cleveland,” 17 December 1943, NASA History
Office.
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plumbing had used copper with galvanized steel; this caused a battery reaction that con-
taminated the spray water and plugged up the nozzles. Engineer Harold Christenson had
to tear out the original plumbing due to corrosion and substitute copper plumbing with
a stainless steel two-stage pump to keep the water clean.”

Adding to Hunter’s woes was a major explosion in the tunnel. On the morning of
29 December 1944, W. E Morse of General Electric was testing the Phantom 4,160-hp
motor that powered the tunnel’s twelve-bladed fan. During the shutdown procedure,
the motor exploded. Apparently, the explosion was caused when a spark from the short
circuit area ignited fumes from the insulation of an overheated rotor. AERL fire depart-
ment quickly responded. No IRT personnel were injured, but several firemen suffered
minor burns and bruises. The motor suffered extensive damage and had to be scrapped.
It took two months to repair the damage to the IRT.*

Even before the explosion, the first experiments had taken place in the new tunnel. On
31 August 1944, work had begun on bare-blade propeller icing. A second project, lasting
from 27 November to 1 December and using 29 hours and 24 minutes of tunnel time,
involved antenna icing. After the tunnel reopened following the motor explosion, aerody-
namic and icing tests were conducted on C-46 engine air scoops from 27 February to 21
April 1945. Another project, lasting from 21 June to 8 October, involved tests of electri-
cally heated propellers. In all, the IRT was used for a total of 405 hours from 22 March
1944 through 30 June 1945. Research projects accounted for 264 hours and 32 minutes,
while 140 hours and 28 minutes were devoted to calibration and demonstrations.”

Among these early tests in the IRT, one of the most significant involved the devel-
opment of a protected air scoop for C-46s. The Army Air Forces had been experiencing
high losses of C-46s that were flying the treacherous “Hump” air route between India
and China, especially during the monsoon season. At the high altitudes that were fre-
quently required to cross the Himalayas, the pilots had little engine heat to spare to
protect the induction system of their engines against icing. Even the slightest loss of
power meant a loss of altitude amongst the towering mountains, creating a hazardous
and often fatal situation.

Researchers Uwe von Glahn and Clark E. Renner tested C-46 air scoops in the IRT
between 27 February and 21 April 1945. They installed the upper half of a C-46 engine

cowling in the test section of the tunnel and conducted experiments of a standard scoop

15 Halbert E. Whitaker to William Olsen, 6 March 1986, copy provided to the author by Mr. Whitaker; inter-
view with Harold Christenson by William M. Leary, 22 September 2000.

16 Edward R. Sharp, “Report of Accident in Icing Tunnel, 29 December 1944,” 3 February 1945, History
Office, GRC.

17 Carleton Kemper to NACA Headquarters, 6 November 1945, History Office, GRC.
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and three modified scoops at flight angles of 0°, 4°, and 8°. There were two sets of tests,
one for water ingestion and the other for icing.

During their 120 hours of testing, von Glahn and Renner discovered that the
problem with the C-46s was more one of water ingestion than ice. Scoops designed
by Willson Hunter and Leo B. Kimball effectively prevented the entry of rain by
means of inertia separation. Although these results came too late to be useful for the
India-China air route, they provided the basis for the redesign of C-46s, and later
Convair 240s, that would be used after the war by the military services and commer-
cial operators.

The icing tests of the C-46 scoops were less successful. As the researchers noted in
their report, “true cloud conditions were not simulated in the tunnel.” In most natural
impact-icing conditions, they pointed out, the diameter of cloud droplets varied between
10 and 30 microns, while the water content ranged between 0.5 and 1.5 grams per cubic
meter. The size of the drops in freezing mist and drizzle varied between 50 and 400
microns, while freezing raindrops could attain a size of 2,000 microns. The spray system
in the IRT could produce droplets whose sizes were intermediate between an icing cloud
and freezing rain. The NACA obviously had more work to do on the IRT’s spray system.'®

Despite the problems with replicating a natural icing cloud, the IRT was kept busy
with a variety of projects, most of which were generated by the military services. In
1945, for example, the Air Material Command of the Army Air Forces asked the NACA
to test a promising thermal-pneumatic wing de-icing system. The standard pneumatic
boot system had several drawbacks. A certain amount of ice had to be tolerated in order
to permit cyclic removal. This inter-cycle ice created drag and was difficult to remove.
The Air Material Command hoped that a thermal-pneumatic system would eliminate
the inter-cycle ice without requiring a large power supply.

The system tested in the IRT featured an electrically heated strip, 3 inches wide and
33.5 inches long, that was cemented symmetrically about the leading chord line of the
airfoil. Thirty-two inflatable tubes extended span-wise, sixteen on either side of the air-
foil, adjacent to the electrically heated area. The tubes, made from neoprene-covered
stretchable nylon fabric, were 0.75 inches wide and extended rearward to approximately
25 percent chord. They required an air pressure of 25 to 30 pounds for inflation.

Researchers William H. Gowan, Jr., and Donald R. Mulholland installed the
system on a NACA 0018 airfoil, having a chord of 42 inches and a span of 36 inches.
They mounted the airfoil from the ceiling of the test section, approximately 11 feet
downstream of a spray strut that atomized water to produce an icing cloud. The

'* von Glahn and Renner, “Development of a Protected Air Scoop for the Reduction of Induction-System
Icing,” NACA TN 1134 (September 1946); interview with von Glahn by William M. Leary, 17 June 2000.
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Figure 2-7. Willson Hunter’s shirling spray arm, 9 July 1944. (NACA C-5312)
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researchers first conducted aerodynamic tests on the model, with and without the de-
icer installed, to obtain drag measurements. For the icing runs, they used angles of
attack of 0° and 4°, with airspeeds of 150 to 300 miles per hour and air temperatures
of 0°, 10°, and 20°F. The icing cloud contained an effective droplet size of approxi-
mately 35 microns and a liquid water content of 2 grams per cubic meter. Ice covered
the entire area of the de-icer system, Gowan and Mulholland noted, “and is considered
an extreme maximum icing condition, which probably would be experienced in the
atmosphere only intermittently.” This condition, thus, could be considered “a severe
test” of the de-icer.

The aerodynamic tests showed that when the de-icer was installed with no tubes
inflated, drag increased 140 percent over a bare airfoil. This increased to a maximum of
620 percent with tube inflation. The thermal-pneumatic system, however, when oper-
ated on a 2-minute inflation cycle and with continuous electric heating of the leading
edge, prevented excessive ice formation. Small scattered residual ice remained after infla-
tion, but was removed intermittently during later cycles. The system showed a good deal
of promise and merited further development.”

Another major project in the tunnel involved experiments on two systems that
were designed to prevent ice from forming on propellers. The slinger rings currently
in use, which delivered de-icing fluid to the propellers by means of centrifugal force,
worked under only limited conditions. The application of heat held out better
possibilities.

Researchers Vernon E. Gray, Donald R. Mulholland, and Porter J. Perkins tested
three types of gas-heated hollow-steel propeller blades that had been mounted on a cut-
off P-39 Bell Airacoba fuselage in the first diffuser section of the tunnel. To simulate
icing, they used a ring of water spray with an average droplet size of 55 microns and an
average liquid water content of 0.5 grams per cubic meter. Temperatures in the tunnel
ranged from -9° to 23°E They found that a minimum heat input of 40,000 Btu per
hour per blade would afford adequate ice protection.?

Researcher James P Lewis used the same test apparatus to examine two electro-
thermal systems for propeller ice protection. One method used external rubber-clad

" Gowan and Mulholland, “Effectiveness of Thermal-Pneumatic Airfoil Ice-Protection System,” NACA RM
E50K10a (1951). The authors noted that the research, which was done in 1945, was being published in 1951
“because of the inquiries that have been received regarding this type system.”

» NACA TN 1586 (May 1948), TN 1587 (May 1948), and TN 1588 (May 1948); Vernon H. Gray, “Propeller
Ice Protection by Means of Hot Gases in Hollow Blades,” NACA Conference on Aircraft Ice Prevention,
26-27 June 1947, pp. 119-27.
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blade heaters with small chromel heating ribbons, while the other featured internal
electro-thermal heat. Tests in the IRT showed that both systems worked.”

On 23 January 1947, the focus of icing research shifted dramatically. Investigation of
propellers came to an end. “Our experimental work on the simple air-heated blades,”
Hunter noted, “has been completed to the point where reports can now be written on each
of the three-blade configurations.” Effective immediately, he informed his staff, the schedule
of the IRT would be changed to expedite research on jet engine inlet ice protection.”

Hunter was responding to the demands of the new jet age. As Arthur A. Brown of
Pratc & Whitney stated, icing of turbine air induction systems posed “a very serious
problem” for the industry. Engine manufacturers needed basic research on the inertial
separation of water and ice particles as a means to prevent icing. Some local surface
heating may be necessary, but this would impose a large handicap on overall perform-
ance. Experiments in Pratct & Whitney’s laminar flow wind tunnel had proved
inconclusive because models had been tested at low airspeeds with only rough control
of droplet size. The results of an investigation by the NACA would be of “tremendous
value in our efforts to design and build non-icing turbine power plant installations.”

The NACA launched a three-phase investigation into the problem. It began with
flight research. A Westinghouse 24C-2 turbojet engine with a ten-stage axial flow com-
pressor was mounted below the wing of a B-24 bomber for tests in natural icing
conditions. In March 1948, the B-24 spent one hour in an icing environment with the
turbojet engine operating at a speed of 9,000 rpm. The liquid water of the icing cloud was
highest during the first 15 minutes, reaching a peak of 0.38 grams per cubic meter. After
45 minutes in the cloud, tail pipe temperature had increased from 761° to 1,065°, while
thrust had decreased from 1,234 to 910 pounds. The engine did not have to be shut
down, researcher Loren W. Acker noted, but a reduction in engine speed would have been
mandatory if it operated at a takeoff power of 12,000 rpm.

A second flight took place in April, this time with the turbojet engine operating at a
normal cruising speed of 11,000 rpm. Again, the B-24 spent an hour in a natural icing envi-
ronment. Upon entering the icing cloud, there was a sudden drop in engine thrust as ice
collected on the cowl lip, disrupting airflow and destroying pressure recovery at the com-

2 NACA TN 1520 (February 1948) and TN 1691 (August 1948); Lewis, “Electro-Thermal Methods of
Propeller Ice Protection. I - Cyclical De-Icing by External and Internal Blade Heaters,” NACA Conference on
Aircraft Ice Prevention, pp. 128-36.

2 Hunter, “Revised Schedule for Icing Research Tunnel to Expedite Jet Engine Inlet Icing Research,”
23 January 1947, History Office, GRC.

» Brown, “Report of Pratt & Whitney Aircraft Subcommittee on Icing Problems,” 29 April 1948, NASA
History Office.
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pressor inlet. After 18 minutes, however, a low liquid water content of 0.077 grams per cubic
meter and a high free air temperature of 25°F caused the inlet ice to melt and allowed the
engine to return to normal operation. Seventeen minutes later, the liquid water content rose
rapidly to 0.49 grams. Fuel flow had to be increased to maintain engine speed, resulting in an
increase in tail pipe temperature and a rapid decrease in thrust from 1,950 to 1,700 pounds.
After 45 minutes in the cloud, the engine was accelerated to the takeoff power of 12,000 rpm
and held there for 2 minutes. At this point, the tail pipe temperature stabilized. “No general
conclusions may be drawn from these data,” Acker warned, “but no serious reduction in
engine performance would be experienced in a icing condition similar to the one discussed.”

In the next phase of the research program, William A. Fleming mounted the
Westinghouse engine in a wing nacelle in the test section of the Altitude Wind Tunnel.
The engine was equipped with an experimental ice protection system that bled hot gas
from the turbine inlet and injected it into the air stream ahead of the compressor inlet,
heating the air to above freezing. Tests were conducted at simulated altitudes of 5,000
and 20,000 feet, with air temperatures that ranged from 0° to 35°F.

In an effort to simulate icing, Fleming placed a tower with five spray nozzles a distance
of 7 feet in front of the duct inlet. The nozzles, which had been designed by Hunter, injected
water into a supersonic airstream through holes that were 0.010-inch in diameter. Hunter
acknowledged that the spray system represented only “an intermediate makeshift design,”
but he hoped to obtain droplets that were 10 to 15 microns in diameter. Unfortunately, his
system failed to achieve this objective. While the water spray did not replicate natural icing,
researcher Fleming reported, the system was adequate for his experiments.

Fleming found that ice formed so rapidly at the compressor inlet under severe icing
conditions that the engine would flame out within 1 to 2 minutes. A hot-air bleedback
system could be used to prevent ice formation, but under severe conditions it would
require that some 4 percent of the gas be bled to the engine inlet. This would reduce thrust
by 18.8 percent (at 12,000 rpm) and increase fuel consumption by 16.5 percent.
Obviously, additional research would be required to develop a less costly de-icing system.”

The third phase of the investigation was conducted in the IRT by researchers von Glahn,
Edmund E. Callaghan, and Vernon H. Gray. The inlet guide vanes, previous studies had
revealed, posed the greatest danger to the operation in icing conditions of an axial-flow tur-
bojet engine. The researchers set out to test three systems that would protect the vulnerable
vanes: surface heating, hot-gas bleedback, and inertia-separation inlets. Local heating could be

2 Acker, “Natural Icing of an Axial-Flow Turbojet Engine in Flight for a Single Icing Condition,” NACA RM
E8F01a (1948).

 Fleming, “Hot-Gas Bleedback for Jet-Engine Ice Protection,” NACA Conference on Aircraft Ice Prevention,
pp- 86-92.
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Figure 2-8. Aerial view of the Flight Propulsion Research Laboratory, Cleveland, Ohio, 1946.
(NACA C-15680)

accomplished by passing heated gases through passages within the component walls, by
internal or external electrical heating pads, or by electrical eddy currents induced by a pul-
sating magnetic field in the elements to be protected. The hot-gas bleedback system operated
by injecting hot gas into the air stream at the inlet, which protected the engine and most com-
ponents in the inlet duct from icing. Finally, inertia separation of super-cooled water droplets
out of the engine inlet air stream would be accomplished by a special inlet and duct design.
Using scaled mockups of the engine inlet components, the researchers tested the
effectiveness of various ice-protection methods in simulated icing conditions with tem-
peratures as low as -30°F and airspeeds up to 300 miles per hour. Measuring cloud
droplet size and liquid water content in the tunnel by the rotating cylinder method, they
were satisfied that the simulated cloud was “in the range” of natural icing conditions.
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Their investigation revealed that only the surface heating and hot-gas bleedback systems
afforded adequate ice protection. “Surface heating,” the researchers concluded, “either by gas
heating or electrical means, appeared to be the most acceptable icing-protection method with
regard to performance losses. Hot-gas bleedback, although causing undesirable thrust losses,
offers an easy means of obtaining icing protection for some installations. The final choice of
an icing-protection system would depend upon the supply of heated gas and electrical power
available and on allowable performance and weight penalties associated with each system.”*

On 26 and 27 June 1947, AERL hosted its first conference on aircraft ice preven-
tion. The meeting had been organized to convey the latest research results to individuals
and organizations responsible for the design, development, and flight application of air-
craft ice-protection equipment. It was an opportunity to showcase the work that
Cleveland’s icing division had accomplished over the past three years.”

After reports by researchers at Ames on the progress of their work to develop a prac-
tical thermal system, Hunter led off the AERL contingent with an optimistic summary
of Cleveland’s progress with induction system icing protection. It was not possible, he
observed, to design an efficient and ice-free system that would not require the pilot to
control heating nor apply alcohol for emergency de-icing.”® Fleming and von Glahn fol-
lowed with progress reports on this work to protect jet inlets from icing. Gray and Lewis
then spoke about their propeller de-icing experiments. Finally, Callaghan reported on
engine-cooling fan de-icing tests that had been conducted in the IRT.?

While the conference provided an excellent forum for discussion of the icing
research that had been conducted at AERL over the past three years, all was not well
with the Cleveland experimenters. Despite a substantial amount of effort and expense,
the creation of a proper icing cloud in the IRT remained a vexing problem. Abe
Silverstein, chief of the Wind Tunnels and Flight Division, was growing increasingly
impatient with the situation. Never known for his even temper, Silverstein communi-
cated his concern to Hunter in the clearest possible language.”

The problem faced by the icing division had been spelled out in April 1947 in a report
by professor H. G. Houghton of the NACA’s Subcommittee on De-Icing Problems. “Even
with our incomplete knowledge of the properties of natural icing clouds,” Houghton had

% von Glahn, Callaghan, and Gray, “NACA Investigations of Icing-Protection Systems for Turbojet-Engine
Installations,” NACA RM E51B12 (1951).

7 Wing Tips, 11 July 1947. Wing Tips was the house organ of the Lewis Research Center; copies are on file in
the History Office, GRC.

* Hunter, “Summary of Induction-System Ice-Protection Requirements for Reciprocating-Engine Power
Plants,” NACA Conference on Ice Prevention, pp. 71-85.

» NACA Conference on Aircraft Ice Prevention, pp. 86-112, 119-136.

% Interview with Vern G. Rollin by William M. Leary, 23 September 2000.
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written, “it is obvious that present techniques for simulating icing conditions are entirely
inadequate.” Researchers needed suitable instruments for measuring the properties of the
artificial cloud in the tunnel. Also, there had to be better control of drop-size distribution.
The main problem was the production and distribution of a suitable spray. “I am forced to
conclude,” Houghton had reported, “that it will not be possible to produce uniform icing
conditions over more than a small fraction of cross-section of the measuring section of the
present icing tunnel at AERL.™

Despite Houghton’s pessimism, the next year, during which the name of the
Cleveland facility was changed to the Lewis Flight Propulsion Laboratory, saw substan-
tial progress in developing a spray nozzle that would produce the needed droplet sizes.
Given carte blanche by Silverstein to solve the problem, engineer Glen Hennings put
together a team that modified the Hunter-designed nozzle that had been used earlier by
Fleming in the Altitude Wind Tunnel tests. Instead of a 0.010-inch diameter hole in the
water tube, Hennings substituted a 0.020-inch-diameter hypodermic tubing (internal
diameter about 0.010-inch) and soldered it into each nozzle. The resulting droplets could
then be atomized by air flowing around the tubing, and much less compressed air was
required. In November 1948, Vern G. Rollin, Hunter’s deputy, reported, “water spray
nozzles capable of producing narrow and wide ranges of droplet size and distribution
from 5 to 200 microns have now been developed.”*

There still remained the problem of producing a uniform 4-foot by 4-foot icing cloud.
Some 40 to 50 of the new nozzles were placed on six horizontal spray bars, and test runs
began. Although the nozzles were built to the same specifications, they tended to act dif-
ferently. In addition, some of the water tube holes would periodically plug up due to small
particles in the water because the Cleveland water contained numerous minerals. Engineer
Christenson solved this problem by purchasing a demineralizer and designing a system that
could handle the demineralized water. Still, the air flow in the tunnel was not uniform. As
a result, calibration of the new spray system became a time-consuming, often frustrating
process. “We worked for months,” researcher Thomas F Gelder recalled, “experimenting
with different nozzle locations and with a range of air and water pressure levels.” By 1950,
however, it had become possible to produce a uniform icing cloud in the tunnel. It had
taken over five years, and it represented a significant technological achievement for the
Cleveland icing team. The way was now clear to accelerate research efforts in the IRT.?

3! Houghton, “Progress Report for Meeting of Sub-Committee on De-Icing Problems,” 9 April 1947, NASA
History Office.

32 Christenson interview; Rollin interview; Rollin, “Progress Report of Lewis Propulsion Research Laboratory,”
8 November 1948, NASA History Office.

3 Christenson interview; interview with Thomas E. Gelder by William M. Leary, 18 June 2000.
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Chapter 3

A Golden Age

While work on perfecting the spray system in the IRT was taking place,
Cleveland’s role as the center for the NACA’s icing research was enhanced with the
decision to close the ice-prevention program at the Ames Research Center and transfer
flight research to AERL/Lewis. Ever since its opening in October 1940, Ames had led
the way in developing a practical thermal de-icing system. Emphasizing flight research,
the experimenters at Ames, under the driving leadership of Lewis Rodert, had flight-
tested various thermal de- and anti-icing designs. The results had led to the
development of a complete thermal system, covering the wings, tail surfaces, engine
nacelles, windscreen, and other vulnerable parts of the airplane. In the spring of 1948,
however, NACA Headquarters decided to consolidate icing research. As it was far
easier to move the aircraft than the IRT, the C-46 and B-24 that were being used for
flight tests at Ames were transferred to Cleveland, together with meteorologist William
Lewis of the Weather Bureau.!

The NACA’s flight research program never missed a beat with the move to the
Midwest. One area of continuing interest concerned the physics of icing clouds.
Researchers wanted to know how liquid water content and droplet size varied with
temperature, pressure, geographic location, synoptic conditions, and topography. The
work on this subject that was begun at Ames continued at Cleveland. Numerous
flights were made over Lake Erie during which ice was collected on cylinders of dif-
ferent diameters that rotated on a common axis and were exposed outside the
thermal-protected C-46. The multicylinders were retracted after a flight through icing
conditions, disassembled, and the ice was weighed. Comparing the weight of the ice
with calculated values of collection efficiency (obtained theoretically) produced data
on liquid water content, average droplet size, and droplet-size distribution. Although
the data obtained from the rotating cylinder collection system was reliable, the

'Bugos, “Rodert;” Sharp to NACA Headquarters, 25 May 1948, History Office, GRC.
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method was cumbersome, and it was applicable only in clouds where the temperature
was below 32°F.?

The need for additional data led the Cleveland researchers to develop an auto-
matic icing rate meter. This instrument operated on a differential pressure basis.
When tiny orifices in the device were plugged by ice, a pressure switch was activated
that turned on heat to eliminate the ice formation. When the ice was gone, the change
in pressure automatically turned off the heat. From the duration of the cycle,
researchers could determine the rate of ice accumulation. By the winter of 1950-51,
the perfected device was being carried onboard aircraft of Northwest, United,
American, and TWA on routes throughout the continental United States, Alaska, and
across the North Atlantic. The U.S. Air Force also participated in this program, pro-
viding worldwide data.?

NACA researchers discovered that the average droplet size in icing clouds was in the
range of 10 to 25 microns in diameter. Maximum water content was about 1.5 grams per
cubic meter in stratus clouds and as high as 3.5 grams in cumulus clouds. High water
content, however, did not extend for more than 0.5 of a mile in cumulus clouds and 10
to 20 miles in stratus clouds.*

This information not only assisted icing researchers in their work, but also pro-
vided the basis for ice-protection design standards that later were adopted by the Civil
Aeronautics Administration. Civil Air Regulations (CARs) before 1953 required only
that if de-icing boots were installed, there must be a positive means of deflating all
wing boots. In December 1953, Part 4b of the CARs expanded these requirements to
include cockpit vision in icing conditions, a heated pitot tube for airspeed indication,
propeller de-icing, protection of induction systems, and other anti-icing and de-icing
requirements.

A major addition to the regulations took place in August 1955 with the introduc-
tion of icing envelopes. Using mostly the data that NACA researchers had accumulated
during multicylinder flights, the CAA defined icing envelopes in terms of liquid water

?R. J. Brun, W. Lewis, P. J. Perkins, and J. S. Serafini, “Impingement of Cloud Droplets and Procedure for
Measuring Liquid-Water Content and Droplet Size in Supercooled Clouds by Rotating Multicylinder
Method,” NACA Report 1215 (September 1955); Perkins interview.

3P J. Perkins, S. McCullough, and R. D. Lewis, “A Simplified Instrument for Recording and Indicating
Frequency and Intensity of Icing Conditions Encountered in Flight,” NACA RM E51E16 (1951); Wing Tips,
24 November 1950; William Lewis, “Icing Conditions to be Expected in the Operation of High-Speed, High-
Altitude Airplanes,” NACA Conference on Some Problems of Aircraft Operation, 17-18 November 1954.

“ Alun R. Jones and William Lewis, “Recommended Values of Meteorological Factors to be Considered in the
Design of Aircraft Ice-Prevention Systems,” NACA TN 1855 (1949).
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Figure 3-1. Ice formed on the butterfly valves of an aircraft engine carburetor during tests in
the IRT, 28 July 1944. (NACA C-5690)

content, mean effective diameter of droplets, temperature, and horizontal and vertical
extent of the super-cooled icing cloud environment.’

When Part 4b was re-codified into Part 25 in February 1965, these icing envelopes
were incorporated into the new CAR as Appendix C. Part 25 provided that transport air-
craft must be able to operate safely through forecasted continuous and intermittent
maximum icing conditions as determined by the icing envelopes in Appendix C. It fur-
ther specified that the effectiveness of ice-protection systems had to be shown by flight
tests in natural and simulated conditions and by icing tunnel tests.’

The flight research into thermal systems that had begun at Ames applied primarily to
reciprocating-engine aircraft. Until 1950, with the exception of the research on jet engine
inlet protection, work in the IRT also had been weighed heavily in the direction of piston-
engine airplanes. But the NACA was well aware that the successful flight of the first
turbojet aircraft on 14 May 1941 had marked the beginning of a new era in the history

> W. H. Weeks, CAA, to R. V. Rhode, NACA, 15 April 1954, NASA History Office, discussed the change in
regulations.

¢D.T. Bowden, A. E. Gensemer, and C. A. Skeen, “Engineering Summary of Airframe Technical Icing Data,”
Technical Report ADS-4, Federal Aviation Agency Contract FA-WA-4250 (March 1964). ADS-4 was consid-
ered to be the “Icing Bible” until the appearance of the Aircraft Icing Handbook in 1991.
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Figure 3-2. Propellor with internal heaters after icing run, 15 September 1944. (NACA C-6599)

of aviation. Thin-winged interceptor aircraft, the NACA concluded, with their high rates
of climb and descent and high cruising altitudes, might not require airframe icing protec-
tion. Jet transports, on the other hand, would need such protection during climb and
descent. Both interceptors and transports had to have complete engine protection.”

By the early 1950s, Cleveland’s focus had shifted to jet aircraft icing protection.
Tunnel usage shot up dramatically, as researchers sought solutions to the icing problems
of high-altitude, high-speed aircraft. At the beginning of the decade, researchers worked
in the IRT about 500 hours a year. In 1951, however, usage increased to 651 hours. The
IRT operated for 917 hours in 1953, 871 hours in 1954, and 817 hours in 1955. Peak

7 von Glahn, “Some Considerations of the Need for Icing Protection of High-Speed High-Altitude Airplanes,”
NACA Conference on Some Problems of Aircraft Operation.
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Figure 3-3. James P. Lewis inspects fuselage of a P-39 mounted in IRT for study of ice forma-
tion on propellors. (NACA C-10186)

staffing of the facility came in June 1954 with thirteen professionals, six other personnel,
and twelve supporting personnel.®

Management of the branch also changed, as von Glahn replaced Hunter, who became
chief of research at Lewis.” Born in Germany in 1919, von Glahns family had moved to the

¢ C. S. Moore, “Research Facilities Operation Summary, 1944-1955,” n.d., History Office, GRC.

° The circumstances and exact date of Hunter’s departure are uncertain, although the change in leadership
appeared to take place in late 1950 or early 1951. In the early 1960s, Hunter became director of conferences
in NASA’s Public Affairs Office in Washington, DC. In 1966, he was appointed NASA’s senior scientific rep-
resentative to Australia. He retired in 1979 and died in 1983. The information on his career is taken from the

obituary clipping in the NASA History Office.
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Figure 3-4. Gerald H. H. Arnold views an icing experiment during a visit to AERL, 9 November
1944. Dr. George Lewis is on the far left; Willson Hunter is between Arnold; and the Colonel is
on the right. (NACA C-7491)

United States in 1926 due to the instability of the Weimar Republic. Von Glahn was raised
in Pennsylvania, New Jersey, and New York. In 1942, he graduated from Rensselaer
Polytechnic Institute with a degree in aeronautical engineering. He remained at RPI until
1944 as an instructor in the aeronautics department, teaching and doing wind tunnel
research. Gordon Campbell of BFGoodrich, who also was an RPI alumnus, told von Glahn
about a position in icing research that was opening at the new NACA laboratory in Cleveland.
Von Glahn was hired by NACA just prior to the beginnings of IRT operations."

In designing ice-protection systems for large jet transports, manufacturers first
needed information on what happened when super-cooled water droplets struck an air-

1 yon Glahn interview.
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Figure 3-5. Outside view of the IRT, c. 1945. (NACA C-10763)

foil. The NACA responded with a series of theoretical and experimental droplet trajec-
tory studies. The Cleveland researchers came up with the idea of employing a
water-soluble dye in the IRT to study impingement patterns. Von Glahn’s father, Dr.
William von Glahn, who was in charge of dyestuff research at GAF’s chemical plant in
Rensselaer, New York, suggested that a water-soluble Azo Rubine dye might be suitable.
He was correct. Thomas E Gelder, who conducted most of the experiments, added the
red dye in low concentrations (about 1 percent) to 5-gallon Pyrex jugs of water, which
he then placed on a hot plate and heated to promote mixture. Usually, this was a routine
procedure. In one instance, however, a jug on the hot plate broke and dumped dyed
water down the drain and into Rocky River, which emptied into Lake Erie. The red water
caused a good deal of comment in the community."

" yvon Glahn interview; Gelder interview.
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Figure 3-6. Rig for testing propellor ice-protection systems, 1946. (NACA C-15254)
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The dyed water was placed in 20-gallon tanks, which were connected to six spray
nozzles in the IRT. Gelder then taped blotting paper to the airfoil that was to be tested.
After the tunnel was operating, a 5- to 10-second spray of water was released into the
airstream. The blotter strip was then removed, and a special punch was used to cut out
rectangular strips, 0.125 of an inch wide by 1.5 inches long. Each strip was placed in a
numbered test tube on a long rack, and distilled water was added. A light beam passing
through the mixture would determine the dye concentration in the water.”

The dye impingement research involved a good deal of tedious work for the
researchers, and, later, the women who usually did the required hand calculations were
brought in to handle the task. Jane Gavlak recalls that Gelders strips had to be placed in
boiling water to remove the dye. She then had to match the resultant dye against a com-
parison chart to determine concentration. Although the work was hard on both eyes and
hands, the results were worth the effort. For the first time, the researchers could deter-
mine where the droplets were striking and in what concentration. Thus, the principal
problem areas that needed icing protection could be identified.

Although the trajectory studies provided information on the rate that ice would
accumulate on an airfoil, NACA researchers still needed reliable data on the shape of the
ice formations. Initially, flight tests had been made to measure the aerodynamic penalties
caused by various ice shapes. Researchers found that rime icing, primarily associated with
low temperatures, had a streamlined shape and did not greatly affect performance.
However, heavy glaze icing, associated with high water content and temperatures near
freezing, was a different story. Glaze ice formations protruded into the airstream and
caused significant aerodynamic penalties.™

The controlled conditions of the IRT allowed researchers to test airfoils of different
sizes, thicknesses, and shapes over a wide range of angles of attack and icing conditions.
Work done in the early 1950s by von Glahn and Vernon Gray produced drag curves for
NACA 63A-009 (6.9-foot chord, 36-inch sweep) and NACA 65-212 (8-foot chord) air-

12 Gelder interview; Gelder, W. H. Smyers, and von Glahn, “Experimental Droplet Impingement on Several
Two-Dimensional Airfoils with Thickness Ratios of 6 to 16 Percent,” NACA TN 3839 (1956).

13 von Glahn, Gelder, and W. H. Smyers, “A Dye-Tracer Technique for Experimentally Obtaining Impingement
Characteristics of Arbitrary Bodies and Method for Determining Droplet Size Distribution,” NACA TN 3338
(1955); Leary interview with Jane Gavlak Zager, 27 June 2001.

' For an excellent summary of the NACAs icing research during this period, see von Glahn, “The Icing
Problem - Current Status of NACA Techniques and Research,” originally presented at the Ottawa AGARD
Conference, 10-17 June 1955, and reproduced in “Select Bibliography of NACA-NASA Aircraft Icing
Publications,” NASA TM 81651 (1981), pp. 1-10, together with microfiche copies of all important technical

papers.
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foils under a variety of icing conditions. For example, at high angles of attack (8 °), ice
formations on the upper surface near the leading edge of the NACA 65-212 airfoil
caused large increases in drag and incipient stalling.”

The data points for these—and all other—experiments were obtained with the assis-
tance of a corps of young women who were known as “computers.” During experiments,
researchers would take about 100 data points during an evening’s test run. A bank of
some 100 manometer tubes, 0.75 of an inch apart and with a 0.1-inch scale between the
two tubes, recorded pressure, strain gauge readings, and other information. Cameras
would take photographs of the manometers at different stages of the experiment. The
next day, a stack of these photographs would appear in the NACA’s computing section,
located on the second floor of the 8 x 6-foot tunnel building. There were three offices in
the section: a “big office” which contained some thirty-five young women; a middle
office, with twenty to twenty-five women; and a small office, with ten women with
advanced mathematical skills. Jane Gavlak, who worked in the “big office” between 1948
and 1954, was one of the “computers” who would read and plot the measurements from
the tubes. Reading and plotting one manometer board of 100 tubes would yield 1 data
point. As the experiments would take 100 data points in an evening, the researchers
would not get the readings for two or three weeks.

It took “hours and hours” of tedious work to read and plot the results, Gavlak
remembered. Nonetheless, it was a good job for a high school graduate. It paid well
($1,900 a year for a 40-hour week), and there was little turnover in the section. Women
usually left only for marriage and pregnancy. Morale was high, as researchers often would
involve the women in their work. An experienced “computer” could often identify prob-
lems with the data and alert researchers that there might have been a mistake in taking
the information. Such an alert could save weeks of efforts for a researcher.'®

During the 1940s, NACA research had established the feasibility and design basis
for a thermal anti-icing system that continuously applied sufficient heat to critical air-
craft components to maintain impinging super-cooled droplets in a liquid state over the
entire surface. This was the research, based on studies of propeller-driven aircraft, that
had won Rodert the Collier Trophy for 1946. In 1950, however, Gelder and Lewis pre-
sented a paper at a meeting of the Institute of Aeronautical Sciences (the predecessor of
the American Institute of Aeronautics and Astronautics) that called into question the via-

' von Glahn and Gray, “Effect of Ice Formations on Section Drag of Swept NACA 63A-009 Airfoil with Partial
Span Leading Edge Slat for Various Modes of Thermal Ice Protection,” NACA RM E53J30 (1954); Gray and
von Glahn, “Effect of Ice and Frost Formations on Drag of NACA 65-212 Airfoil for Various Modes of
Thermal Ice Protection,” NACA TN 2962 (1953).

16 Jane Gavlak Zager interview.
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Figure 3-8. First icing conference at Lewis, 26 June 1947. (NACA C-19051)

bility of a continuous heat system for large high-speed, high-altitude jet aircraft. Heating
requirements for jet transports, they found, could be enormous—up to 7,500,000 Bru
per hour under certain conditions, or 10 percent bleed of the engine airflow.
Performance penalties and excessive fuel consumption of this magnitude could preclude
the use of continuous heating on jet aircraft."”

The alternative to continuous heating would be cyclic de-icing. In a cyclic system,
ice would be allowed to accrete on an airfoil for a short period of time. A short but
intense application of heat would then be applied to melt the bond of ice to the surface
of the airfoil and allow it to be removed by aerodynamic forces. The heat would be ter-

7 The 1950 paper evolved into Gelder, Lewis, and Stanley L. Koutz, “Icing Protection for a Turbojet Transport
Airplane: Heating Requirements, Methods of Protection, and Performance Penalties,” NACA TN 2866
(1953).
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minated and the surface allowed to cool and re-ice before another application of heat
would be necessary. Although cyclic de-icing previously had been studied for propellers
and jet engine guide vanes, the results of these investigations did not apply to the airfoils
that were found on the wings and empennages of jet aircraft. In order to obtain infor-
mation on cyclic de-icing systems that could be used by jet transports, the NACA
launched a major investigation of the various types of heaters and methods of heating in
the early 1950s.

The investigation began with an examination of the characteristics and require-
ments of de-icing a NACA 62 (2)-216 airfoil by using an external electric heater.
Researchers Lewis and Bowden mounted the airfoil, which had an 8-foot chord and a
6-foot span, vertically in the test section of the IRT. Technicians installed an external
electric heater on the forward section of the model, extending chordwise a distance of
14.1 percent chord on the upper surface and 23.4 percent cord on the lower surface.
The heater consisted of 0.125-inch-wide Nichrome resistance strips, each 0.001-inch
thick and spaced 0.0313 of an inch apart. The heating ribbons, enclosed between two
layers of neoprene, were connected to a variable cycle timer that allowed researchers to
control the heat-on and heat-off periods. A recording wattmeter measured total power
input to each heater element.

The airfoil also featured a parting strip to facilitate ice removal. The parting strip
consisted of a 1-inch-wide spanwise area located near the airfoil stagnation region that
was continuously heated. During icing tests, researchers found that quick and complete
ice removal, when cyclic heat was applied to the airfoil, could only be achieved with the
assistance of the parting strip.

In conducting the icing tests, Lewis and Bowden used a variety of air temperatures,
airspeeds, angles of attack, droplet sizes, and liquid water content. Their aim was to
determine the minimum power output that was required for complete and consistent ice
removal. They found that the most important variables in determining power require-
ments were temperature and heat-on time. Heat-off time, droplet size, and liquid water
content had only a secondary effect, while angle of attack had no appreciable effect. High
local application of power and short—Iless than 15 seconds—heating periods provided
the most efficient removal of ice, with a maximum total energy output of only 490,000
Btu per hour.™

While an electric de-icing system accomplished the task of removing ice with low
energy outputs, it had numerous disadvantages. It added to the weight of the aircraft, was
susceptible to failure by damage to the heating circuits, was costly to maintain, and posed

'* Lewis and Bowden, “Preliminary Investigation of Cyclic De-Icing of an Airfoil Using an External Electric
Heater,” NACA RM E51J30 (1952).
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Figure 3-9. Water spray test in the IRT, 22 September 1947. (NACA C-19747)
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a potential fire hazard if the system failed because of heater burnout. The alternative was
a hot-gas system. If the large heating requirements associated with continuous hot-gas
heating could be reduced by a cyclical system, ice could be removed without an increase
in aircraft weight. A hot-gas cyclical system also had the advantages of integral design
with the aircraft structure, low maintenance costs, and no fire hazards.

For tests of the hot-gas cyclical de-icing system, researchers Gray, Bowden, and von
Glahn used a NACA 65(1)-212 airfoil of 8-foot chord. The leading edge of the airfoil
was heated by gas flow through chordwise passages in a double-skin construction similar
to that found in a continuous gas-heating system. The airfoil also incorporated the
parting strip that had been employed in the electric de-icing system experiments.

The researchers subjected the model to a wide range of conditions. They used air-
speeds of 180 and 280 miles per hour, angles of attack from 2° to 8°, air temperatures of
-11° to 20°F, and liquid water content of 0.3 to 1.2 grams per cubic meter. To melt the
ice, they employed high-pressure heated air, regulating the temperature by adding cold
air, and controlling the pressure by means of a pressure-regulating valve. Gas temperature
at the inlet of the supply duct ranged from 200° to 510°E

Their investigation revealed that the ice could be removed satisfactorily with
cycle ratios (total cycle time divided by heat-on periods) of 10 to 26. “For minimum
runback, efficient ice removal, and minimum total heat input,” they concluded,
“short heat-on periods of about 15 seconds with heat-off periods of 260 seconds gave
the best results.” Savings in heat over continuous anti-icing system requirements were
considerable.”

The final phase of the investigation involved a comparative study of several methods
of cyclic gas-heating systems. Researchers Gray and Bowden again used as their model a
NACA 65(1)-212 airfoil with a 6-foot span, 8-foot chord, and a maximum thickness of
11.5 inches. They tested three systems that differed mainly in the way that they obtained
elevated gas temperatures at the leading edge and in their use of parting strips. One
system used a double-duct return-flow gas supply arrangement with spanwise and chord-
wise parting strips. A second system was similar to the first one but without the parting
strips. The third system featured a single-duct non-return gas supply arrangement and no
parting strips.

The first system gave the best results. Gray and Bowden found that 50 percent
longer heat-on periods were required for systems without parting strips. They also dis-
covered that the single-passage gas-supply duct system needed an 85 percent longer
heat-on period than did the dual-duct systems. Overall, heat source requirements for

" Gray, Bowden, and von Glahn, “Preliminary Results of Cyclical De-Icing of a Gas-Heated Airfoil,” NACA
RM E51J29 (1952).
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Figure 3-10. Turbojet ice prevention with hot-gas bleedback, 1947. (NACA C-19864)

cyclic de-icing were between one-fourth and one-tenth of those used by comparable con-
tinuous gas-heated anti-icing systems.*

Work also continued at Cleveland on systems to protect the engines of jet aircraft.
The hazards of this type of icing were dramatically demonstrated in 1951 when eight
U.S. Air Force F-84 fighter-bombers were lost over Richmond, Indiana, on 8 June
during a brief encounter with severe icing conditions. The aircraft were part of a flight
of thirty-four Thunderjets that had just taken off from Wright-Patterson Field, Ohio, for
Selfridge Field, Michigan. While flying through a thunderstorm, eight of the aircraft
experienced sudden engine failure. Three pilots died and two were injured in the largest
mass jet disaster in aviation history. At first, the military suspected sabotage and called in
the Federal Bureau of Investigation. But it soon became clear that icing was to blame. Ice
had built up on the engine inlet screens that prevented the ingestion of debris during
takeoff, choking off the airflow and causing the engines to quit. The Air Force turned to
the NACA for an answer to this problem. Tests in the IRT, however, revealed that the
screens could only be protected with an unacceptably large heating requirement. The
NACA recommended that the screens be removed or be made retractable.

Manufacturers also came to the NACA with their problems. In December 1954,
for example, Convair requested the NACA to conduct icing tests of the inlet for the

* Gray and Bowden, “Comparisons of Several Methods of Cyclic De-Icing of a Gas-Heated Airfoil,” NACA
RM E53C27 (1953).

2 New York Times, 9, 10, and 13 June 1951; von Glahn, “The Icing Problem;” von Glahn, Edmund C.
Callaghan, and Vernon H. Gray, “NACA Investigation of Icing-Protection Systems for Turbojet-Engine
Installations,” NACA RM E51-B12 (May 1951).
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General Electric J-79-GE-1 turbojet engine that would power their advanced super-
sonic B-58 Hustler. The stainless-steel cowl of the engine was heated by internal
electric heating elements manufactured by BFGoodrich, while a gas-heat system that
was designed and manufactured by Convair protected the center body and support
struts. The NACA’s plan called for researchers to secure aerodynamic and droplet
impingement data, which would be followed by tests of the ice-prevention systems for
inlet components.

Convair provided two inlet models for tests in the IR-T—one unheated and one
heated. The unheated model arrived in April 1955. The research scheduled called for twelve
aerodynamic runs, followed by nine dye runs, with an average time of 6 hours per run.
Icing studies with the heated model would take place from mid-June to mid-July.

While the dry air aecrodynamic and droplet impingement studies were satisfactorily
concluded, problems showed up during the icing runs. The gas-heated center body and
support structure performed well in the icing tests, but the electrically heated cowl
proved unsatisfactory. Researchers found that the cowl lip could not be protected com-
pletely at air temperatures below 25°F because the heater installation left a cold area at
the cowl leading edge. As an alternative to the electric-heat system, the NACA suggested
that Convair adopt a gas-heated cowl.”?

In addition to airframes and engines, radome ice protection also attracted the atten-
tion of NACA researchers. By the early 1950s, radar had become an important
component of commercial transports and all-weather military aircraft. U.S. Air Force
interceptors employed radar not only for weather information, but also for target
tracking and fire control. In order to evaluate the icing and icing protection of radomes,
two Northrop F-89 Scorpion domes were tested in the IRT. The APG-33 radar of the F-
89C was housed in a narrow, parabolic dome with a nose radius of 6.955 inches, while
the larger APG-40 radar used by F-89Ds occupied a blunt, hemispherical dome that had
a nose radius of 13.91 inches. Both radomes (0.375-inch thick) were constructed of
molded fiberglass that had been impregnated with synthetic resin and coated with a
rubber-like material to resist erosion and abrasion.

Researchers James P. Lewis and Robert J. Blade began their three-phase investiga-
tion by determining the rate and location of water-droplet impingement, and the
manner in which the radome accreted ice. Using a dye-tracing technique, they wrapped
strips of absorbent paper around the radome surface, which they then exposed to a
water-dye spray solution for 1-10 seconds. A spectrophotometer determined the quan-
tity of dye collected in the strips. As they knew the dye concentration in the spray cloud,

2 Silverstein to Convair, 7 January 1955, and 2 April 1955; von Glahn to Silverstein, 22 August 1955; all in
History Office, GRC.
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they could establish the local rate of deposition of water on the radome 