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The Robert |. Collier Trophy is awarded annually, since 1911, for the greatest achievement in aeronautics and astronautics in
America, with respect to imfroving the performance, efficiency, or safety of air or space vehicles, the value of which has been
thoroughly demonstrated by actual use during the preceding year. Formerly called the Aevo Club of Amevica Trophy, it was
renamed the Robert J. Collier Trophy in 1922, The National Aevonautics and Space Administration and ils predecessor agency,
the National Advisory Committee for Aevonantics (NACA), have received the trophy twenty times since 1929,




Introduction
by Pamela E. Mack

For many scientists and science and technology policy analysts, the cancellation of
the Superconducting Supercollider project in 1994 served as a symbol of a fundamental
change in public and congressional attitudes towards Federal funding for large science and
technology projects. At minimum, government funded big science and big technology
were not likely to continue to grow at the pace that characterized the Cold War era.
Politicians in the United States seemed to have turned against funding very expensive
research and development projects without clear, practical goals, probably because they
believed such projects tended to take on a life of their own and require more and more
funding. In the eyes of most policymakers, funding for innovation in science and technol-
ogy could no longer casily bcjus[il']cd by the promise of great benefits from the new tech-
nology, both because such promises were viewed skeptically and because policymakers
believed that budgetary pressures precluded even worthwhile new programs unless they
directly saved money for the government.

Even before the trend started to turn, historians of science and technology had made
important steps in understanding the development of big science and big technoiog}' ina
number of different institutional setlmg_,q and the changing current climate can gwe new
perspective. Scholarly interest in “big science™ arose out of the p{:r(,t‘plmn of scientists in the
1950s and 1960s that the experience of doing science had changed in a fundamental way (at
least in some fields) because of the increasing prevalence of expensive instruments and large
externally funded research projects. Engineers did not experience a parallel shift of similar
intensity: they already had experience with large government-funded projects (such as dams).
But, at least in some fields, engineers working on largesscale, government-funded research
and development did experience a shift to a particular new kind of big technology. For exam-
ple, at the National Aeronautics and Space Administration this “big technology” involved
large projects with a high political profile, quite different from the systematic research into
fundamental design parameters that characterized the “engineering science” approach
typical of the National Advisory Committee for Aeronautics before the war.'

Most historians studying big science and technology have focused either on basic
science (particularly high-energy physics) or on military research and development.*
Obviously, the National Aeronautics and Space Administration (NASA) and its predeces-
sor organization, the National Advisory Committee for Aeronautics (NACA), provide
another important example. The leaders of NASA during the Apollo program realized
that they were pioneers in large program management as well as in space travel, but there
has been little integration of the larger background to that story or systematic attention
to the role of large project management in the issues NASA has faced since Apollo.

The NACA and NASA provide an opportunity to study changes in the pattern of
major research and development projects over a significant span of time in a government
context quite different from the Department of Defense. The chapters of this book dis-
cuss a series of case studies of notable technological projects carried out at least in part by
the NACA and NASA. The case studies chosen are those projects that won the National

1. I have distinguished between “big science” and “big technology,” but NASA uses the term “big sci-
ence” to include both,

2. Forreferences to the big science literature, see below; for a discussion of how the study of large tech-
nology fits into broader historiographical trends in history of technology, see John M. Staudenmaier, “Recent
Trends in the History of Technology,” American Historical Review 95 (June 1990): 715-26.
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Aeronautic Association's (NAA) Collier Trophy for “the greatest achievement in aviation
in America, the value of which has been thoroughly demonstrated by use during the
preceding year.” Looking back on the whole series of projects we can examine both what
successes were seen as important at various times, and how the goals and organization of
these notable projects changed over time.”*

The Collier Trophy provides a way of selecting a series of case studies of projects
that can be compared over a fairly long span of time. This volume covers projects that
received their awards from 1929 to 1994. From the point of view of scholars who have stud-
ied government support for science and technology, this span of years covers three impor-
tant periods. The period after World War I saw limited ('xpcrlmenmtlon with the role of
the government in supporting research most importantly in the form of engineering
science. The period during and after World War II saw an explosion in the government
role in science and technology, with another burst after Sputnik. Finally, a reevaluation of
science and technology as public goods started from one side of the political spectrum in
the late 1960s and took on new momentum from the other side in the 1980s. From the
point of view of the rise of big science and technology, the projects in this book take us
through a period when budgets, the number of people and organizations involved, and
bureaucracy dramalit‘ally increased for most NACA and NASA projects. Not all the later
projects covered in this book were large by the standards of their own time, but even the
smaller ones, such as the Manned M:muucrmg Unit (chapter 13) or the Fuel-efficient
Turboprop (chapter 14), took form in an environment of political and bureaucratic pres-
sures that had developed in NASA because of its role as a big-technology agency.

The series of case studies included here present some of the most successful
projects in the history of the NACA and NASA. Each illuminates the development and lim-
itations of big technology at these agencies as an example of the larger phenomenon of
the development of engineering science and big science. The work of Walter Vincenti and
James Hansen has made aeronautical engineering in general and the NACA in particular
the standard example of engineering science.* While historians have used high-energy
physics as the standard example of big science, NASA has some claim to the role of stan-
dard example for big technology (using patterns that to a considerable extent were set by
the NACA). Apollo-era NASA Administrator James Webb certainly sought to make that
claim by writing a book on Space Age Management: The Large-Scale Approach, and the idea had
enough public resonance to turn the phrase—"If we can send a man to the moon why can’t
we. . . ?"—into a cliché.” Apollo did not provide the model for the future that Webb had
hopcd but NASA continued to grapple in a very public way with the problems of conduct-
ing large-scale technology-development projects that required support from diverse interest

3. These projects do not represent simply a collection of success stories. While some were major tri-
umphs for the NACA or NASA others did not live up to their initial promise, represented responses to major
failures, or earned their awards more for public appeal than for technological achievement. Other projects, such
as the Viking Mars landing, might have deserved the Collier Trophy more than some included here—the Collier
Trophy provides an interesting sample, not a list of the NACA and the NASA's most successful projects. The most
that can be said of all these projects is that they gained the praise of the aerospace community; within the
context of the time and that community they represent successes.

4. See chapters 1, 3, and 4 and Walter G. Vincenti, What Engineers Know and How They Know It: Analytical
Studies in the History of Aeronawtical History (Baltimore, MD: Johns Hopkins University Press, 1990).

5. James E. Webb, Space Age Management: The Large-Scale Approach (New York, NY: McGraw Hill, 1969).
See also Leonard Sayles and Margaret Chandler, Managing Large Systems: Organizations for the Future (New York,
NY: Harper and Row, 1971). The "If they can send a man to the Moon” cliché eventually evolved into a joke; in
Philadelphia in the late 1970s a business called Hong Kong Custom Tailors advertised with the line: “If they can
send a man to the Moon why can’t they make a suit to fit me?”
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groups.” The case studies in this book illuminate some of the key issues of big science and
big technology, including the role of politics, the management of large enterprises, the rela-
tionship between basic research and research and development for practical ends, and the
declining role of the individual leader or inventor.

The Collier Trophy

The Collier Trophy is the most prestigious award for aerospace achievement in the
United States, and the recipients of the trophy have long been proud of the recognition
the Collier Trophy brought their activities. While the projects covered in this volume would
deserve study whether or not they had won the Collier Trophy, a volume focused on the
winners of a particular award should give some attention to the history and character of
that award. In fact, the history of the Collier Trophy and its parent organization, the
National Aeronautic Association, provide a unique perspective on prizes for scientific and
technological achievement.

The United States has had and still has a number of aviation and aerospace orga-
nizations, ranging from booster groups to professional societies. The National Aeronautic
Association fits somewhere in the middle of that range. In turn, its puae is shaped by the
composition of the committee that awards it and by a series of m]e.s, in particular that the
prize be given for an achievement in the preceding year. While the Nobel Prize is usually
given for an accomplishment whose significance has been proven by years of experience,
the Collier Trophy represents an almost concurrent evaluation of an achievement (like
the Pulitzer Prize, it sometimes lacks the wisdom of hindsight).

In its early years, the National Aeronautic Association and its predecessor organi-
zation, the Aero Club of America, sought to foster American aviation in all its forms, and
therefore both served as a booster club and advocated an increasingly professional
approach to aviation.” The Aero Club of America was formed by members of the
Automobile Club of America in 1905, just two years after the first successful flight by the

Wright brothers. The model of the Automobile Club led the Aero Club into such activi-
ties as training and licensing pilots and lobbying the Federal government to give more
attention to military aviation during the build-up to the United States’ entry into World
War L* As aviation expanded during the War and the club suffered from divisiveness, it
tended to lose its central role. Its members responded by negotiating a series of mergers
with other clubs, starting with a merger with the American Flying Club in 1920." In 1922,
a merger with the National Air Association (NAA) led to a new name, the National
Aeronautic Association, and new bylaws that emphasized promoting aviation and lobby-
ing for uniform federal regulation of the aviation industry."

6. For a specific discussion of the failure of attempts to apply Apollo or Department of Defense mod-
els to social problems, see Bruce L.R. Smith, American Science Policy Since World War Il (Washington, DC: The
Brookings Institution, 1990}, pp. 76-77. For an introduction to the social construction analysis of the role of
interest groups in technological change, see Wicbe E. Bijker, Thomas P. Hughes, and Trevor Pinch, The Social
Construction of Technological Systems: New Directions in the Sociology and History of Technology (Cambridge, MA: MIT
Press, 1987).

7. William Kroger, "For Greatest Achievement: The Story Behind American Aviation's Most Prized
Award,” National Aeronautics, December 1944, pp. 15, 18, 26.
8. Bill Robie, For the Greatest Achievement: A History of the Aero Club of America and the National Aeronautic

Association (Washington, DC: Smithsonian Institution Press, 1993}, p. ix. The federal government took over pilot
licensing from the club (at the club’s urging) in 1926.

% Ihid., p. 100.

10.  fhid., p. 103-05. The leadership of the new organization was dominated by industrialists, though
none were at the tume primarily employed in the aviation industry.
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The Collier Trophy had been established by the Aero Club of America in 1911. The
club had a new president at that time, Robert J. Collier. Collier had inherited the Collier’s pub-
lishing enterpnse and fortune in 1909 and also belonged to the community of upper-class
men interested in expensive, dangerous sports, such as big game hunting, yacht racing, and
polo. Many members of that community saw aviation as the next frontier for sport, and
Collier owned two Wright biplanes by 1911, though he did not learn to fly until the spring of
1912." Interested in improving aviation and in promoting safety, Robert Collier decided to
sponsor a trophy, not for another airplane race, but for “the greatest achievement in aviation
in America, the value of which has been thoroughly demonstrated by use during the pre-
ceding year.”" Collier used his political connections to give the trophy prestige, in particular
arranging for it to be presented by the President of the United States (an arrangement that
has continued to the presen t). In its early years, the trophy was usually awarded to inventors
for specific technologies such as hydroplanes developed by Glenn Curtiss (in 1911 and 1912),
an automatic stabilizing device invented by Orville Wright (1913), and a gyroscopic control
invented by Elmer and Lawrence Sperry (1914)."

Because of changes in the parent organization, in the 1920s and 1930s the Collier
Trophy came to be awarded more often to organizations rather than individual inventors.
The U.S. Air Mail system won the I::o])hy in 1922 and 1923 for its safety record and for
night flying, the Army Air Service won in 1924 for the first flight around the world, and
the Aeronautics Branch of the Department of Commerce won in 1928 for the develop-
ment of airways and air navigation. The NACA won its first Collier Trophy in 1929 for
developing principles for the design of improved engine ('owlings. This new pattern of
awards reflected the merger of the Aero Club of America into a new organization, the
National Aeronautic Association, which put a much greater emphasis on promoting gov-
ernment sponsorship and regulation of aviation. Between the formation of the National
Aeronautic Association in 1922 and 1944, eleven Collier trophies listed government agen-
cies or corporations as the first or only recipient, and four more listed organizations along
with a key individual." Orville Wright objected to this pattern in a 1944 letter that called
for a return to the pattern of awarding the trophy to individuals for specific inventions."”

11.  Collier was involved in promoting aviation before learning to fly himself, In the spring of 1911 he
loaned a plane to the Army for maneuvers, then in the fall of 1911 he staged a large air meet on his estate, at
which his planes were piloted by flyers from the Wright School. Kroger, “For Greatest Achievement,” p. 18.

12, Robie, For the Greatest Achievement, p. 83, quoting from the Bulletin of the Aero Club of America,
1912. The trophy was originally named Aero Club of America Trophy. It was called the Collier Trophy from 1922,
when the Aero Club became the National Aeronautic Association, but the name was not officially changed until
1944. The bronze wophy was the work of sculptor Ernest Wise Keyser, a former student of Augustus
Saint-Gaudens who had also sculpted the memorial of Robert Collier’s father. The resulting trophy represents
the triumph of man over natural forces; it weighs 525 pounds and is now on permanent display at the National
Air and Space Museum. Kroger, "For Greatest Achievement,” p. 18.

13.  Sperrywon two Collier Trophies, in 1914 and 1916. In the eyes of his biographer, these did not compare in
importance to the prize he won for his aircraft improvements in an internatonal Competition for Safety in Aeroplanes
held in France in 1914 or to the John Fritz Medal awarded to Sperry by the leading engineering societies of America in
1926, Thomas P. Hughes, Elmer Sperry: Inventor and Engineer (Balimore, MD: Johns Hopkins University Press, 1971), pp.
199200 and 307-08, In part, this is because aviation was not Sperry’s first priority, but it also reflects the limited prestige
of the Collier Trophy at a time when the United States had fallen behind other countries in aviation.

14, For a complete list of Collier Trophy winners see Robie, For the Greatest Achievement, pp. 229-36.

15, Wright's letter is quoted at length by Alex Roland, Maodel Research: The Natimal Advisory Commitlee for
Aeronautics, 1915-1948, 2 Vols. (Washington, DC: NASA SP—4103, 1985), 1:351 (note 36). Wright comments that “An
examination of the list of recipients since that time will reveal that after the N.A.A. came into possession of it the
awards have been mostly to LS. government bureaus and to manufacturing companies instead of to individuals.
This, no doubt, is due to the fact that individuals have more modestly [sic] than bureaus and corporations, and that
individuals do not have the *brass’ to seek the award, while bureaus and companies have no lack in that respect.”
Roland comments that "Wright was seventy-two when he wrote that letter, just four years from death, but he was not
senile and he was not a bitter old man. He was simply the patriarch of aviation, free to call a spade a spade.”
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However, Wright’s protest could not reverse the declining role of the individual inventor
or redefine the trophy. The Collier Trophy was an award for achievement, not for inven-
tion, and could be given to pilots or organizations as readily as to inventors.

The NAA appointed a new committee each year to select the Collier Trophy win-
ner. The President of the Association nominated the members of the selection committee,
often including previous winners. The nine members of the 1943 committee give a sense
of the interests involved: Grover Loenig, advisor on aircraft of the War Production Board
(WPB) (chair), Dr. George W. Lewis, Director of Aeronautical Research for the NACA;
William R. Enyart, President of the NAA (ex officio); Gill Robb Wilson, aviation editor of
the New York Herald Tribune, Major Lester D. Gardner, chairman of the council of the
Institute of Aeronautical Sciences; Roger Wolfe Kahn, a famous private pilot; Laurence P.
Sharples, chairman of the board of the Aircraft Owners and Pilots Association; William P.
MacCracken, Jr., general counsel, and William P. Redding, the treasurer of the NAA.' By
the 1990s, the selection committee had grown to thirty to forty members, but continued to
represent leaders of all facets of the aerospace industry.” The varying types of projects
receiving awards covered in this volume suggests that the character of the selection com-
mittee tended to vary somewhat on the basis of the interests of the NAA President and the
Association. The Collier Trophy should therefore be understood as a reflection of attitudes
and priorities in the community of aviation enthusiasts and those employed in aerospace-
related work in industry and government. It did not have as much built-in protection from
bias and short-term fads as the Nobel Prize, but those involved in the Collier award process
valued very highly the prestige of the trophy and sought to preserve that prestige by choos-
ing appropriate awardees. The trophy had little to back up its significance except for its
long history and the tradition that it was awarded by the President of the United States; its
importance rested on the luster of the winners."

The NACA, NASA, and Government Research

The projects whose stories are told in this book provide a series of case studies of
changes in the research and development process in a government setting over the period
from the 1920s to the 1990s. They fit into a story of increasing government support for sci-
ence and technology through one particular government agency, which like all organizations
and people has been shaped by its own unique history. A brief survey of that history provides
important background for any attempt to draw broader conclusions.

The National Advisory Committee for Aeronautics (NACA) helped set the prece-
dent for government funding of research and development in twentieth century America, a
precedent that represented a very significant change from nineteenth century assumptions.
Even in the nineteenth century the Federal government had provided support for research

16, Kroger, "For Greatest Achievement,” p. 18, There is no particular significance to 1943; it is simply
the only published list of selection committee members that | have encountered. The award that year went to
Captain Luis DeFlorez of the U.S. Navy Reserve for his contribution to the safe and rapid training of combat
pilots and crews.

17.  The current practice is that the President of the National Aeronautic Association extends about sixty
invitations to participate in the selection committee, and the committee is composed of whatever number accept
the invitation, Most of those invited are members of the Association; presidents of the Air Clubs affiliated with the
National Aeronautic Association are automatically invited. The members of the selection committee meet in per-
son, and after discussing the recommendations and entries vote by secret ballot on that year's award. Telephone
interview with Jill Baucom, Administrative Assistant, National Aeronautic Association, December 15, 1995,

18, A large monetary award or a more important sponsoring organization would have given the trophy a
more objective source of prestige. Instead, the Collier Trophy maintained its status as the “most prized of all avia-
tion honors in the United States” by tradition alone (the quote is from Robie, For the Greatest Achievement, p. x).
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in certain key areas where a consensus could be reached about how to serve the public
good, such as the Coast Survey and the Department of Agriculture. But a constitutional
principle that such functions belonged to the states except in times of national emergency
continued after the Civil War, and laissez faire economic theories actually led to an even
more limited definition of the proper role of government in areas that might be consid-
ered competition with industry.” The new government sponsorship of research and devel-
opment that had its roots in World War [ represented a significant change in the role of
the state, and a change that met significant resistance.

The NACA was only one of a number of nrganization% created as a result of lob-
bymg by scientists and engineers for a new government role in research and development
in World War [.* The NACA got off to an early start; President Wilson signed the Naval
Appropriations Bill that created the National Advisory Committee for Aeronautics in
March 1915. The scientists, engineers, and enthusiasts who had lobbied for the bill for
more than four years wanted government funding of aeronautical research to allow the
United States to catch up with rapid developments in Europe, where the possibilities of
the Wright brothers’ invention had sparked more interest than in the United States. The
legislation did not pass until the outbreak of war provided an additional push, and the bill
did nothing more than create an advisory committee and provide it with a small appropri-
ation. The NACA then set out to invent its own role.” In its first few years, the new
Committee played a significant role in the wartime coordination of industry and used some
of its small budget to sponsor research at private institutions. Its leaders made the building
of a new laboratory their highest priority, despite considerable opposition.” The laborato-
ry at Langley Field, in Virginia, established the NACA as a Federal research agency despite
its title as an A(iwmry committee. After the war ended, debates over the role of the Federal
government in supporting and regulating aviation created considerable uncertainty about
the future of the NACA. In the end, other aviation related functions—regulation and the
sponsorship of infrastructure—were assigned to the Department of Commerce, leaving the
Committee with research as its central role.”

At the Langley Memorial Aeronautical Laboratory, dedicated in June 1920, NACA
scientists and engineers set out to establish the place of the Federal government in peacetime
aviation research. The laboratory provided fairly up-to-date facilities: a wind tunnel, an engine-
dynamometer laboratory, and a general research laboratory building. A series of conflicts
between personnel at the laboratory and the NACA Headquarters in Washington, DC, tend-
ed to dominate the concerns of the leadership, but technical personnel had the equipment
they needed to do worthwhile research.” The laboratory developed a focus on aeronautical
principles in order to take advantage of its wind tunnel facilities and to avoid competition with
the military services (which wanted to maintain control of testing and setting specifications for
new aircraft designs for military missions), the National Bureau of Standards, and industry
(which had facilities for engine research).” The NACA found a niche not only in its choice of
research program but also in how it approached research problems: “The strength of the
NACA seems to be that it had the luxury of pursuing incrementally over a long period of time

19, For a thorough survey, see A. Hunter Dupree, Science in the Federal Government: A History of Policies and
Activities to 1940 (Cambridge, MA: Belknap Press of Harvard University Press, 1957).

20, For a survey of the impact of World War 1 on science, see Daniel |. Kevles, The Physicists: The History
of a Scientific Community in Modern America (New York, NY: Allred A. Knopf, 1978), pp. 102-54.

21.  Roland, Model Research, 1:24-25.

22, During the war years the NACA spent more than half its total budget on building its laboratory
rather than on immediate war-related projects. Roland, Model Research, 1:30-31, 46.

23, Ihid., ch. 3.

24, [hid., 1: BO-R7.

25, Ihd., 1: 87-89.
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answers to problems that were of great interest to the commercial and military worlds.™ In
other words, the NACA could pursue engineering science: systematic investigation of the
parameters needed for engineering design. The leaders of the NACA initially thought that
the Committee had to establish its reputation by scientific (not engineering) achievement,
and hired Max Munk from Germany because of his theoretical reputation.” The necessity
of practical results to justify Federal funding, and the dominant role of engineers on the
NACA main committee gradually reversed that attitude, establishing the relationship
between theoretical and practical research as a central tension within the laboratory and for
the agency as a whole.” Chapters 2, 3, and 4 of this volume show the central role of these
issues in the NACA in the years before and even continuing during and after World War II.

As aviation technology became more complex in the late interwar period, the NACA
found itself sponsoring not only research on components and design parameters, but large-
scale research and development projects. World War 11 brought a return to more practical
concerns (see chapter 2, for example), but with the greater emphasis on government-funded
lechnology characteristic of the war years, it also provided the NACA with broader experience
in large development programs and some push to take bigger risks.” Perhaps most notably,
members of the aviation community saw supersonic flight as the next step, but making that
step required both theoretical research (chapter 5), wind tunnel testing (chapter 4), and actu-
al building of experimental aircraft (chapters 3 and 6). Those experimental aircraft were no
longer prototypes of new military aircraft, but were designed solely for research purposes. The
NACA therefore found itself in the business of contracting with industry for the design and
manufacture of radically new vehicles. The X-15 project in particular (chapter 6) differed
little in scale and scope from space projects of a few years later. The increasing sophistication
of the technological challenges chosen by the NACA was leading the agency toward a project
organization typical of big technology even before funding became politicized.

NACA leaders felt some uncertainty about this transition from a role that centered
on basic research and problem solving to one centered on taking responsibility for large
projects, and they did not push to take a major role in space research in the period before
Sputnik.” The agency’s budget had not grown with its role; it depended on partnerships
with the Department of Defense for the funding of large projects, such as the X-15. While
the NACA did not initially move to seize the new opportunities opened by the launch of
Sputnik in October 1957, those opportunities proved significant and a unique confluence
of circumstances soon thrust the NASA into the center of the Sputnik response.” If the
American people demanded that the United States meet aggressively the challenges of the
Soviet Union, President Dwight D. Eisenhower at least hoped to keep that effort out of the
hands of the Department of Defense, whose mission he wanted to keep aimed at national
security.™ He assigned the problem of what to do about space to his science advisor, and
Killian immediately turned to the NACA as a possible alternative to Department of Defense

26.  Roger D. Launius, private communication to author, May 29, 1996.

27.  Munk had earn two Ph.D. degrees from the University of Gottingen, one in engineering and another
in physics.

28.  Roland, Model Research, 1:89-98,

29.  In particular, the NACA was criticized because the United States lost the wartime race to develop a
jet aircraft. See Edward W. Constant 11, The Origins of the Turbojet Revolution (Baltimore, MD: Johns Hopkins
University Press, 1980).

30, Roland, Model Research, ch. 12, particularly 1:288.

31, Ibid., 1: 290. Roland reports that the subject of Spunik did not arise at the NACA annual meeting
held less than two weeks later. )

32, See Walter A, McDougall, . . . the Heavens and the Larth: A Political History of the Space Age (New York,
NY: Basic Books, 1985), ch. 6, for a discussion of Eisenhower’s motivations.
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control of the space program. Meanwhile, by December 1957, NACA leaders began trying
to define and lobby for a new role for the NACA in space research.”

In February 1958, the President’s Science Advisory Committee recommended that
the NACA be expanded into a new civilian space agency. NACA leaders found themselves
and their vision of how a research agency should operate given second place in the new
organization. This marginalization started when Eisenhower assigned an executive branch
team to write the necessary legislation. The Bureau of the Budget had long wanted to reor-
ganize the NACA's committee structure, and insisted that the new agency be organized
hierarchically with an administrator appointed by the President. NACA leaders had
assumed that the new agency would continue a traditional NACA pattern by seeking
research assignments and funding for cooperative projects from the military services, but
Congress wanted space projects to be defined by NASA, not the Department of Defense.”
Eisenhower and his advisors had similar interests and insisted on a division of space activi-
ties between NASA and the Department of Defense instead of cooperative projects on the
model of the X-15. The President’s Science Advisor, James R. Killian, Jr., finally stepped into
a deadlocked discussion in which the NACA and the Department of Defense’s Advanced
Research Projects Agency were trying to divide the space program. Killian insisted that all
space activities without a clear military mission be assigned solely to the new National
Aeronautics and Space Administration.” This decision committed the new agency to a
focus on large projects rather than research into basic principles, suddenly completing a
transition that had been in its early stages with projects like the X-15.

Not all of the new agency took on the new style, but most of the attention of its lead-
ership and the public went to the space race in the 1960s. Hesitantly under the Eisenhower
administration, and then with a surge of confidence after Kennedy's decision to go to the
Moon, NASA leaders shaped the agency towards the pursuit of large research and develop-
ment projects whose justification lay as much in national prestige and a belief that space was
the new frontier as in specific scientific and practical objectives.” The Mercury project (chap-
ter 7) represented a mix of old and new constraints and opportunities, but the decision to go
to the Moon gave NASA a few years of high priority, generous funding, and public support
(chapter 8). The flush years of the early 1960s depended on congruence between the space
program and perceptions of national needs; they did not represent support for a space
program for its own sake. That congruence made possible the success of Apollo under the
inspired leadership of NASA Administrator James E. Webb, a fine manager and a master of
the delicate maneuvering necessary to exert leadership from an administrative position.™ But
it left NASA in an unstable position, identified with a relatively shortlived national agenda
item rather than with a permanent mission.”

33, Roland, Model Research, 1:291-93, Roland reports that within the NACA “opinion was divided, roughly
along generational lines, between the young men who wanted the NACA to campaign for a broad new role in space
and the old hands who preferred a more cautious expansion of the NACA's current activities” (p. 292).

34, Ihd., 1:294-95.

35, McDougall, Heavens and the Earth, argues that this sentiment was strongest in the House of
Representatives, and that Senator Lyndon Johnson supported the Pentagon's claim while publicly arguing for
the peaceful uses of space (p. 173).

36.  Roland, Model Research, 1:296-99. See also James R. Killian, Jr., Sputnik, Scientists, and Eisenhower: A
Memaoir of the First Special Assistant to the President for Science and Technology (Cambridge, MA: MIT Press, 1977).

37.  See for example, W. Henry Lambright, Powering Apollo: fames E. Webb of NASA (Baltimore, MD: Johns
Hopkins University Press, 1995) and McDougall, Heavens and the Earth.

38.  Lambright, Powering Apollo, pp. 8-9. Lambright’s intreduction is a wonderful explanation of the fun-
damental issues of leadership that arise in executive agencies, which in theory are supposed only to carry out
policies set by the President.

39.  Lambright argues that the congressional consensus in support of Apollo lasted “barely two years,”
Ihid., p. 9.
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The Apollo period gave the agency a sense of momentum, but by the late 1960s pub-
lic and political support had shifted and the agency found it could not get the funding it
needed to sustain that momentum.” Public support declined once it was clear that the U.S.
would win the race to the Moon and, in addition, the Vietham War led both to a budget
crunch and to the development of a new left-wing critique of science and technology.” In this
increasingly hostile environment, NASA leaders struggled to maintain the agency's tradition
of large projects to put people in space and to adapt to the new realities of maintaining a pro-
gram without a national consensus about the importance of the space race. In the 1970s, the
space agency and its supporters tried a variety of approaches to rebuild the public support
that had made so much possible in the Apollo program. Skylab (chapter 9) represented an
effort to prove both the value of human beings in space and to hang an expansive space pro-
gram on the hook of science. Landsat (chapter 10) sought to bring the benefits of the space
program back to Earth, an effort that did not get adequate support either in NASA or in the
rest of government, but which looked enough like the wave of the future to get a Collier
Trophy in 1974. The Space Shuttle (chapter 12) became identified with a new vision of rou-
tine, relatively economical access to space, a promise which the vehicle could never quite
meet.” The goal of the agency through most of this period was to find a way to continue space
exploration in an era of diminishing funding.

The old models became increasingly problematic in the 1980s. Starting with President
Jimmy Carter’s efforts to cut back big government, NASA leaders found themselves under pres-
sure to commercialize or privatize more operations. At first these pressures had little effect; an
emphasis on the routine operation of the Space Shuttle as a “space truck” perhaps represented
a new way of thinking for the agency, but the shuttle accident made it clear that the vehicle
could not fully fill that role. Both the Challengeraccident and the problems of the Hubble Space
Telescope led to significant criticisms of NASA management, and to changes in management
structure to address the pressing problems that had been identified (chapters 15 and 16). These
immediate changes fed into a push for broader changes; starting in the early 1990s the leaders
of NASA began to explore alternatives to the big science model. NASA Administrator Daniel S.
Goldin’s call for a “faster, better, quicker” way of doing business involved not only criticism of
the old large-project model but also an attempt to develop an alternative.

Big Science, Big Technology

The changes that took place in the NACA and the NASA form part of a larger pat-
tern that historians call the rise of big science. The case studies covered in this book give
a sample of projects over the key period for the development of big science. They do not
represent classic cases—the classic case for big science is usually high-energy physics—but
they widen our understanding of how government support and increasing project size
affected the research and development community well beyond the borders of physics.
These cases show both the strengths and the limitations of the “big science” approach; in
fact NASA may be one of the first agencies where people have begun to be aware of the
limits of bigger and bigger projects and to explore alternatives.

40.  The momentum of technological development is necessarily more a matter of institutions than of
any inherent line of development of the technology itself. See Thomas P. Hughes, Networks of Power: Electrification
in Western Society, 1880-1930 (Baltimore, MD: Johns Hopkins University Press, 1983}, ch. VL.

41.  Bruce L.R. Smith argues that a broad consensus in support of federal funding of research and
development disintegrated in the second half of the 1960s under criticism from both the left and the right. See
Smith, Amencan Science Policy Since World War I, ch. 4, particularly pp. 75-76.

42, The classic critique of the space shuttle for not living up to the exaggerated promises that had been
used to gain approval for the project is Alex Roland, “The Shuttle, Triumph or Turkey?" Discover 6 (November
1985): 29-49.
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Ever since Derek J. De Solla Price published Little Science, Big Science in 1963, his-
torians have used various concepts of big science as one basis for trying to understand how
the practice and character of science have changed in the twentieth century.” Our under-
standing of big science has developed significantly in more than thirty years, and, in
addition, we have begun to explore qualitative as well as quantitative effects of scale on
technology as well as on science. Some historians of technology object to lumping big
technology with big science, arguing that big technology has its own independent history,
with close ties to big business. But in the case Ofgmermnent support for research, the con-
fusion between science and technology starts not in the minds of historians writing about
the projects but in the minds of the policymakers and scientists who shaped and advised
these projects. NASA leaders regularly referred to the agency’s success in the conduct of
“big science” even when the projects involved aimed at technological rather than scientif-
ic ends, and in many NACA and NASA projects, technological and scientific ends were
irrevocably intermixed. The NACA and NASA research projects stories told in this book
show some of the complexities of this relationship between science and technology.

Looking at science first, the simplest argument makes World War Il a turning
point in the rise of big science. The development of large telescopes and a few other large
scientific instruments before World War II trained some leaders of the scientific commu-
nity in administration of large scientific projects. They, in turn, put their experience to use
in a series of very successful weapons-development projects during the war. By the end of
the war, the military services had come to believe that they needed to continue to support
basic scientific research, and significant progress had been made towards a consensus that
the Federal government should support large research projects for civilian purposes.
Scientists who had been involved in wartime projects hoped for continued government
funding, and while they lobbied for civilian funding agencies such as the AEC and NSF,
they also worked out a compromise of interests with the military services to get funding
from the Department of Defense on terms that most scientists found agreeable.” Once new
funding mechanisms had been worked out and the start of the Cold War had restored a
sense of urgency, government funding for scientific research moved into another growth
phase. This gave a significant number of scientists (at least in certain fields) an opportuni-
ty to work on a new scale, managing large budgets and tackling scientific problems with
expensive instruments and teams of investigators who might all be listed as co-authors on
a single scientific paper. These changes affected not just the conduct of scientific research
on certain questions, but also what questions scientists asked; some fields of science came
to focus on questions that could only be answered with big instruments. These changes in
science transformed universities; they became dependent on Federal grants and contracts
as the major sources of research funding for basic science.”

More detailed studies of post-World War II science and technology have revealed
a more complex picture. Even in physics, big science represented a choice of styles and
organizational approaches, not an inevitable response to particular discoveries in high-
energy physics.” Other fields of science felt the effects of big science less, and small science

43, For the early history of the term “big science,” which actually dates back to the late 19505, see James
H. Capshew and Karen A, Rader, "Big Science, Price to the Present,” Osiris (second series) 7 (1992): 4-18.

44, See, for example, Daniel Greenberg, The Politics of Pure Science (New York, NY: New American
Library, 1967) and Kevles, The Physicists, ch. XXIL

45, For the university side of the story good places to start are Stuart W, Leslie, The Cold War and
American Science: The Military-Industrial-Academic Complex at MIT and Stanford (New York, NY: Columbia
University Press, 1993) and Ronald L. Geiger, “Science, Universities, and National Defense, 1945-1970," Osiris
(second series) 7 (1992): 26-48.

46.  Peter Galison and Bruce Hevly, eds., Big Science, The Growth of Large Scale Research (Stanford, CA:
Stanford University Press, 1992), pp. 3-8.
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attitudes survived even in some areas where big instruments were used.” Big projects not
dependent on a single instrument took on different characteristics than those organized
around one piece of hardware, and the degree to which the research was focused on science or
technology and was goal-oriented or curiosity-driven made a tremendous difference in the char-
acter of big projects. NASA could not be compared directly to a federal physics laboratory; the
scale may have been similar but the mix of goals was different.” But most kinds of big science
and technology shared certain common themes involving the relationship between science and
technology and the problems of public relations, administration, and funding.”

In the case of the NACA and NASA we can identify certain characteristics of big
science and big technology that form clear, though by no means uniform, trends. First, NACA
and then NASA became increasingly caught in a web of bureaucratic and polll]ca] obliga-
tions. The kinds of popular projects that might become Collier Trophy winners had to
provide political or bureaucratic capital to the agency or its supporters, not just research
results. Without that note, they stood little chance of being recognized for “outstanding
achievement.” Second, larger projects required more complex formal organization to keep
control of the details. Individual leaders and innovators became less important, and the plan-
ning process became more important. Third, research and development projects became
more complicated in fundamental ways over this period. More and more different kinds of
expertise went into a single project, and the developers of technology were often no longer
in close communication with the users. Fourth, the experience of researchers and the
approaches they took to their research changed as projects grew larger and more bureau-
cratic. Fifth, attitudes towards funding research changed, lhough not just in one direction,
Before World War II the emphasis was on practical results, while after the war basic research
became more acceptable. A shift away from willingness to support basic research for its own
sake occurred around the time of Apollo, with a new emphasis on cost-benefit calculations
but also more willingness to fund projects on the basis of popular support.

Any government agency must cultivate bureaucratic and political support in order
to survive, but as projects got larger and more expensive (or budgets got tighter) that process
shaped more and more of what the NACA and NASA did. The NACA had served its con-
stituencies carefully (mostly by providing practical results) to maintain political support, and
the very creation of NASA served political ends at least as much as science and technology.
NASA did very well in the 1960s because a growing emphasis on the space race expanded the
agency’s political and popular support, but that support put the agency into the Washington
power game to a greater extent than the NACA had usually experienced. This trend acceler-
ated with the end of Apollo, because the winning of the race to the Moon brought not a
reduction in political pressures, but a more complex web of constituencies as NASA leaders
sought to cobble together enough support to continue a large-scale space program. In the
1970s and 1980s, NASA had to play bureaucratic politics and look for new ways to serve polit-
ical agendas in order to maintain a program on anything like the scale established for Apollo.

47.  For some examples of other fields of science see Arnold Thackray, ed., Science After 40, Osiris (sec-
ond series) 7 (1992). For a discussion of how big science was not inevitable even in high-energy physics see John
Krige, “The Installation of High-Energy Accelerators in Britain After the War: Big Equipment but not “Big
Science,” in Michelangelo DeMaria, Maria Grillia, and Fabio Sebastiani, eds., Proceedings of the International
Conference on the Restructuring of Physical Science in Europe and the United States, 1945-1960 (Singapore: World
Scientific, 1988).

48.  For a comparison between high-energy physics and space programs (not only in the U.S, but also in
other countries) see John Krige, ed., Choosing Big Technologies (Geneva, Switzerland: Harwood Academic
Publishers, 1993).

49.  Capshew and Rader "Big Science” provide one useful thematic introduction; I take my themes part-
ly from their discussion of Alvin Weinberg's warning that the three diseases of big science are “journalitis, mon-
eyitis, and administratitis” (p. 5).
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NASA’s human space flight programs also represented significant challenges in
the development of large-scale management.” Apollo was an overwhelmingly large and
complex program, but the Space Shuttle introduced further challenges by requiring both
technological innovation and routine, long-term management control. Not all NASA pro-
jects in this period were large (see chapter 14 on the fuel-efficient turboprop), but the space
program became increasingly identified with large, spectacular projects that got public
attention. The agency and its contractors became accustomed to a technological ﬁtyle that
they sometimes called big science, though it had more to do with technology than science.
In particular, they preferred programs to build one or two large satellites, or a large platfm m
carrying many sensors, over projects that would launch many small satellites, each carrying
one or two sensors (probably somewhat less capable than those a large platform could
suppm‘[). Even when astronauts were not involved, these relatively large and complex
programs required many layers of management, paperwork, and checks and counterchecks,
to control a system that was too complex for a small group of people to keep track of and
which needed extremely careful risk management because of the public embarrassment of
large failures.” Individual leadership was harder to exert on projects of this scale, and the
planning process tended to become an increasingly political negotiation.

Large, involved projects dependent on outside political and bureaucratic support
also became fundamentally more complex because they had to serve many masters.
Researchers in space science complained particularly vocally about this change, because
they assumed that space science projects should be conducted in whatever manner would
best serve the interests of scientists. A project like the Hubble Space Telescope servicing
mission served the scientists using the instrument but, in addition, NASA achieved impor-
tant political ends through its success (chapter 16). The inevitable conflicts of interest
sometimes irked the science community, especially as Congress set the agenda for space
science in such missions as the Grand Tour (chapter 11). Projects with practical goals
raised even more fundamental problems, particularly for an agency as focused on
research and development for its own sake as NASA. In the cases of Landsat (chapter 10),
and the fuel-efficient turboprop (chapter 14), NASA successfully developed technology to
do the job, only to find that the intended users were not as interested as had been pre-
dicted. In the first case, the problem lay in part in NASA’s technology transfer efforts, but
in the second case changes in economic parameters and issues relating to public opinion
kept the new technology from being put to effective use.

Within these projects, the experiences of scientists and engineers had also under-
gone a fundamental change. The individual inventor had almost disappeared from view,
though individuals might still invent small parts of large, complex systems.” Teamwork
and the ability to provide intellectual leadership while not having control over the entire
project became critical skills. Government funding made possible projects that would
probably never have received funding in a corporate research and development labora-
tory because the total cost was too high or the payoff too uncertain or too far in the future,
Pressure for quick results, while very real, could be less intense than in other settings.

50.  Lambright, Powering Apollo, is a good place to start for this issue.

51, In the 1990s a new generation of advocates for small satellites developed this critique of what they per-
ceived as a NASA culture of bureaucratic control and large—scale programs. The impact of this challenge to the old
way of doing things is not yet clear, but it has already had some impact on the congressional committees that over-
see NASA's budget and on the leadership of the agency itself. For a good example of the critique, see John R.
London I, LEO [Low-Earth Orbit] On the Cheap: Methods for Achieving Drastic Reductions in Space Launch Costs,
Research Report No. AU-ARI-93-8 (Maxwell Air Force Base, AL: Air University Press, October 1994).

52, The decline of the individual inventor and the rise of complex systems in the corporate world has
been laid out by Thomas P. Hughes in Networks of Power and in American Genesis: A Century of Invention and
Technological Enthusiasm (New York, NY: Simon and Schuster, 1989).
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Finally, big science and technology shaped and were shaped by changing attitudes
towards the relative roles of basic and applied research. In the period before World War II,
government funding requued pmulcal ]uf-;ullcatlons but the NACA found a niche for less
E{O.«ll-{ln\(‘l] research by pmncenng work in crlgm(‘ermq science, t‘xplonrlg some of the
fundamental parameters of flight. World War II made the Federal government more willing
to fund basic research in some fields, particularly in physics where BXpIOl‘l[O!y research had
proved its military value most clearly. NASA cerumly funded more basic science than the
NACA because its mission included space science, but that scientific research formed a
relatively small part of a large agency. When NASA took in the national goal of putting
people in space it committed itself to a vision that was not centered on basic research.™
Outside factors reinforced this tendency. Starting in the late 1960s, critics of the space pro-
gram, some of them in the Executive Office, began to demand cost-benefit analyses for at
least some space missions (see chapter 10). This change resulted from the space program’s
lower political priority and from a larger trend towards demanding tighter justification for
government sponsored research. In particular, the Mansficld amendment in 1970 prohibit-
ed the Department of Defense from funding basic research with no military purposes.”
However, by the 1990s the trend had split: Congress seemed to favor projects that were
unabashedly basic science (at least if they were not too expensive) or those that would clear-
ly save the government money (though then the question arose of why private industry could-
n't do the job).” The tension between basic and applied research and between research and
development and routine operations was complicated by a constantly shifting environment.

We can also see in the pm]urq covered in the last few chdplm of this volume the
beginning of a challenge to the big science model. The return to flight of the Space Shutile
(chapter 15) and the Hubble Servicing Mission (chapter 16) represent successful recoveries
from failures caused by management problems, not just inevitable bad luck. The failures
showed some of the limits of big science, and the recovery efforts involved at least in part
attempts to change the big science style of operation (for example, the role of individual lead-
ership in the shuttle case, chapter 15). Since the early 1990s NASA has met significant criticism
not just for bureaucracy, but for assuming that large projects are the best way of achieving zmy
end. Studies of such concerns as lowering the cost of launch vehicles have concluded that “t
achieve this goal, 11 will be necessary to bring about major cultural changes within the acro-
space community.” That particular study pointed out that cheaper systems are not necessari-
ly smaller, but ch“mgca such as mass produulon and a greater tlerance for failure represent
major changes to the big science, big technology approach. A new NASA Administrator,
Daniel S. Goldin, appointed in April 1992, established as one of his initiatives “A shift away
from the pursuit of big science and engineering programs toward ‘faster, better, and cheaper’
ones.”™ It is too soon to know whether this represents the beginning of the end of the domi-
nance of big science, but its values are certainly being questioned in a new way within NASA.

53.  Many scientists have criticized NASA’s emphasis on putting people in space as heing a waste of
money from a scientific point of view. For examples of the perspective of scientists, see Homer E. Newell, Beyond
the Atmosphere: Farly Years of Space Science (Washington, DC: NASA SP-4211, 1980) and Steven G. Brush, "Nickel
for Your Thoughts: Urey and the Origin of the Moon,” Sdence 21 (1982): 891-98, as well as ch. 11 and 16 and
their references.

54.  For an analysis of the Mansfield amendment as part of a larger trend, see Smith, American Science
Policy Since World War f1, pp. 81-82.

55, Committee on Earth Studies, Space Studies Board, National Rescarch Council, Earth Observations
from Space: History, Promise, and Reality (Washington, DC: National Academy of Sciences, 1995), pp. 102-103.

56.  London, LEQ on the Cheap, p. 149,

57.  NASA Federal Laboratory Review, "Executive Summary,” located at http://wwne. hy. nasa. gov/office/
fed—lab/exee. kiml, March 20, 1996,
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Chapter 1

Engineering Science and the
Development of the NACA
Low-Drag Engine Cowling

by James R. Hansen

The agency that preceded NASA, the National Advisory Committee for Aeronautics
(NACA), won its first of five Collier Trophies in 1929, and did so basically for advancing
a counterintuitive idea. The idea, which flew in the face of a conventional wisdom about
proper aircraft design, ventured the following: covering up—not leaving open to the air—
the cylinders of an air-cooled radial engine could not only dramatically reduce aerody-
namic drag but actually improve engine cooling. The immediate product of this startling
engineering insight was the NACA’s development of a low-drag engine “cowling,” the
winner of the 1929 Collier Trophy.

Put simply, the NACA cowling was a metal shroud for a radial air-cooled engine.
However, the purpose of the shroud involved much more than hiding an ugly engine or
keeping the rain out; rather, its main function was to ceola hot engine. This is what ran so
contrary to what throughout the 1920s had been the practical solution to the problem of
air-cooling an engine, that was, exposing the red-hot engine cylinders to an outside rush
of cooling air. Besides improving the cooling of the engine, the NACA cowling—designed
as it was to be a streamlined shroud—also worked to reduce drag. This allowed an airplane
to fly faster and farther on less fuel, a significant technological accomplishment in the late
1920s, and one that deserved to win the National Aeronautic Association’s (NAA's) award
for the year’s greatest achievement in American aviation.'

Deserving the Collier Trophy is not to say, however, that the NACA’s low-drag engine
cowling was everything that it was cracked up to be. In the years following the Collier
Trophy, American aviation journalists generally exaggerated the significance of the cowl-
ing, and NACA publicists claimed more credit for the aircraft industry’s adoption of the
cowling than the government research organization deserved. Almost everyone outside
the aircraft industry itself failed to appreciate the true character of the NACA's cowling
work and credited science rather than engineering as its source, an all-too-common mistake
made in modern American society. Partly as a result of this misapprehension, spokesmen
for aviation progress—most of them rabid technological enthusiasts—did not know
enough to explain that the cowling was not really an invention in the classic sense, for dif-
ferent crude cowlings were already available and in limited use around the world. Nor did
they know enough to make clear that every cowling had to be custom fitted: that the cowl-
ing was not a magical tin shape that could be applied generically to just any airplane (at
least not with great success), because the effectiveness of the cowl depended significantly
upon the shape of the airplane behind it. If the NACA engineers at Langley Memorial
Aeronautical Laboratory (LMAL), who were responsible for developing the original prize-
winning cowling, had tested it with certain other aircraft of the era, such as a Bellanca or

1. For an excellent technical summary of how cowlings function, past and present, see Peter Garrison,
"Cowlings,” Flying 113 (February 1986): 58-61.



2 ENGINEERING SCIENCE AND THE DEVELOPMENT OF THE NACA Low-DrAG ENGINE COWLING

One of the four Collier Trophies recerved by the National Aeronautics and Space Administration’s Langley Research Cenler,
Hampion, Va., was in 1929 for the development of the cowling for radial air cooled engines. By the end of September 1928, tests of
cowling No. 100in the Propeller Research Tunnel shown heve demonstrated a dramatic reduction in drag. (NASA Photo 87-1-1250)

Stinson, rather than with the Curtiss Hawk AT-5A and Lockheed Air Express that flew with
it so successfully, the NACA cowling would not have performed nearly so well.

But these things about the NACA cowling were never well understood outside of the
aeronautical engineering community, and they were certainly not communicated very
successfully to the broader aviation public at the time. In the era from Lindbergh to the
New Deal, the United States’ aviation publicists—devout believers in a “winged gospel”
and in an airplane symbolic of the boundless promise of the American future—did not
understand the technology well enough to see any advantage in making practical qualifi-
cations about the engineering of cowlings.” Perhaps some of them realized that the peo-
ple who built airplanes already had the good sense to understand the subtleties of the
NACA research program: that the cowling was not so much an invention or new standard
piece of equipment as it was a process or method, with every airplane and engine con-

2, For a concise history of the NACA cowling program at NACA Langley, see Ch. 5: “The Cowling
Program: Experimental Impasse and Beyond,” in James R. Hansen, Engineer in Charge: A History of the Langley
Aeronautical Laboratory, 1917-1958 (Washington, DC: NASA SP-4305, 1987), pp. 123-39. See also Alex Roland,
Maodel Research: The National Advisory Commiltee for Aeromautics, 1915-1958, 2 Vols. (Washington, DC: NASA
SP-4103, 1985), 1:111-13.

3. See Joseph ]. Corn, The Winged Gospel: America’s Romance with Aviation, 1900-1950 (New York, NY:
Oxford University Press, 1983).
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figuration requiring a special, customized cowling for optimum results.* Perhaps some
considered the distinctions too technical for the wider aviation public to understand.
More likely, they were as misled as the rest of American society by a heroic theory of
invention in which a few great geniuses like Thomas Edison and the Wright brothers, not
industrial teamwork—and certainly not government bureaucracy—deserved most of the
credit for technological progress. If it was not heroic invention, then the NACA cowling
was not really original; it constituted “mere development” and did not deserve to win a
prestigious national award like the Collier Trophy.” Better that the award be presented to
an individual genius, just as the Collier Trophy itself had been won ten of the last fourteen
times since the inaugural award to Glenn H. Curtiss for development of the “hydroaero-
plane,” or flying boat, in 1911.° But the fact that the National Aeronautic Association’s
judges had awarded the Collier to the NACA in 1929 was proof enough of heroic inven-
tion. Thus, with heroic inventors in mind, those explaining the significance of the

The NACA received the Collier Trophy in 1929 for developing a cowling to fit over the engine which increased the speed of the
test aivcraft from 118 to 137 miles per howr, an increase of sixteen percent. The cowling was later adapted to other aircraft.
This photo shows NACA mechanics installing, in 1928, a cowling for testing. (NASA Photo 90-H-189)

4. I wish to thank my colleague in the history deparument at Auburn University, Stephen L. McFarland,
for contributing valuable insights into my understanding of the NACA cowling as a process rather than an invention.
5. For a critique of the heroic theory of invention, see George Basalla, The Evolution of Technology (New

York, NY: Cambridge University Press, 1988), pp. 21, 26, 59-60. See also Ch. 2: “Emerging Technology and the
Mystery of Creativity,” in John M. Staudenmaier, Technology’s Storytellers: Reweaving the Human Fabric (Cambridge,
MA: MIT Press, 1985), especially pp. 40-45.

6. The first winner of the Collier Trophy, 1911, was Glenn H. Curtiss, for the “hydroaeroplane.” Other
Collier “individual” winners before 1929 included: Orville Wright, for developing the automatic stabilizer (1913);
Elmer A. Sperry, for gyroscopic control (1914) and the drift indicator (1916): Grover Loening, for the aerial yacht
(1921); Sylvanus Albert Reed, for developing the metal propeller (1925); and Charles W. Lawrance, for his
radial air-cooled engine (1928). By the late 1920s, the Collier Trophy was recognized as the most prized of all
aeronautical honors to be accorded in the United States; the winner received the award from the president of the
United States. On the history of the Collier Trophy, see Frederick |. Neely, “The Rabert |. Collier Trophy: Its
Origin and Purpose,” Pegasus (December 1950): 1-16, and Bill Robie, For the Greatest Achtevement: A History of the
Aero Club of America and the National Aeronautic Association (Washington, DC: Smithsonian Institution Press, 1993).
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The Curtiss Hawk wsed in NACA lests, in November 1928, before (above) and after (below) installation of the cowling.
(NACA Photo 3018)

(NACA Photo 3019)
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NACA cowling did so in close accordance with popular expectations, however naive,
about where valuable new technology came from and how it moved from conception to
practical reality.”

As the following essay intends to show, the technological process represented in the
NACA’s cowling investigation was of a particular type that has often proved fundamental
to progress not only in aviation but in all engineering fields. It was not the path of
inspired genius the public had come to want, but neither was it mere development.
Rather, the NACA cowling was something more fundamental and harder to identify, let
alone comprehend. It was the fruitful product at a government laboratory of what
historians of technology have come to call engineering science: a solid combination of phys-
ical understanding, intuition (and counterintuition), systematic experimentation, and
applied mathematics." As such, the NACA cowling evolved during the 1930s into the
mature type of basic technological achievement that has been extremely hard for the
non-technical American public to understand and appreciate for what it is, but which
must be explained, understood, and appreciated in a democratic society if basic applied
research is to be supported and adequately funded.

Who Asked the Question?

As most successful research programs do, the NACA cowling investigation started with
a question: “Is it possible to extend a cowling outward over the exposed cylinders of a radi-
al air-cooled engine without interfering too much with the cooling?” It is significant for
NACA history that the question, which brought the breakthrough counterintuitive answer,
was asked at the NACA's first annual manufacturers’ conference, which was held at
Langley Memorial Aeronautical Laboratory on May 24, 1926. This event became the
NACA's “rite of spring.” A combined technical meeting and public relations extravagan-
za, the annual conference gave the NACA research staff an opportunity to ascertain the
problems deemed most vital by the aircraft industry so that it could incorporate them as
far as possible into its research programs. At the same time, the conference gave the staff
a chance to publicize its recent accomplishments before individuals who rarely had the
time to read the NACA's published technical reports but who needed, and wanted, to
know what the NACA was doing. The conference also gave the research staff at Langley a
chance to bang a big drum before congressmen and other publxc officials who “had nei-
ther the time nor the qualifications to read the technical reports” but who played critical
roles in the appropriations of government money. The event started in 1926 as a modest
and relaxed one-day affair, but it soon grew into an elaborately staged pageant that took
weeks of preparation by the NACA staffs both at Langley and in Washington. By 1936, the
spectacle lasted two days, the first day for executives of the aircraft industries and govern-
ment officials, the second “for pt:rsmmel of the government agencies using aircraft,
representatives of engineering societies, and members of professional schools.” In 1926,
only forty-six attended the conference; ten years later, more than 300 people were attend-
ing each session, including aviation writers who reported fully on the laboratory’s presen-
tations in newspapers and journals.”

7T Other individual winners were Glenn Curtiss, again, in 1912; Ormville Wright in 1913; Elmer A.
Sperry, in 1914; W. Sterling Burgess in 1915; Elmer A. Sperry, again, in 1916; Grover Loening in 1921; Sylvanus
Albert Reed in 1925; Major E. L. Hoffman in 1926; and Charles L. Lawrance in 1927

8. For a rich historical treatment of the role of engincering science in American aeronautics, see
Walter G. Vincenti, What Engineers Know and How They Know It: Analytical Studies from Aevonautical History
(Baltimore, MD: Johns Hopkins University Press, 1990).

9. For a discussion of the NACA’s annual aircraft engineering conferences, see Hansen, Engineer in
Charge, pp. 148-58, and Roland, Model Research, 1:111-13.
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The identity of the person who asked the pivotal question about engine cowlings is
uncertain, but the subject is worth some speculation because of what it says about the avi-
ation community and its process of discovery in the late 1920s. No one attending the con-
ference ever went on record about who first asked the question about cowlings, and those
who lived long enough to be interviewed by historians (and remember the question being
asked) do not remember who it was that did the asking. One likely candidate is Charles
W. Lawrance, who by 1926 was part of the Wright Aeronautical Corporation in Paterson,
New Jersey. In the early 1920s, Lawrance had built his own small engine company around
a pioneering air-cooled radial engine known as the Whirlwind J-1. The Navy loved the
engine, but Lawrance’s company nevertheless struggled to remain solvent and could not
avoid a buy-out by the huge Wright company. With the resources of the Wright
Corporation behind him, Lawrance kept improving his engine and, by 1927, had a nine-
cylinder, 220-HP Whirlwind J-5 in mass production. This outstanding radial air-cooled
engine powered Lindbergh across the Atlantic in 1927, Sir Charles Kingsford-Smith across
the Pacific in 1928, U.S. Army pilots Hegenberger and Maitland from Oakland to Hawaii
in 1927, and Commander Richard E. Byrd over the South Pole in 1929. So impressive was
the engine’s performance, which was highly publicized because of these benchmark
flights—especially Lindbergh’s—that the NAA awarded Lawrance its Collier Trophy for
1927 in recognition of his marvelous engine." Given the fact a Sperry Messenger airplane
equipped with an aircooled Lawrance engine was demonstrated in a Langley wind tunnel at
the NACA conference’s morning session in May 1926, one might imagine that Lawrance asked
the question about cowlings, but there is no real evidence he did.

Perhaps an even more likely candidate was Captain Holden C. (*Dick”) Richardson,
an officer in the Navy's Bureau of Aeronautics and one of the original members of the
NACA’s main committee (from 1915-1917). Richardson, who had completed a master’s
degree in engineering from the Massachusetts Institute of Technology (class of 1907), was
one of the Navy's leading aircraft designers. Having “honed his skills in the fields of hydro-
dynamics and dcmdyndmlcs at the Philadelphia and Washington navy yards (at the latter
working with Captains David W. Taylor and Washington I. Chambers on the wind tunnel
in the experimental model basin), flying boats became his expertise." Along with
Dr. Jerome C. Hunsaker (a future NACA chairman, 1941-1956) and Captain George C.
Westervelt, Richardson was one of the designers of the Navy’s famous NC-4 (NC for Navy-
Curtiss) flying boats, a 25,000-pound aircraft that successfully flew the Atlantic in 1919. In
the mid-1920s, as head of the design section of the Navy’s Bureau of Aeronautics’
(BuAer’s) material division, he was one of the Navy leaders working hardest to bring about
the design of metal flying boats, notably the PN class, which were originally equipped with
quuid cooled Packard engines. Various problems with the heavy engines prompted the
Navy in 1927 to move to air-cooled engines (two 525-HP Wright R-1750 Cyclone radials)
for the PN-10, the first of the Navy's all-metal seaplanes.” At the time of the NACA’s first
manufacturers’ conference in May 1926, which Richardson attended, this conversion to
the radial was still being pondered. Thus, the subject of this engine and its potential for
further improvements—aerodynamic and otherwise—through an advanced cowling was
high on the list of Richardson’s concerns.

10.  On the early in-flight achievements of the Wright Whirlwind engine, see Terry Gwynn—Jones,
“Farther: The Quest for Distance,” in the Smithsonian Institution’s Milestones of Aviation (New York, NY: Hugh
Lauter Levin Associates, Inc., 1989), p. 54.

11.  For information on the naval career of Holden C. Richardson, see William F. Trimble, Wings for the Nean: A
History of the Naval Awrcraft Factory, 1917-1956 (Annapolis, MD.: Naval Institute Press, 1990) and William F. Trimble,
Admiral William A. Moffett: Architect of Naval Aviation (Washington, DC: Smithsonian Institution Press, 1994).

12, Trimble, Wings for the Navy, pp. 97-99.
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Therefore, it would not be at all surprising if the cowling question came from Dick
Richardson, an aircraft designer totally absorbed in the unique problems of naval aviation.
Without a doubt, one of the more urgent questions [1cmg the designers of naval aircraft
in the 1920s was how to reduce the drag of radial engines without degrading their cool-
ing. During the early 1920s, the navy had decided that the lighter air-cooled engine, with
its short crankshafts and crankcases and no radiators, offered a more practical solution to
most of its aircraft power-plant problems than did the heavier liquid-cooled engine with
its water jacket, radiator, and gallons of coolant favored by the army. The jarring con-
frontations of naval aircraft with arresting gear on aircraft carriers resulted in too many
cooling system maintenance problems at sea, including loose joints, leaks, and cracked
radiators. However, subsequent experience also made it clear to the Bureau of
Aeronautics (established under the direction of Admiral William A. Moffett in 1921) that
existing air-cooled designs wasted considerable power. The finned cylinders of the radial
engine, projected into the external airstream, caused high drag. Navy engineers attempt-
ed to reduce this drag by pulling a prop(‘ller spinner (a rounded cover) over the hub and
covering the crankcase and inner portions of the cylmdcm with a metal jacket, but this left
the outer ends of the cylinders jutting into the airstream.'

With this persistent design problem in mind, it would have been very sensible for
Captain Richardson to ask at the NACA conference whether the research staff at Langley
could determine how much a cowling could be extended outward over the cylinders of
the radial engine in order to reduce drag without excessive interference with cooling. The
answer promised significant advantages for all sorts of aircraft, especially shipboard fight-
ers, as well as the Navy’s PN-10 flying boats.

I Didn’t Want People to Expect too Much

The immediate circumstances prompting the cowling question in May 1926 was a
demonstration in Langley’s new Propeller Research Tunnel, a monster facility whose kinks
were still being worked out in May 1926 and whose routine operation was still almost a
year away. During the morning session of the conference, as part of a tour of various
Langley facilities, the NACA turned on the big tunnel so everyone could witness its oper-
ation. Mounted on the test balance in the wind stream was a small Sperry Messenger
airplane, with its radial aircooled Lawrance engine running. The Propeller Research
Tunnel, or PRT as it came to be known, was only the NACA's third wind tunnel, the largest
one built. The PRT was in fact the largest tunnel built to that time anywhere in the world.
Designed to accommodate a fullscale propeller, the throat of the PRT was a spacious
twenty feet in diameter. This was four times the size of the largest wind tunnel at Langley,
and it meant that the PRT structure required sixty-four times the volume of any tunnel
built there before. Furthermore, for full-scale tests of propellers to be practical, the tun-
nel’s airflow had to reach at least 100 MPH, and to achieve that it took 2000 HP—ten
times the power it took to drive NACA Wind Tunnel No. 1 (operational June 1920) and
eight times what it took to drive the NACA’s second wind tunnel, the rtfvt)lutiormry
Variable-Density Tunnel (or VDT, operational October 1922). Both the VDT and PRT
were conceived by Dr. Max M. Munk, the NACA’s brilliant German import. As neither the
city of Hampton nor the nearby Newport News generating plants were large enough 1o
supply the necessary electricity to power the PRT, the NACA had obtained two surplus

13, See Herschel H. Smith, Aireraft Piston Engines: From the Manly Balzer to the Continental Tiara (New York,
NY: McGraw=Hill, 1981), pp. 97-113.
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1,000-HP diesel submarine engines from its friends in the U.S. Navy. Thus, any demon-
stration of this huge beast of a machine made a powerful impression.''

What made the PRT demonstration even more exciting was the fact that the NACA, by
May 1926, had not yet been able to get the tunnel’s diesel engines running properly. To get
the big submarine engines to turn over, a blast of compressed air had to be used, a minor
explosion that startled the uninitiated. For the morning visitors, the Langley engineers ran
the tunnel on the compressed air for about a minute, with the little Sperry Messenger air-
plane up in the test section with its engine running also. The demonstration was not only
memorable—very noisy and a little scary—but also, as the NACA found out that afternoon,
question provoking. Whether it was Charles Lawrance, Captain Richardson, or someone
else who asked the critical question about cowlings early in the afternoon session, we do
know from the historical record that several other people immediately spoke up to second
the interest. By the end of the afternoon, it was clear to the NACA that airplane designers
were rather desperate to know more about the potential of engine cowlings, that they con-
sidered it the job of the government laboratory to provide the basic information, and that
the PRT might be just the right place to make a systematic experimental study. The
inaugural NACA conference thus served its purpose well and set the stage for positive
NACA-industry-military services interaction for years to come.

The NACA’s Washington office (it was hardly ever called “Headquarters” until after
World War II) responded immediately by authorizing Langley to conduct a free-flight
investigation of the effects of various forms of cowling on the performance and engine
operation of a Wright Apache (borrowed from the navy) and prepare a systematic pro-
gram of cowling tests in the PRT, a facility that made it possible for the first time anywhere
to test full-size propellers and other aircraft components in a wind tunnel."

The organizing thinker and team leader of the NACA'’s original cowling program at
Langley was Fred E. Weick, one of the most remarkable aeronautical engineers in the his-
tory of American aeronautics.' Born near Chicago in 1899, Weick (pronounced Wyke)
developed an avid interest in aviation by the age of twelve, going to air meets at nearby
Cicero Field and engaging in model airplane competitions. Upon graduation from the
University of Illinois in 1922, he began his professional career as a draftsman with the orig-
inal U.S. Air Mail Service. After a short stay with the Yackey Aircraft Company (during
which time he worked in a converted beer hall in Maywood, Illinois, transforming war-

14.  For the design details of the Propeller Research Tunnel, see “The Twenty-Foot Propeller Research
Tunnel of the National Advisory Committee for Aeronautics,” Technical Report (TR) 300, 1928, by Fred E. Weick
and Donald H. Wood. For their history, see Hansen, Engineer in Charge, pp. 87-90 and pp. 144-45, and The Wind
Tunnels of NASA (Washington, BC: NASA SP--440, 1981), pp. 5~6, by Donald D. Baals and William R. Corliss.

15. NACA research authorization (RA) no. 172, “Effect of Various Forms of Cowling on Performance
and Engine Operation of Air-Cooled Pursuit Airplane,” approved by the Executive Committee, 30 June 1926; RA
215, “Effect of Cooling and Fuselage Shape on the Resistance and Cooling Characteristics of Air-Cooled
Engines,” approved June 22, 1927. The NACA research authorization files are in the Langley Historical Archives
(LHA), Floyd L. Thompson Technical Library, NASA Langiey Research Center, Hampton, VA.

The Navy lent the Apache aircraft to NACA Langley in the summer of 1926, but soon recalled it.
Though the recall forced the laboratory to suspend cowling work on the Apache and its Whirlwind engine, RA
172 was kept open until 1932. Langley carried out most of its later cowling tests under RA 215.

16. Fred E. Weick and James R. Hansen, From the Ground Up: The Autebiography of an Aeronautical Engineer
(Washington, DC: Smithsonian Institution Press, 1988). Over the years Weick made many significant contribu-
tions to the advancement of aeronautical technology, including development of the steerable tricycle landing
gear, the conventional gear used today—even for the Space Shuttle. His most widely recognized achievement,
the Ercoupe, has been the favorite airplane of thousands of private flyers since the first production model of it
came out in 1940. And his revolutionary Ag-1 and Piper Pawnee set lifesaving standards of lasting benefit to both
the agricultural airplane and general aviation industries. His autobiography tclls his entire life story in fascinat-
ing detail, from his pioneering work with the U.S. Air Mail Service in the early 1920s, through his Navy and
NACA years, to his many years in manufacturing for ERCO and Piper.
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Fred E. Weick, head of the Propeller Research Tunnel section, 1925-1929. (NASA photo)
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surplus Breguet fourteen biplanes into “Yackey Transports”), he started a job with the U.S.
Navy Bureau of Aeronautics in Washington, D.C., where, within a matter of months, the
NACA's director for research, George W. Lewis (1882-1948), personally recruited him for
important work to be done at Langley, some 120 miles to the southeast. (The NACA’s
Washington office was located in an adjacent wing of the Navy building, thus facilitating
close relations between the NACA and the Navy.) Weick arrived at Langley in November
1925 just in time to take over the design and construction of the new Propeller Research
Tunnel, the job Lewis had specifically picked him to do."”

In the weeks following the May 1926 conference, Weick and a small team of engineers
and technicians laid out a program for the cowling tests that was tailor-made for the capa-
bilities of Langley’s big new tunnel. The primary method Weick chose to employ was
something just becoming known to engineers as experimental parameter variation, which has
since been defined as “the procedure of repeatedly determining the performance of some
material, process, or device while systematically varying the parameters that define the
object or its conditions of operation.” Although just being fully articulated in the 1920s,
the method itself was ancient. Greek military engineers had varied the parameters of full-
scale machines to find the most effective dimensions for their catapults hundreds of years
before the time of Christ."” During the Industrial Revolution, engineers had used the
method to explore the performance of new construction materials and steam engines.*
The success of the first powered airplane in 1903 followed application of the fundamen-
tals of the method used by the Wright brothers while testing airfoils in their homemade
wind tunnel.” Over the centuries, many different types of engineers used parameter vari-
ation precisely because it permitted solution of a complex problem without a complete
understanding of all aspects of the problem. When a complex research problem needed
practical solution, and hypotheses were more scattershot than pinpoint because complex
understanding was still a distant goal, the technique systematized the pragmatic
researcher’s only real choice for a course of action: a combination of brainwork, guess-
work, and trial and error. By observing the effects of slight changcs made one at a time in
planned, orderly sequence, an engineer like Fred Weick could add progressively to his
knowledge about the actual performance of whatever was being investigated. Seeking
effects now and saving causes for later, he could use what he did know, circumvent what
he did not know, and discover what would work.

For Weick, the advantages of using such a proven method, though intuitively clear and
logical, were a rather recent revelation. While at BuAer in 1924 he learned, from propeller
work carried out by William F. Durand and Everett P. Lesley at Stanford University, what he
called “the advantages of using a systematic series of independent variables in experimen-
tal research.™ (Even earlier, as a senior engineering student at the University of Illinois, he
had based a paper on variable-pitch propellers on data from the Durand-Lesley
propeller tests in the Stanford wind tunnel.)* So it was a method that had proven immense-
ly practical to him in his own work, which gave him confidence to try it again.

17, Weick and Hansen, From the Ground Up, pp. 49-59.

18, Walter G. Vincenti, “The Air-Propeller Tests of W. F. Durand and E. P. Lesley: A Case Study in
Technological Methodology,” Technology and Culture 20 (October 1979): 74344,

19, Barton C. Hacker, "Greek Catapults and Catapult Technology: Science, Technology, and War in the
Ancient World,” Technology and Culture 9 (January 1968): 34-50.

20, For references, see Vincenti, “Air-Propeller Tests,” pp. 714-15.

21, See Peter Jakab, Visions of a Ilying Machine: The Wright Brothers and the Process of Invention (Washington,
DC: Smithsonian Institution Press, 1990), pp. 138-52.

22, Weick and Hansen, From the Ground Up, p. 60.

23, Vincenti, "Air-Propeller Tests,” p. 740.
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Recognizing that he should extend the cowling investigation well beyond the range of
immediate interest, Weick pinpointed the extremes. Obviously, one extreme was a bare engine
with no cowling at all; everyone who knew anything about aerodynamics assumed that it would
have maximum cooling, but maximum drag as well. The value of the other extreme—enclosing
the engine completely—no one had anticipated because that form seemed to exclude all ptmi-
bility of air cooling. For smooth flow around the exterior of the cowl, Weick modeled an engine
nacelle on the best available airship form, with the idea of bringing in cooling air at the center
of the nose. Then the amount of cowling was systematically varied from one extreme to the other
until he had produced ten different cowling shapes, ready for testing in the PRT.* “After I had
completed the outline of a tentative cowling test program,” Weick remembered in his autobiog-
raphy (puhhqhed in 1988, when Weick was 89), “the NACA sent it to the military air services and
to various manufacturers that had shown interest at the May 1926 conference, and it was
approved by all of them. Fortunately, getting their okay took some time, because the propeller
research tunnel was at this point in no sense ready to operate.”™ The PRI was not ready for
actual testing until early 1927, at which time the systematic experiments began.

The first round of tests in the PRT initiated a process of cowling development that last-
ed at Langley for more than a decade, into the late 1930s. With the process came significant
design refinement and a far deeper undcrstdndmg of all the beneficial things prnperly
cowled engines could do for an airplane in flight. Most importantly, from the viewpoint of
expanding engineering knowledge, the process eventually resulted in a far better under-
standing of how cowlings do what they do. In retrospect, the process was divided into four
stages: (1) 1926 to 1929, definition of the cowling’s parameters, a stage which ended with
the NACA's public announcement of a successful low-drag design that won the Collier
Trophy; (2) 1929 to 1931, an important series of engine placement and free-flight cowling
tests that resulted in a strong identification throughout the NACA with the empirical
method; (3) 1931 to 1934, when the laboratory began by outlining a new three-pronged
experimental attack on cowling and cooling problems, but ended in an impasse when that
attack stalled; and (4) 1934 to 1936 and beyond, when a more analytical approach to cowl-
ing rescarch began to emerge out of this stalemate to answer some of the basic questions
that the empirical approach of the preceding three stages had left unanswered.
Experimental parameter variation led to results in each of the first three stages; practical use
was made of observed performance effects. By the fourth and final stage, it was time to
search beneath the effects for causes. It was time to go after that distant goal of complex
understanding. By the start of World War II, which in some respects saw the final, culminat-
ing evolution of the propeller-driven airplane, this ultimate goal had been largely achieved.*

In 1927, Weick’s team at Langley stood at square one. According to Weick:

The goal that we had set for ourselves was a cowled engine that would be cooled as well
as one with no cowling whatsoever. This program proceeded easily enough until the
complete cowling, covering the entire engine, was [irst tried. At this point, some of the
cylinder temperatures proved to be much too high. Afler several modifications to the cool-
ing air inlet and exit forms, and the use of internal guide vanes or baffles, we finally
obtained satisfactory cooling with a complete cowling.

24, Weick and Hansen, From the Ground Up, p. 60.

25, Ibid., pp. 60-61.

26.  See Quest for Performance: The Evolution of Modern Aircraft (Washington, DC: NASA SP-468, 1985), by
Laurence K. Loftin, Jr. Loftin was an aeronautical engineer who worked at Langley from 1944 until his retire-
ment from NASA in 1971. Much of my analysis of the four stages of Langley’s cowling work that follows in this
essay is based on Weick’s autobiographical account. See also “The N.A.C.A. Cowling,” Aviation 25 (November 17,
1928): 1556-57 and 1586-90, by Fred E. Weick; and “Notes on the Design of the N.A.C.A. Cowling,” Awviation 27
(September 21, 1929): 636-38, by William H. McAvoy.
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Donald H. Wood, a 1920 graduate in mechanical engineering from Rensselaer
Polytechnic Institute who had been working at Langley since 1924, was in charge of the
actual operation of the testing, and the first of these modifications was made while Weick
was away on a vacation. When Weick returned to work, it was obvious to him that “the boys
were on to something, and from that time on we all worked very hard on the program.”™

The airplane that the engineers worked with in the PRT was a Wright Apache, a small
airplane, which was equipped with a J-5 Whirlwind air-cooled engine. They measured the
cooling effectiveness of each of the ten cowlings, investigating their different effects on
propulsive efficiency. Each experimental shape underwent numerous, systematically
planned variations. With the help of Elliott G. Reid (a 1923 master’s graduate in aeronau-
tical engineering from the University of Michigan), the head of Langley’s atmospheric
wind tunnel (“NACA No. 17) who had been studying the effects of Handley-Page wing slots,
Weick designed a cowl that brought outside air in and around the engine via a slot at the
center of the nose. The potential of a complete cowl then began to look more enticing.
The researchers had to modify the cooling air inlet several times, and install guide vanes
or baffles to control the air in its passage for a more efficient heat transfer. They also had
to design an exit slot that released the air at a slightly higher velocity and lower pressure
than it entered the cowling with, but they finally obtained satisfactory cooling with a com-
plete cowl, which they called “No. 10.” This cowling covered the engine entirely and used
slots and baffles to direct air over the hottest portions of the cylinders and crankcase.

To everyone’s surprise, the No. 10 cowling reduced drag by a factor of almost three. As
Weick remembered, “The results of this first portion of cowling tests were so remarkable that
we decided to make them known to industry at once. In November 1928, I wrote up Technical
Note 301, ‘Drag and Cooling with Various Forms of Cowling for a Whirlwind Engine in a Cabin
Fuselage,” which the NACA published immediately.” The summary of the report was as follows:

The National Advisory Commiltee for Aeronautics has undertaken an investigation in
the 20-foot Propeller Research Tunnel at Langley Field on the cowling of radial air-
cooled engines. A portion of the investigation has been completed in which several fmms
and degrees of cowling were tested on a Wright Whirlwind |-5 engine mounted in the
nose of a cabin fuselage. The cowlings varied from the one extreme of an entively exposed
engine lo the other in which the engine was entirely enclosed. Cooling tests were made
and each cowling modified if necessary until the engine cooled approximately as satis-
Jactorily as when il was entively exposed. Drag tests were then made with each form of
cowling and the effect of the cowling on the propulsive efficiency determined with a
metal propeller. The propulsive efficiency was found to be practically the same with all
Sforms of cowling. The drag of the cabin fuselage with uncowled engine was found to be
more than three times as great as the drag of the fuselage with the engine removed and
nose rounded. The conventional forms of cowling in which at least the tops of the ecylin-
der heads and valve gear are exposed, reduced the drag somewhal, but the cowling
entirely covering the engine reduced it 2.6 limes as much as the best conventional one.
The decrease in drag due to the use of spinners proved to be almost negligible.

In concluding the summary, Weick argued that use of the form completely covering the
engine was “entirely practical” under service conditions, but warned that “it must be care-
fully designed to cool properly.”*In conjunction with the appearance of this report, the

27.  Weick and Hansen, From the Ground Up, p. 66.

28, NACA Technical Note 501, quoted in Weick and Hansen, From the Ground Up, p. 66. See also Weick's,
“Drag and Cooling with Various Forms of Cowling for a ‘Whirlwind' Radial Air-Cooled Engine, 1,” NACA TR 313,
1929, and “I1," TR 314, 1929.
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NACA’s Washington office announced to the press that aircraft manufacturers could
install the NACA’s low-drag cowling as an airplane’s standard equipment for about $25
and that the possible annual savings from industry’s use of the invention was in excess of
$5 million—more than the total of all NACA appropriations through 1928.*

With the initial round of wind tunnel investigations completed, Langley borrowed a
Curtiss Hawk AT-5A airplane from the Army Air Service, that was already fitted with a
Wright Whirlwind J-5 engine, and applied cowling No. 10 for flight research. “These tests
showed that the airplane’s speed increased from 118 to 137 miles per hour with the new
cowling, an increase of nineteen MPH,” Weick wrote in his autobiography. “The results of
the instrumented flight tests had a little scatter, and we could have been justified in claim-
ing that the increase in speed was twenty MPH instead of 19, but I wanted to be conserv-
ative. I didn’t want people to expect too much from this cowling, so we called it 19.™

Godsend

But the lid on the cowling breakthrough was about to be lifted. On February 4-5, 1929,
Frank Hawks, who was already famous for his barnstorming and stunt flying, established a
new Los Angeles to New York nonstop record (eighteen hours, thirteen minutes) flying a
Lockheed Air Express equipped with a NACA low-drag cowling that increased the aircraft’s
maximum speed from 157 to 177 miles per hour. The day after the feat, the Committee
received the following telegram:

COOLING CAREFULLY CHECKED AND OK. RECORD IMPOSSIBLE
WITHOUT NEW COWLING. ALL CREDIT DUE NACA FOR PAINSTAK-
ING AND ACCURATE RESEARCH. [signed] GERRY VULTEE. LOCKHEED
AIRCRAFT CO."

In the following months, as the NACA reported in its annual report to the President
of the United States at the end of 1929, “all the high—speed records in this country in the
past year were made with airplanes powered with radial air-cooled engines using the
N.A.C.A. type cowling.”” Amid a burst of publicity—some of it exaggerated—about the
benefits of the NACA cowling, the National Aeronautic Association announced in January
1930 that the NACA had won the Collier Trophy for the greatest achievement in American
aviation in 1929.

The NAA presented the award to the NACA at a brief ceremony on the grounds of
the White House on June 3, 1930, “before a small but distinguished gathering of aero-
nautical authorities.” President Herbert Hoover presented the trophy to Dr. Joseph S.
Ames, the NACA chairman (1927-1939). Significantly, none of the speakers said anything

29.  Regarding the NACA's public announcement of the cowling, see George W. Lewis’s, “Cowling and
Cooling of Radial Air-Cooled Engines,” transcript of speech before the Society of Automotive Engineers, Detroit,
April 10, 1929, Accession 61 A 195 (Box 25), Records of the Natonal Advisory Committee for Aeronautics,
National Archives and Records Administration, Washington, DC,

30.  Weick and Hansen's From the Ground Up, p. 67. See also Thomas Carroll, “Flight Tests of No. 10
Cowling,” in E. P. Warner and S. Paul Johnston, Aviation Handbook (New York, 1931), p. 145,

31, Telegram dated February 6, 1929, NACA Langley Correspondence Files, Code Al176-11, Langley
Central Files (LCF), NASA Langley Research Center, Hampton, VA,

32, Fifteenth Annual Report of the National Advisory Commiltee for Aeronautics, 1929 (Washington, DC: U.S.
Government Printing Office, 1930), p. 63.

33, Ihid, p. 2.



14  ENGINEERING SCIENCE AND THE DEVELOPMENT OF THE NACA LOW-DRAG ENGINE COWLING

f "'"""" ﬁ k = “.
ﬁ ﬁ m ! - S & n_:‘

=
=4
L N

D Joseph S. Ames, Divector of Research for the NACA, was awarded the Collier Traphy, in 1930, for NACA’s work developing
the low-drag cowling. President Herbert Hoover is making the award. (NASA Photo 90-4348)

to qualify the significance of the design breakthrough or to focus the attention on engi-
neering rather than on science—in fact just the opposite:

Senator Hiram Bingham, president of the National Aeronautic Association, opened the
ceremony by explaining the history and status of the Collier trophy and vead the award
citation. President Hoover, in presenting the trophy to Dr. Joseph S. Ames, chairman of
the National Advisory Commitiee for Aevonautics, commended the commiltee on the sci-
entific [author’s emphasis] research which had developed the cowling. Doctor Ames,
in accepting the trophy on behalf of the committee, said in part: “A scientist veceives his
reward from his own work in believing that he has added to human knowledge; but he
is always gralified when his work is recognized as good by those competent to judge.”

One would hope that Ames, an accomplished physics professor at (and later president of)
the Johns Hopkins University, understood that the NACA cowling was producing solid,
but not fantastic, results and that there was no magic in the tin shape. As a member of the
NACA Main Committee since the NACA's establishment in 1915, he certainly should have

34, Ihid, p. 3.
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known enough about the research process at Langley to appreciate the systematic character
of the lahora[ory work that made the breakthrough possible. He should also have known that
the genuine achievement of the NACA cowling was part of an experimental process more
natural to engineering than to any of the sciences per se; that the cowling certainly was not
the product of inspired genius; and that there was still a lot of work to be done to make any
great use of it, mostly by industry. But if Dr. Ames knew these things, he did not announce
them at the White House; and why should he have done so? The NACA was still a fledgling
agency uncertain of its political support; Wall Street had just crashed months before; and the
Hoover administration’s support for on-going aeronautical research and development
(R&D) was so tenuous that the NACA was going to need all the boosterism it could get just
to survive. (In December 1932, as part of his plan to reduce expenditures and increase effi-
ciency in government by eliminating or consolidating unnecessary or overlapping Federal
offices, Hoover signed an executive order to abolish the NACA—something that he had
recommended doing in the mid-1920s when serving as secretary of commerce. The election
of Franklin D. Roosevelt cancelled President Hoover’s mergers and left the NACA intact.)”

The 1929 Collier Trophy thus seemed a godsend to the NACA; certainly Ames and the
other leaders of the NACA saw it that way. (It is more than coincidental that John F
Victory, the executive secretary of the NACA, was serving as treasurer of the National
Aeronautic Association in the year that the NACA first won the Collier. No NACA official
had served on the NAA executive committee before 1929.) The pleasant recognition not
only justified the funding levels the NACA had gotten in 1929 and 1930—$836,700 and
$1.3 million, respectively, which seems modest but was in fact nearly $300,000 more than
it had ever received—but was also timely support for the NACA’s request for more money
(the FY 1931 appropriation would turn out to be $1.36 million) to continue construction
of a large, new, full-scale wind tunnel at Langley, one even larger than the PRT. It was not
the time to be dirtying the water with complex lhoughl“. about the authentic nature of
engineering breakthroughs; rather, it was the time to give the aviation public what it want-
ed. Great science. Heroic thoughts to match the feat of Lindbergh. Magical technology.
Tin shapes that produced miraculous results. That is the sort of “right stuff” that “flew”
with the aviation public in the 1930s, as it still does today. The “honest stuff” about the
details of the NACA research program was too down-to-earth and technically complicat-
ed. Better just to call all of your achievements “science.”

After all, in 1930, no one yet was absolutely sure whether the NACA was an organiza-
tion for science or for engineering. Congress had created the NACA in 1915 “to supervise
and direct the scientific and technical problems of flight with a view to their practical solu-
tion.” The leaders of America’s embryonic aviation establishment, however, had been in
sharp disagreement over how to interpret this mandate. Some had felt that the NACA
should remain small and continue to serve as merely an advisory body, devoted to pure
scientific research. (With qualifications, Dr. Ames had tended to support this view.)
Others had argued that the NACA should grow larger and combine basic research with
engineering and technology development. This second group, led by the NACA’s ambi-
tious director of research George Lewis (M.S. in mechanical engineering, Cornell
University, 1910), wanted the NACA to attack the most pressing problems obstructing the
immediate progress of American aviation, particularly those that were vexing the fledgling
military air services and aircraft manufacturing and operating industries.”

35, Hansen, Engineer in Charge, p. 145,

36.  The full text of the law establishing the NACA in 1915 (Public Law 271, 63rd Congress, approved
March 3, 1915) is reprinted in Engineer in Charge, p. 399, appendix A.

37, James R. Hansen, “George W. Lewis and the M'magemcn[ of Aeronautical Research,” in William M. Leary,
ed., Aviation’s Golden Age: Portraits from the 19205 and 19305 (lowa City, IA: University of lowa Press, 1989), pp. 93-112.
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Under Lewis's careful direction (he served as director of research from 1919 to 1947),
the NACA moved slowly but surely along the second course. By the mid-1920s, engineers,
not scientists, were in charge at Langley, and the keystone of the NACA’s charter rested
securely in their notion of “practical solutions.” Over the next twenty years, the NACA
conducted research into basic aerodynamic, structural, and propulsion problems whose
solutions led to the design of safer, faster, higher-flying, and generally more versatile and
dependable aircraft. With these aircraft, the United States became a world power in
commercial aviation and Allied victory in World War II was assured. In the opinion of
many experts, the NACA did “at least as much for aeronautical progress as any organiza-
tion in the world.”

Engineering or Science?

Much of the credit for this impressive record rests with the NACA's engineering
approach to the technological problems. Scientific principles undergirded aeronauti-
cal development, of course, and basic discoveries in the physics of airflows definitely
played a major role in focusing the effort. But it was engineering research and devel-
opmem that really bzoughl the progress. When Langley Idhorat()ry started ﬂ]ghl
testing in 1919 (the first LMAL wind tunnel did not be gln operating until June 1920),
frail wooden biplanes covered with fabric, braced by wires, powered by heavy water-
cooled engines, and driven by hand-carved wooden propellers still ruled the airways.
The principles of aeronautical engineering had yet to be fully discovered, and only a
few programs at major schools like MIT and the University of Michigan existed to find
them and teach them to students. The design of aircraft remained a largely intuitive
and empirical practice requiring bold speculation and daring, in both a financial and
technological sense.

In terms of engineering, there were still a number of bothersome and potentially
dangerous unknowns. As evidenced in the question asked of the NACA at the 1926 con-
ference, no one knew for sure how to reduce engine drag without degrading cooling.
But there were so many of these questions still needing to be asked. No one knew with
certainty how to shape wings to increase lift or to diminish the effects of turbulence.
No one knew how and when flaps, ailerons, and other control surfaces worked best. No
one knew if it was even worthwhile to retract landing gears (according to various pun-
dits, the added weight and complexity of a retractable undercarriage would not be
worth the saving in air resistance). Substantial increases in aerodynamic efficiency
might follow on the heels of correct answers to just a few of these technical concerns,
but no one knew exactly how, or even whether to try, to get at them.

It was, therefore, unfortunate—and 1.rcmend(1usly misleading to the aviation
public—for Dr. Ames, at the White House ceremony, to commend the NACA on the
*scientific research which had developed the cowling,” for it was not science, but engi-
neering—and not scientists, but engineers like Fred Weick and his PRT team—who
actually deserved the credit. Engineering deserved the credit not only for the NACA
cowling but for most of the design revolution then beginning to take place in
American aeronautics. Ames’s acceptance speech was thus like congratulating the
Wright brothers for being scientists rather than engineers, thereby missing the essen-
tial points of what 1hey had actually achieved and how lh{:y achieved it. Of course, the
Wrights had been portrayed all too often as scientists. In this sense, Ames’s attribution

38.  C.G. Gray, “Dr. G. W. Lewis,” The Aeroplane, August 27, 1948,
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for the cowling was in keeping with the American tradition of co-opting engineering
achievements for science.

The failure to distinguish between scientific and engineering achievement haunted the
NACA throughout its history, but never more so than in the early 1930s. The most outspoken
critic of the NACA at that time, Frank Tichenor, the editor of the journal Aero Digest, misla-
beled the NACA cowling “a development rather than an original work” and misjudged it as
being far less effective than the Townend ring, a rival cowling concept d(,w.:lopcd simultane-
ously by Hubert C. Townend at the British National Physical Laboratory.” Tichener did so
largely because he took the NACA at its own words about being a scientific organization and
because he failed to appreciate that aviation progress during the era really depended on engi-
neering being in charge, as it was at Langley laboratory, not science. In his regular monthly
column, “Air—Hot and Otherwise,” Tichenor attacked the NACA in late 1930 and early 1931.
In the February 1931 issue, he stated the gist of his criticism:

In these columns in December, I reviewed the conditions prevailing in the National
Advisory Commiliee for Aeronautics which prevent il from functioning in a manner use-
ful to the best interests of the industry it purports to serve. . . . The importance of a wise
and honest expenditure of public funds appropriated specifically for scientific [author’s
emphasis] research and not for a cheap substitute for i, is generally recognized.

In his column, subtitled “The NACA Counters,” Tichenor then took on a “defender of
NACA management,” Dr. Edward P. Warner, editor of the rival trade journal Aviation and
a long-time member of the NACA’s Committee on Aerodynamics and Committee on
Materials for Aircraft (Warner had served temporarily in 1920 as Langley laboratory’s
chief physicist), who had prepared a response to Tichenor’s December 1930 column “Why
the NACA?"™" In his editorial response, published in Awation in January 1931, Warner
“skirted the definition of 'scientific research™" and by inference, seemed to concede (as
Langley chief of aerodynamics Elton W. Miller also did in an unpublished response he
prepared for the NACA Washington Office, which Warner received before writing his own

39. Frank Tichenor, "Air—Hot and Otherwise,” Aero Digest (February 1931): 24. The history of the
NACA cowlingTownend ring rivalry has yet to be written. In the beginning, neither the British NPL nor the
American NACA appear to have been aware of the other’s cowling work. The NPL published the results of its
ring research just before the NACA's cowling reports appeared. To impress American manufacturers with the
value of its cowling, the NACA did place its design into competition with the Townend ring. George Lewis told
Glenn L. Martin, for example, that Martin's B-10 bomber would not only fly significantly faster than its present
maximum speed of 195 miles per hour, but would also land slower and more safely, if the engine’s Townend ring
were replaced by the NACA No. 10 cowl, Pratt & Whitney, the builder of the engine for the airplane, was con-
tractually committed to using the ring. Martin eventually adopted the NACA cowling for the B-10, increasing the
airplane’s maximum speed by 30 MPH to 225 and also reducing its landing speed significantly. In 1933 and 1934,
the army purchased more than 100 B-10s, rescuing Martin from the worst of the Depression. What the cowling
did for the B-10's performance may well have been why Martin won the production contract and why Boeing's
B-9, in competition with the Martin aircraft, lost. The B-9 used the Townend ring. See Lloyd S. Jones, LS.
Bombers, 1928 1o 19805, 3rd ed. (Falbrook, CA: Aero Books, 1981), pp. 30-32. The overall competitive situation
fed the fire of the transatlantic dispute and resulted in a long series of patent suits. For NACA Langley’s reaction
to, and role in, the patent dispute, see Elton W, Miller to LMAL engineer-in-charge, “Criticism of Committee's
Attitude with Reference to Townend Ring Cowling,” March 3, 1931, File A176-11, LCF; George W, Lewis to
LMAL, "NACA Cowling and Claim of Townend Patent,” August 12, 1931, ibid.; "Report of Meeting between
Representatives of NACA and of the Army and Navy to Discuss the Cowling Patent Situation,” June 21, 1932, ibid.
On the Townend ring specifically, see H. C. H. Townend, “The Townend Ring,” Journal of the Royal Aeronautical
Society 34 (October 1930): 813-48. For a contemporary analysis of cowling development, see |. D. North, "Engine
Cowling,” fournal of the Royal Aeronautical Society 38 (July 1934): 566-612.

40.  Tichenor, “Why the NACA,” Aero Digest (December 1930): 47ff; “The N.A.C.A. Counters,” Aero Digest,
January 1931, pp. 50ff; Edward P. Warner, editorial, Aviation 30 {January 1931): 3-4.
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rejoinder)™ that very little NACA work “could be classified as fundamental, according to
general acceptance of the term.” Still, the NACA research program was scientific, as it
involved (in Miller’s words) “accumulated and accepted knowledge, systematized and for-
mulated with reference to the discovery of general truths on the operation of general laws.”
Like Miller, Warner argued that Tichenor was looking at aeronautical R&D at Langley lab-
oratory (a place Tichenor apparently had never visited) in the wrong way: just because
research at Langley had a practical object, it did not mean that it was not scientific.*

But Tichenor did not grasp the point, largely because he saw an all-too-dramatic
dropoff from science to whatever else came, in his view, below it. (NACA leaders believed
that Tichenor’s anti-NACA columns were in fact being fueled—and perhaps even drafted—
by Aero Digest consultant, Dr. Max Munk, the eccentric German aerodynamicist who had
conceptualized the VDT and PRT at Langley but who had been forced to resign as LMAL
chief of aerodynamics in early 1927 after a revolt of all the sections heads in the aerody-
namics division against his autocratic style of supervision. Elton Miller was Munk’s succes-
sor and had played a major part in the revolt.)" If it was not science at the NACA, then
for the Aero f)xqe’it editor (and for the disgruntled Dr. Munk, who really should have known
better), it was “a cheap substitute.” There was nothing in between, and certainly nothing
on par, with science.

Thus, Tichenor took Warner’s response—which did not make a terribly clear case for
the requirements of an engineering approach to basic applied research but tried instead
only to claim the values of science for the NACA—and he turned them against the gov-
ernment organization. (Warner had earned a master’s degree in physics at MIT in 1919
and, following his brief hiatus at LMAL, taught in the school’s pioneering aeronautical
engineering program into the mid-1920s, when he became a consultant in Washington,
DC, to the President’s Aircraft Board, better known as the Morrow Board, after its chair-
man Dwight Morrow.)* Responding to Warner, Tichenor wrote:

It almost looks as though the defender of the N.A.C.A. management in his own heart
agrees with us; and although he finds it expedient to depreciate our criticism, he writes
as though he himself would like to see reform effected. He does not call attention to one
successful research, nor one scientific advancement which can be credited to the
N.A.CA. ... Nor does he suggest that such advances can be expected in the future.
Our fm‘ncéﬁa! criticism, the absence of scientific research, is tacitly admitted. Such
research, he contends, is the proper sphere of universities, not of the N.A.C.A.

Tichenor bolstered his case with references to the NACA’s own language, its own execu-
tive policy decisions, and to the NACA charter itself:

Now, we have not, merely as the resull of our own judgment, specified scientific research
as the task of the NA.C.A.; we quoted this as the NACA’s task from the Committee’s
own annual reports. The defender of the N.A.C.A. cannot logically ignore this point
altogether, as he does, for it is the most important consideration, the keynote of the

42, As Roland points out in Model Research (1:356, n. 18), Elton W. Miller's comments appeared in a
19 December 1930 memorandum to LMAL engineerin-charge Henry Reid, who then forwarded it to George Lewis
in the NACA Washington office as "Comments on the Article in the December 1930 Issue of Aero Digest, Entitled
‘Why the NA.CA?" dated January 2, 1931, Accession 55 A 312, Records of the NACA, National Archives.

43, Elton W, Miller memorandum, December 19, 1930, cited in ihid.

44.  See Roland, Model Research, 1:132-35.

45, On E.P. Warner’s career in aeronautics, see Roger E. Bilstein, “Edward Pearson Warner and the New
Air Age,” in Leary, ed., Aviation’s Golden Age, pp. 113-26.
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N.A.CAs shortcomings. This is not a question of opinion only, rather, it is far more
a question of keeping faith, of loyalty to duties defined by the supervising body of the
N.A.C.A. The policy of conducting scientific research was adopted ten years ago by the
presiding [Main] Commitiee, made up of the foremost experts of the country. In all
annual reports since then, it has been recorded as the accepted policy of this body. It has
been pleaded for in hearings before Congressional committees. It has formed the basis

Jor public approfriations.

Tichenor then asked the key question, one much more insightful than the Aero Digest
editor ever realized at the time: “Does the defender of the N.A.C.A. mean to imply that
there is one policy for obtaining appropriations and for general advertising and public-
ity purposes and quite another one for the actual service and activity within the walls of
the N.ALC A7

The answer, honestly, was, yes; there were two practices, if not policies. Not that the
NACA was consciously involved in any deception; it was just that the NACA as an organiza-
tion was not yet self-conscious enough in 1930 about the value of engineering at its
research laboratory to extricate itselt from the public relations dilemma. The American
people expected scientific achievement and did not really understand engineering. The
NACA charter said it was the job of the NACA “to supervise and direct the scientific study
of the problems of flight with a view to their practical solution;” Tichenor thus thought he
was calling the NACA to task when he asked, “If money is appropriated for scientific
research, can we consider it of no consequence that those funds are spent for something
else?”; while Warner thought the NACA research staff was doing exactly what it was sup-
posed to do in seeking practical solutions, no matter exactly what one called it. In
Tichenor’s purist opinion, “Either there is scientific research or there is not,” and Congress
in 1915 had “decreed that the N.A.C.A. should conduct scientific research.” In the NACA's
more utilitarian view, “Research need not necessarily be aimless to be scientific.””

The two sides were talking past one another. What Tichenor needed to understand,
and what the NACA itself needed to grasp more fully and communicate far better and
more often to the aviation public, was that a methodologically sophisticated approach to
solving technological problems, later to be called engineering science, was developing in the
American engineering profession in the first decades of the twentieth century—and that
it, not pure science, held the key to unlocking aviation progress and igniting the airplane
design revolution of the 1930s. The fact that engineering had come to dominate the char-
acter of the work at NACA Langley was not something to bemoan and condemn, as
Tichenor was doing; it was something to praise, explain, and fully eproiL

Because Tichenor did not understand the many advantages of engineering science,
he dismissed the NACA cowling work as cut-and-try deve lopment. With the actual inven-
tion of the cowling, the editor charged, “the N A.CA. had nothing whatsoever to do.”
Nevertheless, according to Tichenor, the NACA was claiming that, “had it not been for the
NACA,” the industry would not be adopting it. He wrote:

The industry is alleged io be so timid that the information about improvements avail-
able is not sufficient to induce it to adopt them; the industry needs the guiding hand of
the NA.C.A.; the industry does not trust and has no confidence in ils own speed tests
made by its own pilots. The implication is that, instead, it waits until the N.A.C.A.

46.  Tichenor, “The N.A.C.A. Counters,” p. 50.

47, lhd., pp. 50 and 122; Elton W. Miller memorandum 1o LMAL engineerin-charge, auached 1o
“Comments on the Article in the December 1930 Issue of Aemo Digest, Entitled ‘Why the NAACA.?," dated
January 2, 1931, Accession 55 A 312, National Archives.
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measures in pounds and ounces the diminishment of the drag in consequence of some
imprrovement and then compules the increase in the speed. The indusiry, it is seriously
alleged, has more confidence in such computed speed gain than in speed directly
observed. How grotesque! We really have cause to admire the courage of one who
advances such opinions.”

Edward P. Warner, in turn, reassured the NACA privately that Tichenor’s indictment
was without force in the aircraft industry. On January 5, 1931 he wrote to George Lewis:
“One thing you never need to worry about in any year is the worth-whileness of
the work that you are guiding. I have never overheard so much comment on anything
that appeared in Aero Digest as on Frank Tichenor’s attack on the Committee, and the
comment has been about ninety-eight percent unfavorable—and I have already been
receiving congratulations.”™

By the time this debate broke out, NACA Langley's cowling program had already
evolved into a distinct second stage, one still rooted in the engineering approach to solv-
ing the outstanding technological problems. In Fred Weick’s formulation, “The second
part of the cowling program covered tests with several forms of cowling, including indi-
vidual fairings behind and individual hoods over the cylinders, and a smaller version of
the new complete cowling, all mounted in a smaller, open-cockpit fuselage. We also per-
formed drag tests with a conventional engine nacelle and with a nacelle having the new
complete design.” Though the individual fairings and hoods proved ineffective in reduc-
ing drag, Weick and his colleagues found that the reduction with the complete cowling
over that with the conventional cowling was in fact over twice as great as with the larger
cabin fuselage. Data from the Curtiss Hawk AT-5A flight tests confirmed this conclusion.”

In early 1929, Langley’s flight research division mounted NACA low-drag cowlings on
the engines of a Fokker trimotor. Although Weick did not supervise these tests, he fol-
lowed their results closely.

The comparative speed trials proved extremely disappointing. Separate tests on the indi-
vidual nacelles showed that cowling the Fokker’s nose engine gave approximaltely the
imprroved performance we expected. Cowling the wing nacelles, however, gave no improve-
ment in performance at all. This was strange, because the wind-tunnel tests had already
demonstrated convincingly that one could obtain much greater improvement with a
cowled nacelle than with a cowled engine in front of a large fuselage. Some of us started
to wonder how the position of the nacelle with vespect to the wing might affect drag.”

This was a critical design issue, especially for multi-engine aircraft, as big commercial and
military aircraft were bound to be. In the case of the Fokker (as well as the Ford) trimo-
tor, the original design location of the wing engines was slightly below the surface of the
wing. As the air flowed back between the wing and nacelle, and the distance between them
increased toward the rear of the nacelle, the expansion required was too great for the air
to flow over the contour smoothly. The LMAL flight research group, in association with
the PRT team, tried fairing-in this space, but achieved only a small improvement.”
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Nevertheless, the lab’s systematic, empirical approach soon yielded its dividend. With
the help of his assistants, Weick laid out a series of model tests in the PRT with
NACA-cowled nacelles placed in twenty-one different positions with respect to the wing
above it, below it, and within its leading edge. “Where it appeared pertinent, extra fairing
was put between them,” Weick recalled.” The resulting data on the effect of the nacelle
on the lift, drag, and propulsive efficiency of the big Fokker trimotor made it clear that the
optimum location of the nacelle was directly in line with the wing, and with the propeller
fairly well ahead. Although their primary emphasis was on drag and improved cooling, the
tests at Langley also confirmed that a cowling No. 10 of the radial engine, if situated in the
optimum position, could in some cases actually increase the lift of the airplane’s wing.”
“Without the complete cowling,” Weick and the others learned, “the radial engine in this
position spoiled the maximum-lift coefficient of the wing. With the cowling, and the
smooth airflow that resulted from it, the maximum-lift coefficient was actually increased.”
In transmitting this important information confidentially to the army, navy, and industry,
the NACA helped build a several-months lead for American aircraft designers over rival
European companies. After 1932, nearly all American transport and bombing airplanes—
including the Douglas DC-3, Boeing B-17, and many other famous aircraft of the era that
followed—employed radial wing-mounted engines with the NACA-cowled nacelles located
approximately in what Weick and his associates had identified as the optimum position.

Weick and his colleagues remained extremely proud of this contribution for the rest of
their lives. In his autobiography, Fred wrote: “This combination, according to some histo-
rians, was one of the important advances that enabled airliners to become financially self-
supporting, that is, without the need for government subsidy.™ As such, it fulfilled the
NACA’s public mandate, put another feather in the cap of the still fledgling government
research organization, and demonstrated again, for better reasons than even the original
ones, that the NACA’s winning of the Collier Trophy in 1929 was well deserved.

The cowling was winning so much respect in the late 1920s and early 1930s that the
NACA came to identify itself more and more with the systematic experimental approach
that had been the basis of the successful cowling research. In 1930, the head of the
Langley aerodynamics division, Elton W. Miller (B.S. in mechanical engineering from
George Washmgton University, class of '08) reported to engineer-in-charge Henry J. E.
Rezd (B.S. in electrical engineering from Worcester Polytechnic Institute, class of '19) that

“an effort is being made throughout the Laboratory to conduct every investigation in as
thorough and systematic a manner” as the cowling program.” The following year, George
Lewis told Reid to hang, in his office or along the corridor of the LMAL administration
building, a copy of the following quotation from a speech by President Hoover in praise
of Thomas Edison:

Scientific discovery and its practical applications are the products of long and arduous
research. Discovery and invention do not spring full-blown from the brains of men. The
labor of a host of men, great laboratories, long, patient, scientific experiments build up
the structure of knowledge, not stone by stone, but particle by particle. This adding of
Jact to fact some day brings forth a revolutionary discovery, an illuminating hypothe-
sis, a greal generalization of practical invention.”

54.  Ihid.

55.  Donald H. Wood, “Tests of Nacelle-Propeller Combinations in Various Positions with References to
Wings, I—Thick Wing—NACA Cowled Nacelle—Tractor Propeller,” TR 436, 1932,

56.  Weick and Hansen, From the Ground Up, pp. 72-73.

57, b, p. 73.
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Although this quotation fell short of the whole truth about how progress was made in sci-
ence and technology, it was closer to the realities of the cowling achievement than was the
myth of heroic invention; Lewis’s request for it to be displayed at Langley indicates that
some NACA leaders certainly possessed a more mature understanding of the nature of
technological change than they were willing to grant for, or explain to, the public at large.
Clearly the pattern of work behind the cowling—the NACA’s greatest public success to
date—contributed to a clearer sense of institutional identity and mission, even if the
agency as a whole was not doing much to enhance the public’s understanding of the tech-
nological process at work.

Experimental Impasse

However, given what was to take place during the third stage of cowling research at
Langley, from 1931 to 1934, one cannot be too sure even whether this clearer identity for
the NACA was an altogether good thing—that is, whether Langley’s confidence in sys-
tematic parameter variation would continue to signify technological momentum or turn
into technological inertia.

A distinct third stage of cowling research began at Langley when many more aircraft
manufacturers decided to adopt the NACA design as standard high-performance equip-
ment. A few companies did rather well with their applications of the NACA No. 10 cowl-
ing, especially those that put a series of adjustable flaps around the circumference of the
metal jacket in the hope of better regulating the release of used air. (Those that tried to
encourage more cooling flow by employing larger exit openings failed, however, some-
times to the point of nullifying the external drag advantage.) With the development of
twin-row engines such as the Pratt & Whitney R-1830 of 1933-34—with one row of cylin-
ders behind the other—whole new problems arose.® This situation challenged Langley to
obtain more trustworthy data on the general aerodynamic properties of the proven NACA
design. Practical results had been obtained from experimental parameter variation, and
they had been used profitably. Now it was time for a clearer understanding of them, so
that still more results could eventually be achieved.

Three major branches of the laboratory became involved in the ambitious program.
The power plants division worked to improve the efficiency of radial-engine cooling by
varying such engine parameters as pitch, width, thickness, and shape of the fins. The
7 x 10-foot wind tunnel section, using small models, sought the best possible cowling
arrangement for necessary cooling with minimum drag by streamlining the front and rear
openings, changing the size of the nacelle, and altering the camber of the cowling’s lead-
ing edge. The PRT team was then to verify the results of the tests made by the other two
groups. Full scale propeller-cowling-nacelle units were to be tested under conditions of
taxiing, takeoff, and level flight.” Don Wood was now the head of the PRT section. In April
1929, Fred Weick took a position with the Hamilton Aero Manufacturing Company in

60. John V. Becker, The High—Speed Frontier: Case Studies of Four NACA Programs, 1920-1950 (Washington,
DC: NASA SP-445, 1980), pp. 140-41.

61.  Nineteenth Annual Report of the National Advisory Committee for Aeronautics (Washington, DC: ULS.
Government Printing Office, 1934), p. 10; Arnold E. Biermann and Benjamin Pinkel, "Heat Transfer from
Finned Metal Cylinders in an Air Swream,” TR 488, 1934; Donald H. Wood, “Tests of Nacelle-Propeller
Combinations in Various Positions with Reference to Wings, IIl—Thick Wing—Various Radial-Engine Cowlings—
Tractor Propeller,” TR 436, 1932; ibid., “I1l—Clark Y Wing—Various Radial-Engine Cowlings—Tractor
Propeller,” TR 462, 1933; James G. McHugh, ibid., “IV—Thick Wings—Various Radial-Engine Cowlings—
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Milwaukee, Wisconsin, a subsidiary of the United Aircraft and Transport Corporation. He
returned to Langley in less than a year as assistant chief of the LMAL aerodynamics divi-
sion, a position from which he could work with any of the wind tunnels as well as the flight
section. In this capacity, Weick stayed in touch with the cowling program but it did not
monopolize his time and energies as before.”

Though the first two parts of the program advanced without much difficulty, the PRT
tests under Don Wood—the final and most important part—ran into major problems
soon after starting in 1933: the 100-mile-per-hour tunnel could simulate only the climb
speeds of the cowled engine being used (a borrowed Pratt & Whitney Wasp); the obso-
lete shell-type baffles employed to deflect cooling air toward the hottest parts of the
engine were too loose for the NACA researchers to work with effectively;™ and, more
importantly, certain anomalies that no one at the lab could explain plagued the cowling
drag measurements. Together these problems contributed to a growing “maze of con-
tradictory data” about cowlings. Despite five years of NACA experimentation and three
years of general industrial flight test experience, American aeronautical engineers felt a
“general suspicion” that there was “something mysterious or unpredictable determining
the efficiency of engine cowling.™

To move beyond this experimental impasse, Langley’s cowling research needed some
analytical help. It was eventually provided by the head of the laboratory’s small Physical
Research Division, Theodore Theodorsen (Dr. Ing., Universitetet | Trondheim, '22). A
Norwegian-born engineer-physicist with a trigger mind and tremendous power of con-
centration, Dr. Theodorsen had already seen, in Langley’s pattern of airfoil testing in the
variable-density tunnel (VDT), the need for experimental routine to be fertilized with a
stronger dose of theory. In the curious introduction to his seminal 1931 report on the
“Theory of Wing Sections of Arbitrary Shape”—curious at least in an NACA report for stat-
ing a bold personal opinion and implicitly taking part of the parent organization to task—
Theodorsen had asserted that

a science can de'vefop on a purely empirical basis for only a certain time. Theory is a
process of systematic arrangement and simplification of known facts. As long as the
Jfacts are few and obvious no theory is necessary, but when they become many and less
simple theory is needed. Although the experimenting ilself may require little effort, it is,
however, often exceedingly difficult to analyse the vesults of even simple experiments.
There exists, therefore, always a tendency to produce more test results than can be digest-
ed by theory or applied by industry.

What Theodorsen believed the NACA needed in order for it to move beyond the impasse
now blocking the progress of its experimental cowling program was more attention to
the “pencil-and-paper” work that could lead to a complete mathematical and physical
understanding of the basic internal and external aerodynamics of the different cowling

62, Weick and Hansen, From the Ground Up, pp. 85-114.
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shapes.” And what this meant in terms of the history of Langley’s method of cowling
research was a turning away from experimental parameter variation, and toward that dis-
tant goal of complex understanding.

Theodorsen first perceived new cream to be skimmed off the top of the old cowling
and cooling investigation while serving on the LMAL editorial committee that reviewed
the draft report on the tests of the fullscale propeller-cowling-nacelle units in the PRT.
After pointing to the blunt afterbody of the nacelle as the probable source of the anom-
alies that had been observed in the drag data, he suggested to his colleagues that the
stalled cowling program could be completed as planned (and his resolution of the drag
anomalies verified) by a new, more comprehensive and analytical full-scale investigation.
Its aim, underscored Theodorsen, would be both to improve basic understanding of the
obscure cooling mechanisms of the cowled engine and to put the understanding of the
relationship between internal flow and drag on a more rational basis. The provocative sug-
gestion was adopted; engineer-in-charge Henry Reid transferred most of the cowling work
and many of its key personnel to Theodorsen’s division.™

The PRT team had previously focused almost entirely on the net effect of the cowling
on drag and engine temperatures. What Theodorsen now proposed was to investigate the
fundamental flow involved. In part, the approach of Theodorsen’s new cowling research
team still followed that of experimental variation. The Wasp engine having proved inade-
quate as part of the test bed, they built a full-scale wind tunnel model with a dummy
engine, which had one cylinder heated electrically. Numerous combinations of more than
a dozen nose shapes, about a dozen skirts, six propellers, two sizes of nacelles, and various
spinners were tested. But hoping to produce a detailed handbook by which designers
could better understand the actual functioning of the NACA cowl, they also included
extensive measurements of pressure in both the external and internal flows.

Langley’s revised cowling program thus remained primarily experimental, but it now
also allowed quantitative analysis and computation of these flow pressures. This quanti-
tative analysis, which had been lacking in the PRT’s previous work, eventually produced
some new NACA cowling designs, but more importantly it provided solid answers to vir-
tually all the remaining questions about the fundamental principles of the cowling and
cooling of radial engines.” It demonstrated conclusively that the early NACA designs had
been “quite haphazard and often aerodynamically poor,” and had cooled the engine suc-
cessfully only by a crude excess of internal flow and internal drag—a conclusion that
engineers in the aircraft industry, notably at Vought, had already arrived at on their own,
on behalf of Pratt & Whitney and its R-1830 engine.” Designers of future cowlings, like
airfoil designers, would have to be much more sensitive to such subtleties as the ideal
angle of the cowling’s leading edge attack on the local airflow. The fourth stage of
cowling work at Langley even demonstrated as fact something that everyone had uncon-
sciously assumed to be physically impossible when the cowling research began in 1926: a
proper engine cowling could, by making the enclosed baffled engine act in essence as a
ducted radiator for cooling, lower operating temperatures more than could full expo-
sure of cylinders in the airstream. With this counterintuitive reality confirmed, the
national aeronautical establishment could now begin to focus on more specific,

65.  Theodore Theodorsen, "Theory of Wing Sections,” TR 411, printed in the NACA annual report of
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higher-speed applications of cowlings, work that would prove essential to the design of
military aircraft used by the United States and her allies in World War 11

Demystifying the Cowling

The history of the cowling research from 1926 to 1936 celebrates the victory of the
NACA'’s winning the National Aeronautic Association’s prestigious Collier Trophy for 1929,
but it illustrates a more fundamental point about applied basic research. No matter how prac-
tical or otherwise advantageous any one research method may be, it always has some
disadvantages. Systematic parameter variation had enabled the researchers at Langley to
delineate a cowling that significantly reduced the drag of a radial engine without degrading
its cooling, but because initial success came rather quickly and easily, they did not have to
understand exactly why the cowling worked. When questions and doubts arose, and data
seemed contradictory and mysterious, the original empirical method was unable to proceed.
Only then did Theodorsen design the research program whose goal was an understanding
that went far beyond the mere collection of overall performance data on a variety of promis-
ing but arbitrary shapes. The cowlings that resulted from the Theodorsen program did not
beat the earlier shapes as regards external drag (which is only a weak function of cowl shape),
but with the tight baffles, small exit areas, and low internal drag made possible by the NACA’s
new criteria of understanding, the total drag of Theodorsen’s shapes was dramatically less.

Three-quarters of a century after the initial cowling breaklhmugh historians of
aeronautics still tend to treat the NACA cowling as a magical piece of tin wrapped
around an engine, and they still tend to misinterpret the NACA for its failure to be
scientific. As a result, they fail not only to appreciate the systematic character of the lab-
oratory work that made the initial design breakthrough possible, but also to pick up on
the later work by Theodorsen and engineering groups in the aircraft industry that made
the important final breakthrough in understanding possible. The success of the cowling
was not due to magic. Nor was it the result of simple cutand-try or advanced theory
demonstrating its ultimate superiority over empiricism. Rather, the cowling was the
product of fruitful engineering science.

Ultimate success in research is never inevitable, however. Without the help of
Theodorsen or someone else with comparable analytical and mathematical talents, the cowl-
ing research at Langley might have remained indefinitely at the point of impasse. Much of
the responsibility for misunderstanding the true achievement of the NACA cowling program
belongs to the NACA, whose leaders and publicists of the late 1920s and early 1930s, in seek-
ing to gain respect and additional funding for the honestly meritorious operations (and
future wind-tunnel building projects) of their struggling research agency, exaggerated the
mysterious wonders of the NACA cowling and continued to stress the scientific character of
all NACA research when they should have been advancing a more utilitarian view of basic
research methodology—and of technological progress. In doing so, they condoned the mis-
casting of the cowling as a heroic invention—which, in some key respects, represented it as
something less than it was.

With its winning of the Collier Trophy for 1929, the NACA missed an excellent
opportunity to explain to the aviation public, which was growing ever larger and gener-
ally more informed during the post-Lindbergh era, what successful applied research
done by the government was really all about. Even if the NACA had provided brilliant
explanations, of course, the public might not have cared to listen. But for the general
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technological literacy of the country, it would have been worth the try. And at the very
least, the NACA would not have left itself so open to criticism from Frank Tichenor and
other critics, as well as later historians, for overselling what really did amount to one of
the most significant types of accomplishments within the NACA's capability.

The original counterintuition that won the NACA its first Collier Trophy was remark-
able enough to merit winning the award, because it laid open to public view the many
potential advantages of a low-drag engine cowling. But that strange opening idea, which
was hard enough for the public to understand, represented only the first step in a much
more complicated “learning for design” process. Beyond the conceptual breakthrough
there was much more to be done by American engineers before truly remarkable results
in aircraft performance could be achieved. The NACA’s Langley laboratory in Virginia,
where a culture of “the engineer in charge” took hold in the 1930s, still had to carry out
a rigorous experimental program and analysis. It was then up to the aircraft industry, not
the NACA itself—which, after all, was not in the business of designing aircraft—to
incorporate the cowling development into the larger revolution just taking wing in 1929,
In just a few years this revolution would lead to such advanced airplanes as the Douglas
DC-3 and Bnem;, B-17, with cantilever wings, retractable landing gear, efficiently cowled
radial engines, controllable-pitch propellers, and all-metal, stressed-skin construction.
Without its integration into this larger technological development, moving from the vari-
ous shapes of ungainly wooden biplanes to sleek metal monoplanes, the singular existence
of a low-drag NACA cowling would have been almost meaningless.

Engineering science is not easy for the layperson to understand. Partly for this reason,
back in the early 1930s, the NACA had outspoken critics. Some of the criticisms were valid.
The NACA's publicists did exaggerate the cowling’s significance and took too much cred-
it for the aircraft industry’s adoption of the cowling. They could have done a far better job
of explaining what really had been accomplished and how important it all was: that is, how
systematic research was moving things along nicely and how Langley’s Propeller Research
Tunnel, a modestly-priced and brand new public facility was already paying off in spades
by permitting a team of engineers to work in a wind tunnel with fullscale airplanes. Better
experimental equipment was leading to more comprehensive and more useful data. The
aircraft industry was benefitting from the government’s help—and was very thankful for
it. It was that simple.

This is what the NACA could have said, and perhaps should have said, to the aviation
public rather than leave most people with the impression that a magical piece of equip-
ment had been invented and that science was responsible for it. Like the engineering of
cowlings itself, which was work honestly done and honestly explained in NACA’s techni-
cal reports by talented engineers like Fred Weick, more accurate public expressions out of
the NACA’s Washington office, although requiring much more understanding from those
who both articulated and received them, could perhaps have served the cause of the
NACA better. They could have done so by explaining to the paying public how basic
applied research gets done in a laboratory setting and how painstaking research fuels
technical progress.

As hyperbole and myth, NACA statements from which people inferred a heroic inven-
tion of the cowling seem, indeed, to have had some short-term political value. But one can
wonder if such exaggerations have, in the long run, made it harder to justify public fund-
ing for slow-but-sure technological endeavors. Granted, it might have been chancy public
relations for the NACA, especially in the middle of the Great Depression, to take the high
road and distinguish its research from pure science and heroic invention; it very well



FrOM ENGINEERING SCIENCE TO BIG SCIENCE 27

could have backfired. But in historical perspective, a more honest and fully informative
approach by the NACA 1o the importance of its basic activity seems worth the risk. The
cowled engines of American airplanes probably would not have performed any better, but
the public context for government R&D may have matured a bit—and in the long run, led
to a more informed public, wiser political decisions, and more logical next steps.






Chapter 2

Lew Rodert, Epistemological Liaison,
and Thermal De-Icing at Ames

by Glenn E. Bugos

A paradox in aircraft icing research took the National Advisory Committee for
Aeronautics (NACA) further into actual aircraft design than it had ever before ventured.
To gather data on new de-icing equipment under natural icing conditions, and do so safe-
ly, NACA needed an aircraft already invulnerable to the dangers of icing. So Lewis A.
Rodert, leader of NACA icing research from 1936 to 1945, built his own de-icing system
on two aircraft—first a small Lockheed 12A and next a Curtiss C-46 transport that would
become flying laboratories for further research. “Seldom before,” wrote Edwin Hartman,
NACA's representative in southern California and Rodert’s liaison to aircraft manufactur-
ers, “had NACA'’s research work been carried so far into the hardware stage or so far in
achieving a complete and satistying solution to a major operational problem.™

Yet when Rodert received his Collier Trophy in December 1947, the practicality of his
innovation had hardly been established. As evidence of practicality, the press release
noted only that his specially-modified C-46 flew through the weather that grounded other
aircraft. Manufacturers had begun building similar de-icing systems, though few followed
Rodert’s suggestions. Still, despite the narrow practicality of Rodert’s work, he was indeed
largely responsible for getting industry off its duff. The Collier Trophy, given annually in
recognition of outstanding achievement in aeronautics, testified to the peculiar and fruit-
ful synergism of his personality with the NACA advisory committee form of research.

Rodert was a short, intense man, just forty years old when he won the award. Born in
Kansas City and raised on a farm in Kansas, Rodert studied at the Kansas City Junior College
before transferring and graduating with a Bachelor’s degree in 1930 from the University of
Minnesota.* He instructed in aeronautical engineering at Duluth Junior College in
Minneapolis before moving briefly to Curtiss Aeroplane & Motor Company in Buffalo, New
York. He joined NACA’s Langley laboratory in 1936 to do de-i -icing work, transferred to the
new Ames laboratory in California in 1941, quit briefly to join industry in 1946, then
returned to NACA as chief of the flight research branch for the new Cleveland laboratory.
The Flight Safety Foundation cited Rodert in 1953 for his “aircraft fire prevention research
work” while at the Cleveland center, and his alma mater gave him the 1954 University of
Minnesota Outstanding Achievement Medal. In 1956 Rodert joined Lockheed in Burbank,
California, as a special assistant on research management, then quickly disappeared from
the aviation scene. Former co-workers passed rumors of his decline into mental illness.

Rodert put everyone on edge with his show-me attitude. Rodert encountered many
philosophies of de-icing, and accepted none easily. In the aeronautical research community—
rife with epistemolngica] insecurities, where unequivocal proofs were the most exasperat-
ing part of any researcher’s daily life—work moved forward because peers conferred upon
each other the initial benefit of the doubt. Rodert broke that unspoken rule by calling

1. Edwin P. Hartman, Aduventures in Research: A History of Ames Research Center, 1940-1965 (Washington,
DC: NASA 5P-4302, 1970), p. 77.
2. "Rodert, Lewis August,” Who's Who in World Aviation (Washington, DC: American Aviation

Publications, Inc., 1958), p. 376.
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everything into question, especially the wide-
spread belief that de-icing was a complex and
intractable problem. He did so because of his
wartime ethos of urgency, his farm-boy abrupt-
ness, his distrust of mathematical obfuscation, his
own predilection for trial-and-error engineering,
and his power over the NACA testbed aircraft.
Nor did Rodert shy from making his own prob-
lematic as e%pecial]y
quick in proclaiming lhe B] Us required to de-ice
a plane—then working like hell to prove himself
right. People had opinions about Rodert, both
good and bad, and expressing these opinions
caused everyone to think more precisely about
their own de-icing work.

Rodert was no organization man. He was a
poor manager. He did, however, expertly exploit
the most fundamental structure of the NACA
research organization—its system of nested advi-
sory committees. Committee business allowed
Lewis A. Rodert, then Chief of the Flight Researh  him to visit with virtually everybody—manufac-
Branch at the NACA Lewis laboratory, was awarded — urers, airlines, and military pilots—to hash out
the Collier Trophy for ."W‘f.; forhu.[n'm.'m'nn.g work in he details of thermal de—icing. Furthermore,
the development and practical application of a thermal  p qert worked oblivious to the rarefied distine-
ice frevention system for aireraft. (NASA Pholo) % > :

tions between basic and applied research that
then gripped so many NACA officials, and that today guides so much historical analysis of
the NACA. Rodert judged everything simply on how well it kept ice off an aircraft in flight.
This study of Rodert’s work, therefore, focuses on his role as epistemological liaison—on
the practical work involved in establishing certainty for himself, and amongst the many
groups mobilized to defeat the icing menace.

Defining an Approach

Following a joint Army-Navy request, in 1928 NACA researchers initiated a small-scale
investigation of aircraft icing, then a big mystery as well as a big cause of aircraft crashes.
First the NACA surveyed air mail and airline pilots on which aircraft were most likely to
ice, and collected reports on crashes attributed to icing. They built a small six-inch refrig-
erated wind tunnel, the first icing research tunnel in the world, and watched how ice
formed on an airfoil. And lhey installed a free-flight icing rig under the shoulder-mounted
wing of an old Fairchild F-17 cabin monoplane. There they mounted a thermometer and
a small but visible wing section, on which they sprayed water as the aircraft passed through
freezing air.

NACA pilot William H. McAvoy, by just watching this wing section as ice formed,
confirmed some suppositions about icing. Ice did indeed form “mushroom” shapes pro-
jecting forward of the leading edge, rather than smooth sheets coating the airfoil. Pilots
should expect, McAvoy continued, that ice also formed on fast-turning propellers with
mushroom projections. Ice that hardened far back on the wing posed no problems
because it adhered poorly and slipped off easily. McAvoy also collected anti-icing pastes
from the airlines—greases and oils, and water soluble compounds like glycerin, honey,
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Karo syrup, and soap—but discovered these actually induced icing by trapping ice crystals
until huge hunks formed. From his window-side survey of the state of the art in aircraft
de-icing, McAvoy had established a way of studying icing—flight tests to frame questions
about the impact of ice on aircraft performance.

NACA theoreticians Theodore Theodorsen and William C. Clay directed the tunnel
experiments as part of a broader research program on turbulent airflow. By mounting an
electrically-heated, brass wing section in the tunnel, and impregnating it with thermocou-
ples, they showed that heat transfer between an airfoil and its atmosphere varied directly
with airspeed and closely followed the pressure distribution of air along the airfoil. Local
transmission of heat was high along the leading edge, diminishing to zero by the thirty per-
cent chord.” With this tunnel set up, Theodorsen and Clay also tried out some ideas on
thermal de-icing—that is, applying heat to melt ice as it formed. McAvoy also tested ther-
mal de-icing on NACA’s free-flight apparatus. NACA shops built a small metal airfoil, of
fourfoot chord and two-feet span, and mounted it under the Fairchild. Once ice formed,
the pilots turned on a small boiler in the engine exhaust manifold and measured how
much steam was required to keep ice from forming or to melt ice once it had.

As early as 1931 NACA had established the principle of thermal de-icing as strongly as
doubts about its practicability. Theodorsen and Clay concluded that steam heat might
de-ice wood-composite wings but the system would be “excessively heavy,” especially if
designed to de-ice all the struts and support wires that then held together such wings.' The
best systemn, they suggested, would use waste heat from the exhaust stream, but this would
likely await development of new all-metal monoplane aircraft. “The recommendation for
the guidance of those who must encounter [icing] conditions,” concluded McAvoy,
“appears to lie entirely along the lines of their avoidance.™

On the last night of 1934, an aircraft slammed into an Adirondacks mountain
killing its passenger and crew of four. The weather remained cold so that a crash
inspector, curious that the aircraft had not burned, found the carburetors completely
choked with ice. The engines likely just suffocated and stopped, leaving the pilot no
way to de-ice and restart it. Publicity prompted the Commerce Department to investi-
gate and discover that, during 1934, twenty-six planeloads of passengers had been
forced down by carburetor icing.® Some of the most disastrous crashes in aviation his-
tory had been attributed to icing, and airline executives widely believed that their
industry would never boom until they erased this element of danger.

Pennsylvania-Central Airlines resurveyed its route system for winter flying conditions,
raising some minimum ceilings and adjusting ranges. American Airlines improved their
runways for winter operations, Northwest added staff for better flight and weather plan-
ning, TWA prohibited its pilots from landing when icing conditions prevailed below 1,000
feet, and United Airlines started paying their pilots a base salary in addition to flight pay
so they would have no disincentive to cancel flights in bad weather.” This winter, wrote an
airline executive in December 1937, “is the best opportunity the industry has ever had to

3. Imagine a chord line running straight backwards from the leading to the trailing edge of a wing,
with a total distance expressed as 100 percent to account for taper along a wingspan. A thirty percent chord mea-
surement is a point 3/10ths of this distance backwards from the wing's leading edge. The higher the chord num-
ber, the farther backwards it is.

4. Theodore Theodorsen and William C. Clay, “Ice Prevention on Aircraft by Means of Engine Exhaust
Heat and a Technical Study of Heat Transmission From a Clark Y Airfoil,” NACA Technical Report No. 403 (1931): 3.
5. Thomas Carroll and William H. McAvoy, “The Formation of Ice Upon Exposed Parts of an Airplane
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6. George W. Gray, Frontiers of Flight: The Story of NACA Research (New York: Alfred A. Knopf, 1948}, p. 320.
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demonstrate to the public that air transportation is more than reasonably safe.” Their
strategy: “cooperate with the weather in a big way.”®

But airline operators and manufacturers ultimately wanted to defeat the icing men-
ace, not cooperate with it. Aircraft already rivaled the steamship and train for speed and
economy; but it lacked regularity. Radio navigation aids had brought aircraft to the brink of
h(‘lng all-weather conveyances, until the temperature dropped. Lacking a technological fix
to icing these airlines cancelled or delayed I]lghts—an estimated one-tenth of all ﬂlghts—dt
first SIght of icing clouds. Icing became a consuming challenge, to both airline economics
and engineer pride. Lewis A. Rodert joined the NACA Langley Memorial Aeronautical
Laboratory (LMAL) in September 1936, and teamed with Alun R. Jones to re-invigorate
NACA’s icing research with youth, stubbornness, and a fresh perspective on icing problems.

Ice caused aircraft to crash by adding weight and preventing the pilot from climbing
above the icing clouds, so that the aircraft gradually lost altitude and slammed into the
ground. That was how most people understood the danger of icing. Rodert and Jones
started their studies by showing that icing seldom enveloped the aircraft with weight, but
rather icing incapacitated small but crucial parts. As McAvoy had proved with his photos
of mushroom-shaped ice projections, and as Rodert and Jones confirmed, ice accreted
along the wing and tail leading edges disturbing lift and adding drag. Ice clogged the
interstices of rudders and ailerons, preventing control and inducing buffeting. It changed
the aerodynamic profile of the propeller, causing it to vibrate and exert less thrust per
horsepower. It coated windshields, so the pilot flew blind. Ice made antenna wires oscil-
late and snap, and generated static that rendered useless most radio communication and
navigation. It distorted pitot shapes, so that pilots got erroneous airspeed readings. And it
clogged carburetors, suffocating the engine. Frequently, the pilot lost each of these
systems—engine, wings, control surfaces, indicators, radio, sight—within minutes. With
their lives at stake, pilots of ice-hindered aircraft had little time for the careful observa-
tions NACA researchers promised to make.

Using a DC-3 Mainliner loaned by United Airlines, in September 1937 Rodert and
Jones glued sponge rubber to the leading edge of the wing, simulating ice formations, and
showed how a small layer of ice had a big impact on lift, drag, and stalling.” NACA head-
quarters authorized construction of a larger icing tunnel at Langley. LMAL technicians
insulated the tunnel with a crude layer of kapok pulled from surplus Navy life preservers,
and added an open tank of ethylene glycol cooled by dry ice as refrigeration. This tunnel
worked well enough for Rodert to further chart the impact of ice on aerodynamic effi-
ciency, and to prove that a full size wing section could be de-iced with exhaust heat." But
Rodert lost patience with tunnel research as he learned that tunnel ice bore little relation
to the natural ice he hoped to defeat.

The B.F. Goodrich Rubber Company ran a small icing tunnel in Akron, where they
verified the pneumatic de-icer they had introduced in 1930. The pneumatic de-icer was a
strip of rubberized cloth holding inflatable rubber tubes that attached to the leading edge
of a wing or tail. When the plIot unexpectedly encountered icing, he shot compressed air
into the strip, cracking the ice so that the wind stream swept it off. It worked well enough
to become standard equipment on large transports by the late 1930s, but never well

8. T. Park Hay, “Operators Project Safety Program for Winter Operations,” Aero Digest 31 (December
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lee jutting forward on the radio antenna and airspeed pitot mast of a C-46. (NASA photo no. Ames ALL-50104 ).
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enough that aircraft could deliberately fly into icing conditions. Rodert and Jones held
the tenet that nothing restrict where aircraft could fly,

Rodert and Jones also claimed the rubber boots were in no way fail-safe. Pilots already
knew they were not very clean—they ballooned with changes in air pressure or returned
wrinkled on the smooth airfoil contour after inflating. In carefully controlled test flights
Rodert discovered pneumatic de-icers worked in really very limited conditions. They sel-
dom cracked ice cleanly, and the jagged edges more quickly accumulated lumps of ice.
Furthermore, the pneumatic de-icer attached to the wing at ten percent chord, with strips
that protruded into the airstream that further accumulated ice at the place most likely to
disrupt lift. If a de-icer failed—and a bullet hole through one shoe would destroy pressure
in the whole system—oprofile drag could increase 458 percent over an unprotected wing,
putting the aircraft in greater peril." B.F Goodrich failed to see danger in this, contend-
ed Rodert, because the ice created in their tunnel bore little relation to natural ice.
Goodrich sprayed water in big drops, which created a smooth coating of glaze ice. Natural
icing was more likely to be opaque, crystalline rime ice, created when very small super-
cooled droplets ran into a crystallizing structure like a wing. Any tunnel that verified the
utility of the pneumatic de-icer caused Rodert to doubt the entire enterprise.

So Rodert and Jones kept their research in free flight as often as possible, and worked
on thermal de-icing to replace the pneumatic boot. They built a more elaborate icing
installation between the double wings of a Martin XBM-1 dive bomber loaned to NACA
by the Navy. But rather than using a heavy steam boiler, Rodert and Jones diverted hot
exhaust directly from the engine into the model section. NACA Engineer-Test Pilots
William H. McAvoy and Lawrence A. Clousing flew the XBM-1 into cold air, turned on the
water spray, and a camera recorded how quickly the ice melted away. By early 1938 Rodert
and Jones were convinced thermal de-icing held great promise. Confirming their
optimism were reports, leaked through Naval Intelligence from London, that the Germans
had added heat de-icing systems to two production aircraft, the Junkers Ju.88 and Dornier
217E." The Germans had first studied thermal de-icing in late 1920s, as had NACA, but
had accelerated their research under the Nazi regime. With war on the horizon, and
airlines still agitating about the icing menace, Rodert and Jones thought it high time to
prototype a complete thermal de-icing system and test it in real clouds.

The Lockheed 12A

NACA headquarters, anticipating funding for icing studies, allowed the Langley Flight
Research Branch to buy a twin-engine, all-metal Lockheed 12A light transport. Rodert got
dibs on converting it into what NACA researchers traditionally built so well—a sophisticated
and dedicated testing facility, but in the form of a flying laboratory. The 12A would easily
accept a “hot wing:” the wing outer panels held no fuel tanks, detached easily at the
nacelles, and the engine exhaust stacks were close to the wing leading edge. Most impor-
tant, the 12A was built by a company interested in staying on the forefront of icing

11.  “lce Off The Wings,” Business Week (March 16, 1940): 21; Rodert 1o chief of the LMAL aerodynam-
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Laboratory, Record Group 255; National Archives-Pacific Sierra Region, San Bruno, CA. My thanks to Kathleen
O’Connor, NARA-San Bruno, for her help in making these records available. [Hereafter, citations to Ames
records are abbreviated, so the above citation would follow this formula: RG255/Central /66/AF1-15a).
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research. Lockheed vice prcsidem and chief engineer Hall L. Hibbard assigned the 12A
modifications high priority.”

Rodert andjoncs started with Lockheed blueprints to sketch a hot wing. They added a
butterfly valve in the engine exhaust stack to divert hot gas (at 1500°F) into a four inch diam-
eter tube, running close to the leading edge but insulated from the wing structure, and
exhausting out the end of the wing tube. To cool the tube and improve heat transfer, an
intake scoop sent fresh air around the tube, then through holes in the spar web into the wing
structure, and exhausting out louvers at the aileron hinges. They repeatedly calculated wing
strength, since heat weakened metal structures, especially one modified with new tubes and
holes. By August 1939 the designs were ready, and NACA went looking for a sponsor.

The Navy BuAer (Bureau of Aeronautics) was so enthusiastic about the idea that they
asked Rodert to make the modifications on a Navy production aircraft. Navy PBY patrol boats
anchored off the Aleutian Islands had special icing problems. Waterplanes were not easily
covered with protective tarps, so thick ice formed on them overnight. Splash during taxiing
added more sheet ice. The Navy needed a de-icer with enough punch to knock this thick
glaze ice completely off the wing, and Rodert’s design promised to do so. But Rodert had the
12A blueprints ready to go; switching aircraft would deter him from test flights the coming
winter. Further, NACA had no facilities for modifying seaplanes. So BuAer sent a draftsman
from its San Diego depot to Langley in September 1939, and NACA engineers helped him
modify their 12A blueprints to fit a Consolidated PBY-2 Catalina patrol boat. BuAer hired
Rodert and Jones to draft specifications for the PBY-2, especially the heat transfer calculations
that helped Consolidated define the thermal performance of the system. When the PBY-2 was
ready for testing the following summer, BuAer offered Rodert a ]()h But Rodert stuck with
the NACA, and tied his lot with its patrons in the U.S. Ar my Air Corps (USAAC).

The USAAC signed a job order for the 12A wings in November 1939. Major C.M
Cummings of the Equipment Branch at Wright Field had helped Rodert at several r,ruual
stages, and supported his project without r.haugc The United States, in any type of war,
was vulnerable to two avenues of attack—by air over Alaska or l\’cwfound]and—both with
severe ice storms. Germany, Rodert later wrote, “has aircraft which can fly in almost any
kind of weather, irrespective of icing conditions. There cannot be a possible defense
against such aircraft without similar or superior equipment.”* American aircraft must be
able to fly through any clouds; indeed pilots will likely seck protective cover in them. For
$25,000, the AAC bought new wings and a modified windshield from Lockheed, and
loaned them to NACA for research. While Lockheed fabricated the wings, Rodert and his
Flight Research Branch prepared for a move westward.

NACA had already begun construction on the new Ames Aeronautical Laboratory
adjacent to the Navy's Moffett Field on the flat bay lands near Sunnyvale, California.
Compared to the humid air over the Virginia Tidewater, the cold Sierra Mountain air
mixing with the warm, moist air rising off the San Francisco Bay made excellent icing con-
ditions. Furthermore, Rodert had freed his research from wind tunnels, and by July 1940
the well-equipped shops and hangars at Ames were ready for his group. Test pilots McAvoy
and Clousing ferried out an old North American O-47 they would use until the 12A was
ready. Alun Jones rejoined them in January 1942, along with Carr Neel, an engineer who
became increasingly involved in the work. Since the icing research was the first project at
the new Ames laboratory, engineer-in-chief Smith DeFrance lent constant aid to his Ames
Flight Research Branch.
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McAvoy picked up the 12A with hot wings from Lockheed’s Burbank plant on January
22, 1941. Back at Ames they flew it enough to be sure the heat did nothing to weaken the
wing. Then they went hunting for ice.

During March and April 1941, McAvoy, Clousing, and Rodert took up the 12A almost
everyday, scanning the horizon for ever more severe icing. United Airlines had compiled
atmospheric data to help its pilots avoid icing on their routes; the Ames group used this
data to seck out the ice.” The Weather Bureau office at the Oakland Airport confirmed
that they would find the best icing flying westward from Sacramento to Donner summit in
the Sierras. George W. Lewis, director of aeronautical research at NACA Washington head-
quarters, had recommended that Rodert attach a two-foot long, unheated strut above the
right wing. Thus, in one photo they could contrast the clean hot wing with the icing on the
unprotected “tell-tale” strut. Lewis was delighted a few months later when he received his
copy of the first report out of Ames—Rodert, McAvoy and Clousing’s “Preliminary Report
on Flight Tests"—"So I am going to celebrate by taking a copy over to Dr. Ames.”"

While the icing over California was regular, that spring it was hardly severe. To secure
ever more dramatic photographs, the group ventured the 12A further north and east. On
March 20, 1941, while flying through cumulous clouds over Superior, Michigan, at 9,000
to 11,000 feet, with air temperature at twenty-six to thirty degrees, they got pictures of
three inches of ice on the strut while the wing below, on only half heat, was clean. Icing
on the few unprotected parts turned so severe on a flight between Minneapolis and Fargo
that the 12A slowed thirty-five mph from just the added drag. While flying northward
along the Pacific coast, Rodert reported: “The airplane was struck by an electrical charge
which melted the trailing edge of one propeller blade and the edges of the airplane struc-
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ture at several points.”” The lightning strike grounded the 12A during a week of excellent
icing conditions, but proved they were indeed flying into severe conditions. (McAvoy
would win the 1943 Octave Chanute Award of the Institute of the Aeronautical Sciences,
and Clousing the 1947 Award, for their test flying in severe icing conditions.)™

The drama, the photographs, the urgency all helped Rodert protect and expand his
program from a number of competitors. B.F. Goodrich was working hard to improve their
pneumatic de-icers. At the 6,288 foot summit of Mt. Washington in New Hampshire, Goodrich
mounted a test wing like a weather vane so it stayed in constant wind. There a design team tried
out new de-icers with hundreds of smaller, selfsealing inflatable tubes, snap-action distributor
valves, flexible camouflage sprays, water-repellent rubbers, and non-adhesive sprays like the
silicone feex."” As a result, pneumatic de-icers remained in wide use—and the long wing span of
the Douglas C-54 transport was the widest ever—during and well after World War II.

Others preferred new chemical de-icers. Chemicals worked in two ways. Alcohol-based
fluids lowered freezing temperatures. Other slick, oil-based fluids, exuded from wing lead-
ing edges or sprayed on before take-off, prevented ice crystals from adhering to the wing
surface. The British especially advocated chemical de-icing. They claimed Americans like
Rodert were misled about the war dangers of icing by inaccurate reporting of early Royal
Air Force raids over Germany. As far as the RAF was concerned, chemicals sprayed easily
onto any aircraft, lasted for a complete mission, and kept off North Atlantic ice. The Royal
Aircraft Establishment at Farnsborough was perfecting a Dunlop strip which leaked a
steady stream of chemical along the wing during longer flights. Chemists at the Naval
Research Laboratory, looking for quick relevance on U.S. entry into the war, concocted
similar anti-icing pastes and fluids. Since Rodert had the only aircraft known to withstand
icing, they regularly asked him to try out new fluid recipes. It was highly likely icing condi-
tions over the North Atlantic differed from those over North America, Rodert concluded,
but all fluids tested poorly. Perhaps the British realized this too, because they increasingly
cancelled icing-bound flights out of distrust of their equipment. For the first three years of
the war, in a period of otherwise exceptional technical cooperation, British and American
icing researchers kept their distance. Farnsborough transferred the two-engine Bristol
bomber they used for icing research to Ottawa in April 1941, and for most of the war the
Allies communicated only through the National Research Council of Canada.

The Ames group reported some important discoveries in the spring of 1941 that con-
firmed the value of thermal de-icing.* Most important, the heat required in free flight was
much less than indicated in wind tunnel tests. A seventy-degree rise over the ambient dry-
air temperature at 200 mph was enough to weaken the bond between the ice crystals and
the wing (though a 100° F rise had a safer margin). Furthermore, heat concentrated on
the leading edge—less than ten percent chord—was enough to protect the trailing parts
of the wing. Thus, exhaust heat never weakened the wing structure.

NACA also reported how much heat would damage the structure. Lockheed had
designed another “cellular” wing, which passed exhaust gas through large chambers
directly on the leading edge with no additional cooling air. Lockheed volunteered to rig
the wing with 107 thermocouples, far more than specified, to get information on how
evenly it transmitted heat. When flying the cellular wing near Ames in July 1941, McAvoy
had applied only partial heat when expansion at the leading edge caused buckling aft of
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the rear shear beam, threatening destruction of the aircraft.”’ Ames quickly replaced it
with the exhaust tube wing, having just learned the upper limits of wing heating. This
information was directly useful to the firms that designed and built aircraft—whom NACA
referred to by the venereal term “the manufacturers"—and they requested a great many
copies of Rodert and Clousing’s flight test reports.

To fly into ice clouds and survive, the Ames group necessarily became expert on the
impact of ice on the total aircraft. “I am surprised to find,” noted Engineer-in-Chief Smith
DeFrance, “that there are so many details which have not been anticipated before the
de-icing tests were started.” Frosting prevented photographs out cabin windows; Clousing
and McAvoy found they needed better instruction on flying blind; electrically-heated pitots
looked clean even when ice in the throat skewed pressure readings; exhaust gas corroded
the aluminum alloy at the wing tip; and the radio broke regularly. Rodert persuaded
United Airlines to install in the 12A a radio they had specially adapted for ice flying. He
asked the Massachusetts Institute of Technology (MIT) to design electric-resistance heating
for the twenty-five foot long antenna wire that stretched between the cabin and the tail.
And he asked the Naval Research Laboratory and the Air Corps labs at Wright Field to
design loop antennas that would not collect static as they encountered precipitation. Any
sharp corner or gadget protruding into the airstream, Rodert constantly reminded manu-
facturers, was an invitation both to icing and static electricity.

In less than a year of flight testing on the 12A, and early experience with the Navy
PBY-2, thermal de-icing looked promising. Manufacturers kept pressing Rodert for more
details on the 12A installation, which Rodert preferred to deliver in person rather than
through reports. Rodert knew manufacturers could improve upon his 12A design—
especially in reducing weight by better integrating the tube into the wing structure—and
thought being vague about details might prompt them to innovate. Rodert instead
claimed expertise in flight testing. The NACA Special Subcommittee on De-icing
Problems, which served as Rodert’s peer review group, and from which he often sought
advice on how best to report data, encouraged this division of labor.

The Subcommitiee did not actually convene until April 1941. Rodert was not initially
a member, though its charge was to “help in keeping the research organization in touch
with the practical problems that require attack by research.”™ Early committee meetings
would have likely exasperated Rodert: just a bunch of guys sitting around talking about
icing. They freely dispensed fragments of experience, ill-formed ideas, and random obser-
vations, and passed resolutions on which isolated aircraft parts most needed Rodert’s
attention.” They collected and amended dozens of letters:

My dear Doctor: The industry is yelling to beat the band for a windshield that they can
see through in rain and ice. Is there anyway you can expedite your activity on your
improved windshield #°

But the committee gave a free hand to NACA’s research bureaucracy, and it gave a
free hand to Rodert, to integrate and prioritize these requests.

21, "Memo: Progress on Wing And Propeller De-lcing,” Comdr. D.W, Tomlinson, U.S.N.R., Chairman,
NACA Technical Subcommittee on De-Icing Problems, March 28, 1942 (RG255/ Central /104/AF19-10a).

22, DeFrance to Lewis, February 19, 1942 (RG255/Central /66 /AF1-15a).

23, Edward Warner, NACA, to Frank R. Collbohm, Douglas Aircraft Corporation, March 5, 1941 (WDC:
RG255: General Correspondence [Numeric File]: Box 247: File 50-14D).

24, “Minutes of Meeting of Special Subcommittee on Deicing Problems, Committee on Aerodynamics,” April
15, 1941 (WDC: RG255: General Correspondence [Numeric File]: Box 247: File 50-14B “Deicing Problems, Minutes™).

25, Edgar S. Garrell, president of Air Transport Association of America, to G.W. Lewis, June 18, 1940
(WDC: RG255: General Correspondence [Numeric File]: Box 247: File 50-13D “Deicing Conference”).


http:attention.24
http:aircraft.21

FrROM ENGINEERING SCIENCE TO BIG SCIENCE 39

But Rodert found allies among the committee chairman. He had met J.W. Tomlinson
in 1939 when Tomlinson was on the NACA aerodynamics committee and vice president of
engineering for Transcontinental & Western Airlines of Kansas City. Tomlinson had seen the
Ju.88 on a trip to Germany and, even though he had a predisposition toward the rubber
de-icers used on his fleet, he understood what Rodert was working toward. And Tomlinson
kept writing Rodert letters of introduction and beating the bushes for icing tests. Tomlinson
was called to active status with the Air Primary Training Command in April 1942. His last act
as chairman was to meet with Disney Studios to have them make an educational film to
“effectively register” the icing issue in the minds of young servicemen.

Karl O. Larson became subcommittee chairman in 1942 and shifted its aegis from the
NACA Committee on Aerodynamics to the Committee on Operational Problems. Yet
Larson supported Rodert’s desire to just make and verify ice-invulnerable aircraft, and not
approach icing as an operational problem. Larson was chief engineer for Northwest Airlines
which, like all airlines during the war, had subordinated passenger travel to military trans-
port. Northwest's biﬁ;g(‘st military contract came from the Air Corps Fcrry Command to run
the “Alaskan airway” between \/Imneapolis and Fairbanks. Flight experience taught Larson
that the route was a natural and reliable icing laboratory. He assembled at the Minneapolis
municipal airfield, near Northwest’s headquarters, the equipment and technicians needed
to keep aircraft flying through ice clouds.

Rodert, Clousing, and McAvoy had already talked of setting up flight test operations
in the north, central states. They wanted a new base with reliable blasts of arctic air, light
traffic, and no mountains for when they flew blind, and freezing air at ground level so they
could photograph ice on the aircraft underside after it landed. Both Clousing and Rodert
knew Minnesota—Rodert from his years at the University of Minnesota—and knew
Minneapolis offered all that.

Larson convened an NACA Committee for the Winter Flight Laboratory in June 1942,
which pr(}postf(.l that the Air (lm‘ps givc: Northwest a $55,000 contract to provide NACA with
an office and access to Northwest facilities and personnel.” Northwest managed operations
and maintenance, while NACA directed a cooperative research project. The Ice Research
Project opened in November 1942, and that winter hosted more than ten visitors per week
in addition to the seven pilots and seventy-five mechanics on duty. Airlines and manufac-
turers were invited to send engineers with new equipment to test. The Weather Bureau sent
a meteorologist to collect data and develop hypotheses on which atmospheric conditions
caused icing. The Air Corps remained hands-off, to avoid duplicating operations at its exist-
ing Cold Weather Test Station at Ladd Field in Fairbanks, and sent only pilots from Wright
Field, Ohio. Their task, however, was crucial: to fly thirteen aircraft with new de-icing
equipment, including the first aircraft de-iced by heated air.

Heated Air De-Icing

Rodert had formed some negative opinions of heated air—that is, chemically normal
air as opposed to burnt exhaust gas with its attendant carbon gases and water and gas
vapors. While trying to complete thermal de-icing of the 12A in late 1939, without resort-
ing to convoluted ducting, Rodert had canvassed industry for a heater to put remotely in
the tail. Stewart-Warner sold a gasoline-burning heater, for automobiles, that put out 8,500
BTUs per hour. Rodert asked if they might upgrade it to put out 75,000 BTUs, with less
weight and very cold air intake. Stewart-Warner proposed linking ten burners together,

26.  Karl O. Larson, “Proposal for the Establishment of the Winter Flight Laboratory,” June 1942
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but could not get it to Rodert in time. So that winter he put a pneumatic de-icer on the
12A tail. He tried again the following summer, starting with a gasoline heater Curtiss-
Wright used for cabin heating. It too proved weak, so Rodert built a long exhaust duct to
prove the concept of thermal de-icing in the tail.

Rodert had better luck using heated air to de-ice the 12A windshield. The Pittsburgh
Plate Glass (PPG) Co. helped Ames find a laminated safety glass that conducted heat well,
and mount double-panes with a !4 inch gap through which heated air flowed. Putting
exhaust heat into the windshield was unsafe—seepage would dump toxic gas into the
pilot’s face, and Rodert wanted to hinge the inside pane so the pilot could move it out of
his line of sight in warm weather. Rodert found that air diverted from the cabin heat
exchanger was warm enough to keep the windshield free of ice, yet cooler than the criti-
cal temperature of the plastic binders. As early as November 1941 Rodert flatly contra-
dicted Boeing’s public thinking that much higher heat was required, and pronounced
that, at an airspeed of 150 mph, only 1,000 BTUs per square foot per hour was needed to
keep any windshield at 50° F, and thus free from ice. United Air Lines liked the PPG wind-
shield well enough to retrofit it onto all its DC-3s.”

Manufacturers were simply afraid of exhaust gas. A bullet hole or weakened seam
could poison the cabin (though Rodert designed airflow to exhaust out the wing). A
failed engine would send raw, explosive gas vapors into the wing tube or gasoline leaking
from a wing tank might ignite against the hot tube (though Rodert claimed the wing got
no hotter than if left parked in a tropical sun.) Exhaust gas corroded aluminum and
manufacturers refused to take the weight penalty of using stainless steel, as Rodert had
done on the 12A. In addition to the dangers of exhaust gas, de-icing the entire aircraft
with heated air held some advantages. Manufacturers could couple heated air ducting
more neatly with the skin, saving the weight and strength penalties of the exhaust tube.
Heated air could be vented out small holes on the wing surface with minimal drag. And
a steady source of heated air could provide the cabin comfort all aircraft then lacked.
The problem, however, was finding a steady source of heated air.

Rodert turned his full attention to heated air in September 1941, after learning the
Glenn L. Martin Company would use a cabin heater to de-ice the wings of a B-26. Since man-
ufacturers accepted only heated air de-icing, Rodert planned to stay one step ahead of them.
He toured plants in January 1942 and, after telling manufacturers de-icing required less heat
than previously thought, now he had to tell them their heat exchangers were too weak. To
prove this point, in April 1942 Ames again modified the 12A wings—putting corrugated
ductmg on the right wing and sheet ducting with baffles on the left—to concentrate heated
air on a narrower chord of the leading edge. Ames craftsmen built a cast aluminum heat
exchanger that transferred heat from the exhaust stream into fresh air flowing to the wings.
They also built a variety of heat warning and dump valve controls.

To take advantage of this expertise and to “relieve industry of the design and develop-
ment work,” the Army Air Forces (AAF) asked Ames to build a complete heated air de-icing
system to retrofit into the Consolidated B-24D Liberator.* The B-24D was a high-wing, four-
engine heavy bomber which would have a long production run. The system would include
hot wings and tail, an electrically-heated antenna, an alcohol-based windshield wiper, an
anti-static system for the wings and antenna, and a carbon monoxide indicator for the

27.  R.L. McBrien, “An Aircraft Double Windshield-Its Development and Use,” SAE fournal 51 (October
1943): 350-55.

28.  Alun R. Jones and Lewis A. Rodert, “Development of Thermal Ice-Prevention Equipment for the B-
24D Airplane,” Confidential Memorandum Report for the Material Center, USAAF, September 11, 1942
(RG255/ Central /104/AF19-10K) 2.
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cabin.” Heated air would exhaust through half-inch holes along the top wing surface, and
then travel backwards with the boundary layer. This satisfied AAF specifications that the
wings got a 70° F temperature rise over the forward 20 percent of chord and a 20° F rise
back to 75 percent chord. Engineers for the AAF Materiel Command approved Ames’ blue-
prints, and in May 1942 Ames acquired B-24D No. 111678 (soon redesignated the XB-24F-
CO). The Ames erection shop procured all materials, metals and fasteners, built the wing
tubing, and installed it into the aircraft. Consolidated sent senior engineer Howard F.
Schmidt and several draftsmen to Ames, who compleled production drawings as the work
progressed. As early as June 1942, the B-24D did well in test flights around the Bay area.
Rodert declared he had standardized a work outline for retrofitting de-icing into existing
aircraft, and was willing to take on more. Then problems arose with the heat exchangers.
Ames had bought exchangers from two exhaust systems specialists—AiResearch
Manufacturing Company of Los Angeles and Solar Aircraft Company of San Diego. They
were stock designs, scaled up for greater output than ever achieved in an aircraft. When
they failed, Ames commissioned other firms to submit prototypes—AiResearch offered a
different hollow-finned exchanger, Hanlon & Wilson Company sent a pin-type exchanger,
and Stewart-Warner Corporation offered a multiple-fin type exchanger that delivered the
required BTUs but buckled under the blast and heat of the exhaust stream. Once word
got out of Rodert’s quest for an exchanger for a mass-produced bomber, Ames was
swamped with prototypes. The Ames erection shop designed a few themselves, applying
their new (*xperli‘se in brazing cnmp(‘nmd‘i metal conduction, and pressure drops.
Rodert’s entire plan hinged on getting a workable heat exchanger, and he was confi-
dent he could find one. The German Ju.88, after all, had used heat exchangers—a series
of four along a single exhaust stream—and Rodert heard reports that the Germans had
also put similar exchangers on the Ju.52, Ju.188, Ju.388, and the four-engine Ju.290 search
bomber. Rodert considered the Ju.88 “a splendid de-icing system” and got Wright Field to
send him sections of the Ju.88 exchanger, now on the scrap heap, so he could look for some
secret the drawings didn’t convey.™ Rodert also wrote to Martin, asking for exchangers
Ames could not duplicate from blueprints. It was common, Rodert discovered, for an
exchanger’s actual and predicted performance to differ as great as four times. Ames made
a flying test bed out of its C-47 and, in their desperate search for a workable exchanger,
Ames pilots carried aloft thirty-two different designs during the summer of 1942. Once trial
and error indicated which exchangers promised results, Jones or Neel drove a batch across
the Bay to the Berkeley laboratory of L.M.K. Boelter, where Ames bought analytical insight.
Boelter, a professor of mechanical engineering and associate dean of engineering at
the University of California, was the sort of teacher who kept perpetual office hours. As a
student, Jones had worked with Boelter on an earlier NACA contract seeking advice on
placing thermocouples to study heat transfer along the wing surface. Boelter read wide-
ly—even translating articles on heat exchanger theory from Italian and German—and was
fascinated with the process of perfecting equations to predict real-world performance of
heat transfer systems. Boelter also understood the challenge of measuring tiny drops of
airborne water from his tests of evaporative cooling towers. So Jones learned much from
his free-ranging conversations with Boelter, though their mission at hand was perfecting
airborne heat exchangers.
Ames asked Boelter to expand his group that summer of 1942 to run bench tests on
all promising heat exchangers. Boelter’s goal was to measure static pressure drops and

29, “Liberator’s New Thermal Anti-Icer,” Aero Digest 43 (November 1943): 26-27. In a telephone interview
(December 7, 1995) Alun R. Jones claims that Ames never actually exhausted heated air along the Liberator wing.

30.  Rodert to DeFrance, November 26, 1941 (WDC: RG255: General Records Relating to Ames
Research, 1938-1952: Box 48: File-61 “lcing Research 1939-417); and DeFrance to NACA, "Memo: De-Icing
Installation of JU-88 Airplane at Wright Field,” November 29, 1941 (RG255/Central /104 /AF19-10).
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A cutaway display model of a wing leading vdge, with a corvugated inner skin to divect heated air. (NASA photo no. Ames A-
10679).

rates of heat transfer, devise a theory of exchanger performance, perfect an equation of
design parameters so that predicted values approached measured performance, and ulti-
mately offer to a single number for ranking exchanger performance.” Rodert and his AAF
patrons knew any number would be riddled with error, but hoped that Boelter could
simply standardize the errors—in thermocouple placement, pressure drop and conduc-
tivity measures, and BI'U output—so that it would still help in comparative rankings.
Boelter’s work on aircraft heat exchangers was widely praised, as the sort of analytical work
Ames should have done on all facets of its icing research.™

31, This was Boelter's L/D ratio of unit thermal conductance, where L was the length of the heat trans-
fer surface and D was the hydraulic diameter of the ventilating and exhaust pipes. See L.M.K. Boelter, R.C.
Martinelli, EE. Romie, and E.H. Morrin, "An Investigation of Aircraft Heaters: XVIII-A Design Manual for
Exhaust Gas and Air Heat Exchangers,” NACA Advanced Restricted Report WR W95 (August 1945); and file
“University of California,” (RG255/Central /107 /AF22-20).

32, Boelter spent his entire career with the University of California. He ran a test station for the
California Division of Motor Vehicles to verify designs of headlights, built a heat-power laboratory to improve the
efficiency of internal combustion engines, and worked on ways to diffuse heat so citrus orchards would not frost.
In 1944 he moved to the Los Angeles campus to establish a school with a "unified engineering curriculum” to
train young men working in the aircraft industries. He wrote widely on engineering education, in which he
encouraged laboratory precision, teaching students about the scope of an engineering problem, and integrating
mathematical analysis directly into their work. On Boelter and his contemporaneous work, see Llewellyn Michael
Kraus Boelter, Heat Transfer Notes (Berkeley, CA: University of California, 1946); Reprints (Bindery date 1944)
[308xB66Y9co, Bancroft Library, University of California, Berkeley]; and Harold A. Johnson, ed., Heat Transfer,
Thermodynamics, and Education: Boelter Anniversary Volume (New York: McGraw Hill, 1964), pp. vii-viii.
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But Rodert found allies among the committee chairman. He had met J.W. Tomlinson
in 1939 when Tomlinson was on the NACA aerodynamics committee and vice president of
engineering for Transcontinental & Western Airlines of Kansas City. Tomlinson had seen the
Ju.88 on a trip to Germany and, even though he had a predisposition toward the rubber
de-icers used on his fleet, he understood what Rodert was working toward. And Tomlinson
kept writing Rodert letters of introduction and beating the bushes for icing tests. Tomlinson
was called to active status with the Air Primary Training Command in April 1942. His last act
as chairman was to meet with Disney Studios to have them make an educational film to
“effectively register” the icing issue in the minds of young servicemen.

Karl O. Larson became subcommittee chairman in 1942 and shifted its aegis from the
NACA Committee on Aerodynamics to the Committee on Operational Problems. Yet
Larson supported Rodert’s desire to just make and verify ice-invulnerable aircraft, and not
approach icing as an operational problem. Larson was chief engineer for Northwest Airlines
which, like all airlines during the war, had subordinated passenger travel to military trans-
port. Northwest’s biggest military contract came from the Air Corps Ferry Command to run
the “Alaskan airway” between Minneapolis and Fairbanks. Flight experience taught Larson
that the route was a natural and reliable icing laboratory. He assembled at the Minneapolis
municipal airfield, near Northwest’s headquarters, the equipment and technicians needed
to keep aircraft flying through ice clouds.

Rodert, Clousing, and McAvoy had already talked of setting up flight test operations
in the north, central states. They wanted a new base with reliable blasts of arctic air, light
traffic, and no mountains for when they flew blind, and freezing air at ground level so they
could photograph ice on the aircraft underside after it landed. Both Clousing and Rodert
knew Minnesota—Rodert from his years at the University of Minnesota—and knew
Minneapolis offered all that.

Larson convened an NACA Committee for the Winter Flight Laboratory in June 1942,
which proposed that the Air Corps give Northwest a $55,000 contract to provide NACA with
an office and access to Northwest facilities and personnel.® Northwest managed operations
and maintenance, while NACA directed a cooperative research project. The Ice Research
Project opened in November 1942, and that winter hosted more than ten visitors per week
in addition to the seven pi!om and seventy-five mechanics on duty. Airlines and manufac-
turers were invited to send engineers with new equipment to test. The Weather Bureau sent
a metemn]oqzst to collect data and develop hypotheses on which atmospheric conditions
caused icing. The Air Corps remained hands-off, to avoid duplicating operations at its exist-
ing Cold Weather Test Station at Ladd Field in Fairbanks, and sent only pilots from Wright
Field, Ohio. Their task, however, was crucial: to fly thirteen aircraft with new de-i -icing
equipment, including the first aircraft de-iced by heated air.

Heated Air De-Icing

Rodert had formed some negative opinions of heated air—that is, chemically normal
air as opposed to burnt exhaust gas with its attendant carbon gases and water and gas
vapors. While trying to complete thermal de-icing of the 12A in late 1939, without resort-
ing to convoluted ducting, Rodert had canvassed industry for a heater to put remotely in
the tail. Stewart-Warner sold a gasoline-burning heater, for automobiles, that put out 8,500
BTUs per hour. Rodert asked if they might upgrade it to put out 75,000 BTUs, with less
weight and very cold air intake. Stewart-Warner proposed linking ten burners together,

26, Karl O. Larson, "Proposal for the Establishment of the Winter Flight Laboratory,” June 1942
(RG255/Central /113/AM16-15).
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A cutaway display model of a wing leading edge, with o corvugated inner skin lo divect heated air. (NASA photo no. Ames A-
10679),

rates of heat transfer, devise a theory of exchanger performance, perfect an equation of
design parameters so that predicted values approached measured performance, and ulti-
mately offer to a single number for ranking exchanger performance.” Rodert and his AAF
patrons knew any number would be riddled with error, but hoped that Boelter could
simply standardize the errors—in thermocouple placement, pressure drop and conduc-
tivity measures, and BTU output—so that it would still help in comparative rankings.
Boelter’s work on aircraft heat exchangers was widely praised, as the sort of analytical work
Ames should have done on all facets of its icing research.”

31, This was Boelter's L/D ratio of unit thermal conductance, where 1. was the length of the heat trans-
fer surface and D was the hydraulic diameter of the ventilating and exhaust pipes. See LMK, Boelter, R.C.
Martinelli, FE. Romie, and E.H. Morrin, "An Investigation of Aircraft Heaters: XVIII-A Design Manual for
Exhaust Gas and Air Heat Exchangers,” NACA Advanced Restricted Report WR W95 (August 1945); and file
“University of California,” (RG255/Central/ 107 /AF22-20).

32, Boelter spent his entire career with the University of California. He ran a test station for the
California Division of Motor Vehicles to verily designs of headlights, built a heat-power laboratory to improve the
efficiency of internal combustion engines, and worked on ways to diffuse heat so citrus orchards would not frost,
In 1944 he inoved to the Los Angeles campus to establish a school with a "unified engineering curriculum” to
train voung men working in the aircraft industries. He wrote widely on engineering education, in which he
encouraged laboratory precision, teaching students about the scope of an engineering problem, and integrating
mathematical analysis divectly into their work. On Boelter and his contemporaneous work, see Llewellvn Michael
Kraus Boelter, Heat Transfer Notes (Berkeley, CA: University of California, 1946); Reprints (Bindery date 1944)
[308xB66Y9co, Bancroft Library, University of California, Berkeley]: and Harold A. Johnson, ed., Heat Transfer,
Thermodynamics, and Education: Boelter Anniversary Volume (New York: McGraw Hill, 1964), pp. vii-viii.
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The British began following progress in heat exchangers, and softening their
allegiance to chemicals, under the guise of better flame suppression. British bombers lit up
at night because flames shot from their exhaust stacks as the hot exhaust ignited the fresh
air. By moving heat into the wing tube, and thus cooling the exhaust stream below 1300° F,
a heat exchanger prevented this re-ignition and torching. The U.S. Navy confirmed the
prospects of flame dampening, by noting that its PBYs could fly only 200 feet over an air-
craft carrier, at part throttle, without being detected. The Royal Aircraft Establishment
(RAE) representative to the Ice Research Project, |.K. Hardy, began following Rodert’s
work, offering a good dose of skepticism that helped NACA refine its reporting.

General Electric’s supercharger engineering department, which built turbochargers
powered by the exhaust stream, invited themselves to standardize exhaust instrumenta-
tion. Their concern—shared by the Army Air Forces—was that putting a heat exchanger
in the path of an exhaust stream pulsating at seventeen cycles per second might back up
the flow of gases through the engine and impede engine performance. So as the sum-
mer dragged on and the BTU output of the exchangers steadily improved, Rodert
turned his attention to ram pressures at the air intake scoop and pressure drops on the
wing side of the exchanger.

By September 1942, the Ames group had approved five exchangers rated around
300,000 BTUs per hour that did not greatly diminish the range and speed of the B-24D.
They weighed only thirty pounds, occupled a cylindrical space eight inches in diameter and
twenty-two inches long. The complete de-icing system weighed an acceptable 300 pounds,
less than 1.5 percent of the total gross weight of the aircraft. Pneumatic de-icers protecting
only the wing and tail leading edges, weighed in at 230 pounds. As soon as the B-24F was out
the door and on its way to Minneapolis—following a brief inspection stop at the
Consolidated Plant—the Army Air Forces delivered to Ames a Boeing B-17F Flying Fortress.

Ames drew from their work on the B-24F to quickly retrofit de-icing equipment onto
the larger B-17F. They started with the same heat exchangers, then modified those that
buckled under the greater heat blast. Unsure of which exchangers would least impact
range and speed, the B-17F carried an older exchanger designed for cabin warming in
one nacelle and a proposed production exchanger—bought from McQuay, Inc., the
Trane Company, and AAF engineers at Wright Field—in each of its other three nacelles.
The Ames group tested pressure distribution around the exchangers well into the fall of
1943. They installed additional thermocouples, and tried out some valves to adjust heat
flows from the four engines around the wings. By January 1943, Ames and visiting Boeing
draftsmen had prepared corrected B-17F production drawings, and the aircraft was ready
for icing tests in Minneapolis.

That same month, Ames outlined “preliminary design considerations” for the most
complete de-icing system yet, for a Curtiss-Wright C-46 Commando transport. The Army
Air Forces, impressed with the plans, delivered to Ames C-46 No. 41-12293 in March
1943, once the Ames group returned from Minneapolis. As Rodert and Jones struggled
to write up the B-17F and B-24D test results that manufacturers clamored for, they turned
their attention to the C-46." The C-46 was then America’s largest transport, much
bigger than the B-17 and B-24, with a stressed wing that required more careful revisions
and a long series of mock-ups. Ames built and tested two wing inner skins—with baffles
on the right wing and corrugation on the left. Because the C-46 was to be an all-weather
aircraft, Ames had to protect the propellers, windshields, antennas, carburetors and

33.  Lewis A. Rodert and Alun R. Jones, “Development of Thermal lce Prevention Equipment for the B-
17F Airplane,” Advanced Restricted Report 3124, WR A-51 (August 1943); Lewis A. Rodert and Alun R. Jones,
“Development of Thermal Iee Prevention Equipment for the B-24D Airplane,” Advanced Confidential Report,
WR A-35 (February 1943).
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other parts vulnerable to icing. The wider radius of the C-46 propeller, especially,
demanded a new approach to de-icing.

Ames had closely followed innovations in these other parts, but now Rodert had to
make speuﬁc recommendations. Rodert’s committee especially urged him to move for-
ward: “The consensus of the subcommittee is that the thermal method of aircraft de-icing
has been proved to be sound.™ Rodert should now help pilots follow the one rule bold-
faced in every manual on de-icing: *You must maintain your airspeed.”™

Propellers and Carburetors

Rodert’s work with propellers as with wings, started with proof that de-icing was cru-
cial, then showmg how it was easier than previously thought. By stopping and teathermg
propeller blades in flight, Rodert, Clousing and McAvoy discovered how propeller icing
usually started with a thin pencil of ice formed at the aemdynamm dead-center of the lead-
ing edge. Rodert’s position that this pencil was a necessary precursor to de-icing proved
controversial. A slight temperature rise weakened its attachment enough that centrifugal
force spun it off, whereas a great amount of heat was needed to prevent it forming. Yet
manufacturers claimed the pencil induced vibration as it unbalanced the propeller, and
became a flying missile when spun off.

Chemicals also weakened the pencil adhesion, and their use dominated propeller
de-icing. Hamilton Standard offered viscous Icelac, the British their Mark F9 Kilfrost paste,
and the Naval Research Laboratory their P-85 paste—which absorbed ice crystals on a
tacky, glycerin-like surface before sloughing off the propeller.™ Slick lacquers—like one
developed by MIT—kept ice crystals from adhering to the propeller surface. Or a steady
stream of alcohol expelled from a slinger ring at a propeller hub and directed along a slot-

The Custiss C-46 [lying ice-research laboratory at the Ice Research Base. (NASA photo no. Ames ALL-3895),

34, “Minutes of Meeting of Special Subcommittee on Deicing Problems, Committee on Aerodynamics,”
May 13, 1942, p. 14 (WDC: RG255: General Correspondence [Numeric File]: Box 247: File 50-14B “Deicing
Problems, Minutes”).

35, Jee Formation on Aireraft: Aerology Series No. | (Washington, DC: Training Division, Bureau of Aeronautics,
U.S. Navy, 1942).

36.  “Propeller Icing,” Scientific American 172 (April 1945): 215,



FrOM ENGINEERING SCIENCE TO BIG SCIENCE 45

An nacelle assembly in a Lewis Laboratory tunnel test showing icing on the propeller, October 18, 1944, (NASA photo no.
NACA C-7052).

ted rubber panel, cooled the icing temperature.” None of the chemicals, however, worked
longer than an hour. The lacquers pitted and eroded; the pastes sloughed off the faster
propellers too quickly; the alcohol tanks depleted if used prophylactically. A three-blade
propeller used three quarts of alcohol per hour, and manufacturers hesitated to put
reserve tanks of highly-flammable fluids near engine nacelles. To improve de-icer fluid

37. A good description of slinger rings is David Gregg, “Carburetor and Propeller Anti-lcers,” Aviation
40 (March 1941): 4243+,
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economy, Monsanto tried to develop trimethyl phosphate—used in automotive anti-
freeze—as a universal de-icing fluid for all parts of the aircraft. Still, the slotted surface
that directed fluids over a propeller disturbed its acrodynamic efficiency.

So during 1942, Rodert turned his attention to thermo-electric blade shoes—hard,
neoprene strips imbedded with high-resistance wires and built into the leading edge of the
propeller blade. The group assembled at Minneapolis that winter—especially engineers
from Ames, Wright Field, the National Research Council of Canada, and the Hamilton
Standard Propellers Division of the United Aircraft Company—verified the proper size,
span, and heat output of the shoes. (Goodrich sent engineers to test a proprietary shoe but,
in order to protect their trade secrets, kept on the outskirts of NACA-led studies.) As with
heated air de-icing, the biggest problem was adequate power. They had to match the shoe
with a generator built into the propeller hub—too big a generator drained engine power,
too small left the shoe underheated. In an April 1943 report, Rodert offered no theory of
how to determine the right quantity of heat, but suggested some empirical rules of thumb:
an optimum shoe span over twenty percent chord, along ninety percent of blade radius,
and a hub-generator putting out 2.5 watts per square inch. Generating the five kW needed
for complete protection of the B-17 sapped twenty-eight horsepower from the four pro-
pellers, and added 120 total pounds. The AAF committed to thermo-electric boots for its
medium-sized bombers, but had Ames keep working on a better de-icer for the C-46.

The larger radius of C-46 blades made it impractical to heat a boot that long with exist-
ing hub-generators. Since the larger blades were hollow, Ames and Curtiss-Wright engineers
proposed pumping heated air into the hollow blades, circulating it through batffles to better
transfer heat to the surface, and ejecting it out the tips. Though the exhaust tips imposed no
special drag, these engineers failed to devise a method for getting enough hot air into the
propeller core. (Researchers at Cleveland experimented with burning fuel inside the core to
generate heat.) NACA also tried internal electrical heating, running the resistance wires
along the inside surface. In the end, the C46 left for Minneapolis with external thermo-
electric boots and a promise of smaller and lighter hub-generators, which soon followed.

Rodert likewise had to recommend a system for de-icing the carburetor. Three types of
ice can silence an engine. Impact ice forms around the air intake or ducting to the carbure-
tor as supercoolled moisture hits a crystallizing surface. Throttling ice encrusts the interior
surface of the carburetor, when moisture-laden air expands rapidly. Fuel-evaporation ice
clogs the passageways to the cylinders, when vaporizing gasoline robs heat from air in the
carburetor. Since throttling and fuel-evaporation ice forms whenever the air holds moisture,
regardless of temperature, research into carburetor icing proved quite complicated.

As an interim precaution, the Civil Aeronautics Authority (CAA) specified that pas-
senger aircraft have pipes to return hot exhaust into the air entering the carburetor, which
could melt all three types of ice. The Ames group were satisfied that hot air return on their
12A would keep their carburetor invulnerable. But hot air pipes had weight, and because
the hotter air burned less efficiently than cooler, denser air, pilots used it only when they
suspected icing. In July 1940 the Engineering and Maintenance Committee of the Air
Transport Association of America passed a resolution urging NACA to expedite research
into carburetor de-icing.

So the NACA convened a Special Subcommitiee on Induction System Icing under the
Committee on Power Plants (it remained separate from the Subcommittee on De-icing
Problems). Rodert was not a committee member, but they asked him to tour engine testing tun-
nels—at Wright Field, Wright Aeronautical, Goodrich, Pratt & Whitney, and the Naval Aircraft
Factory—and find one for the induction tests. Rodert was most impressed with the carburetor
test box at the Naval Aircraft Factory. But it was booked doing expedited production testing, as
was every facility save the old altitude chamber of the National Bureau of Standards (NBS).
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An air-heated propeller designed by Curtiss and installed on the NACA C-46. The heated air exhusted oul the orifice al the tipy
of each blade. (NASA photo no. Ames A-8646).
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In September 1940, the Subcommittee reluctantly agreed to fund at $25,000 a year a
research program led by Dr. Leo B. Kimball of the NBS. The Subcommittee—after throw-
ing out all sorts of speculation—suggested Kimball start by building a window into his test
stand so he could pass quick judgment on two existing de-icing systems. Then he should
begin deliberate study of icing instrumentation, a temperature and pressure survey of the
carburetor, and a process of fundamental research.

Kimball spent several months meticulously constructing a test stand for a Wright engine
in his laboratory, trying to simulate rain and altitude. He studied the changing chemical com-
position of exhaust gases as octane and air combusted at various temperatures before start-
ing on tests of alcohol injection, the first part of his stated task. When NACA pressed Kimball,
in June 1941, to release some useful results, he looked through the observation window of his
test stand and mimicked some rules of thumb Rodert had offered long ago: avoid any
protuberances into the airflow, like bolt heads, and keep air flowing smoothly through cross
sections that are geometrically similar® He then returned to his calibrations of measure-
ments on icing, moisture, temperature, and throttle openings. In March 1942, Kimball was
ready to shoot hot air into his test-stand carburetor, the second part of his research program.

By then Rodert, who had largely solved problems of wing and windshield icing, began
seeing carburetor de-icing as the reverse salient to making an icedimpervious aircraft.
Whenever asked to comment on Kimball’s progress, Rodert iterated that Kimball’s strategy
should be more like his:

1 believe that it is better to employ trial-and-error methods in the search for a solution than
to devote too much energy lo analyzing the causes and effects of the many factors involved
in the icing phenomenon. When an apparently satisfactory solution has been found,
research leading to a complete understanding of the fundamentals may be required to
perfect it. Such work is easily defined, because we then know what we are after.™

Rodert praised the more directed research program pursued by the United Aircraft
Corporation to improve its Pratt & Whitney engines.” And he was encouraged when simple
anti-icing tests were added to the Army-Navy specifications for carburetors so the excellent
NAF tunnel could begin collecting data on induction icing. In February 1943, Rodert con-
vinced NACA headquarters to move Kimball’s test stand to Minneapolis for studies of the
XB-17 engine induction system, and to build him a cowled engine test stand that he could
tow by car through the clouds along the Sierras. In the meantime, Rodert’s group deter-
mined that, as rules of thumb for the C46, they would avoid alcohol sprays, try resistance heat-
ing on carburetor parts, and otherwise keep the intake stream at 90° F for all its research aircraft.
Carburetor icing delayed none of the test flights in Minneapolis.

Yet in Rodert’s haste to devise design rules of thumb using cutand-try methods, he neglect-
ed more theoretical analysis of icing conditions and heat transfer. This approach did not go
unchallenged. By the summer of 1944 the de-icing community would be rife with disagreements
over how to specify a workable system and who should enjoy the flexibility to improve upon it.

38.  Kimball submitted weekly progress reports (RG255/Central /102/AF-19-10a).

39, Rodertto Engineer-in-Charge, "Memo: Prelimary report on Icing Tests of Aireraft Engine Induction
Systems,” by Leo B, Kimball, July 28, 1942 (RG255/Central /101 /AF19-10).

40.  Victor |. Skoglund, “Icing of Carburetor Air Induction Systems of Airplanes and Engines,” Journal of
the Aeronautical Sciences 8 (October 1941): 437-62.
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Pushed into Theory

On a tour of southern California manufacturers in April 1943, Rodert was outraged to find
that none were actually building thermal de-icing into production aircraft. After two years of
expedited work, during which Rodert thought of litde else, Ames had designed and proven
de-icing for the B-24 and B-17, and had consulted on many more installations. AAF pilots had
already flown the XB-24F over 200 hours in expedited service tests. Consolidated was already
installing thermal de-icing systems into three Navy production aircraft: PBY-5 Catalinas, PB2Y-3
Coronados, and the PB4Y-1, the world’s fastest ﬂymf_{ boat." Consolidated had developed sofi
tooling for the B-24 rewrofit, including a dimpled inner skin they found easier to fabricate.
Consolidated was even installing the new heat exchangers, but for cabin heating only. Even after
public pronouncements that production B-24s sporting thermal de-icing would soon change the
face of air battle, the AAF was still retrofitting pneumatic de-icers on B-24s as they left the plant.
When Rodert asked why, Consolidated blamed “red tape:” they were confused by conflicting
specifications from the AAF Materiel Command, and thus had not prepared final production
specifications for approval.”

If Rodert had thorns in his side, they were AAF Lt. Myron Tribus and Douglas Aircraft
Company. Douglas was one of the first manufacturers to design hot wings, by adopting
Rodert’s 12A design to their XA-26 light bomber. But Douglas never liked exhaust gas or heat
exchangers. Instead Douglas adapted a gasoline-burning cabin heater from its DC-3 and
scaled it up for wing de-icing. Gasoline burners would be lighter, removable, less vulnerable
to gun fire, and independent of engine failure. Burner temperature was more easily con-
trolled, so excess heat would never weaken the wing structure. Further, Douglas wanted no
exchangers blocking its ejector-type stack, which turned exhaust gas into jet thrust. But
Rodert’s rules of thumb offered conflicting advice on how to calculate thermal requirements
of gas burners. Rodert ran his early flights conservatively and got high numbers, and then had
to convince manufacturers they could use less heat. Without clearer calculations, by April
1941, Douglas still considered thermal heating “too experimental.”*

Design politics within Douglas further encouraged them to pass blame to Rodert. Douglas
charged the entire weight of thermal de-icing to its equipment group, which also bought pres-
surizers and air conditioners. They, in turn, wished to charge much of this weight back to the
wing and structures group by emphasizing the role of inner skin in transmitting heat. The struc-
tures engineers refused any responsibility for the system, however, until the thermodynamics
group specified more exactly what thermal stress de-icing imposed on the leading edge. And
the thermodynamics group, because they specialized in heat transfer theory, wanted
NACA to provide some kind of theory rather than just empirical design rules."

Myron Tribus came to Rodert’s attention in June 1942 when, as an undel'graduatt‘ n
Boelter’s mechanical engineering laboratory, he clued in Douglas to another inconsisten-
cy in Rodert’s heat transfer calculations. Tribus entered the Army Air Force in September
1942, and was sent to Wright Field to prepare specifications for de-icing systems. Wright
Field engineers had been enthusiastic and compliant customers of Rodert’s work. Rodert
reported in November 1941 that Wright Field had agreed that all plans for de-icing “will
be referred to me for approval until the Air Corps has developed a group of experienced

41, “"Development of Exhaust Gas De-lcer Revealed by Consolidated Vultee,” Western Flying 23 (September
1943): 120; "New Techniques Applied to Anti-lcing Problem,” Aero Digest 43 (September 1943): 225-27,

42, Rodert to DeFrance, “Memao: Production airplanes employing thermal ice-prevention equipment,”
June 15, 1943; DeFrance to NACA, June 18, 1943 (RG255/Central /101 /AF19-20).

43.  E.H. Heinemann, chief engineer, Douglas Aircraft Company to E.P. Hartman, NACA, February 28, 1941;
Heinemann to DeFrance, April 3, 1941; DeFrance to Douglas Aircraft, August 13, 1941 (RG255/Central /93 /AF4-10).

44, Asreported later in Alun R, Jones to Engineer-in-Charge, June 21, 1945 (RG255/ Central/ 104,/ AF19-20).
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men in this field.” Wright Field had virtually plagiarized the first draft of its specifications
from BuAer’s specification SR-105, issued in December 1941, which in turn borrowed
Rodert’s rules of thumb on heating."

When Tribus arrived at Wright Field he declared the specifications too inflexible.
Surely Rodert’s wing design of ten to fifteen percent chord heating to 100° F rise and
exchanger design of 1000 BTUs per foot per hour, while good rules of thumb, would
not fit all airfoils, wing structures, cruising speeds, or types of clouds. Air energy loss
through tortuous ducting in the B-24 already made Tribus and Consolidated question
Rodert’s 1,000 BTU figure. Tribus knew Rodert’s system worked, so instead he held up
the uncertainty that the system might be lighter. Tribus wanted the specifications to
state the temperature criteria needed to prevent icing—*in air actually containing water
droplets”™—then lend manufacturers flexibility in designing the wing ducting and heat-
ing systems. To do so, he wanted NACA to provide better data on the meteorological
conditions for icing and better heat transfer calculations for wet air, like that in clouds.

Rodert, on the other hand, was in constant, personal contact with the manufacturers
precisely because most wanted explicit design advice. Rodert had successfully designed
new equipment of notable simplicity and good margins of error using the simpler dry-air
calculations. He considered Tribus’ preoccupation with wet-air both irrelevant, since
weakening the ice adhesion bond was a sufficient concern, and too complex, since all air
turned turbulent in the presence of water. Rodert further knew that Tribus harped on
wmght issues because he had a right to, and not because Rodert’s design was too heavy.

Many engineers in industry considered Rodert a peer, though quirky, and enjoyed mulling
over aircraft design with him. This face-to-face contact, and not just the practical orienta-
tion, most distinguished Rodert’s approach from NACA's traditional mode of encounter-
ing manufacturers—which used the NACA committee structure as a filter.” As Rodert
expanded his program he told his bosses: “We hope that the NACA policy of permitting a
close coordination of our work with the needs of the [AAF] Material Center, Bureau of
Aeronautics, airline operators and manufacturers will continue.”*

But Tribus considered such liaison his prerogative, and had access to the AAF job
orders that Ames depended upon. Throughout 1943, DeFrance accepted more work on
calculating wet-air heat transfers even though Rodert, with so many practical problems still
to solve, considered such number-crunching an annoyance. This was good news to Douglas,
which continued to complain about discrepancies in Rodert’s calculations as a strategy for
gaining greater freedom to design their gas-burning system. During 1943 Douglas had many
planes with different types of de-icing equipment: C-74, SB2D-1, XTB2D-1, C47, and C54.
Donald Douglas Jr. had invited Rodert to visit his plants every summer, but usually engaged
Rodert on issues peripheral to his work on the hot wing—issues like how best to heat big air-
craft cabins, how constant speed propellers could distinguish between friction drag from icing
and normal drag from pitch change, and what to do about melted ice flowing backwards and
clogging the ailerons.

At a public meeting of the American Society of Mechanical Engineers (ASME), Alun
Jones spoke up about Douglas still specifying inadequate heat on the prototype DC-6.

45,  Rodert to Engineer-in-Charge, November 14, 1941 (RG255/Central /104/AF19-20).

46.  Army Air Forces Specification No. R-40395, “Anti-Icing Equipment for Aircraft. (Heated Surface
Type) General Specification For:" April 21, 1942 (RG255/Central /93/AF5-20).
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48.  Rodert to Engineer-In-Charge, “Memo: Ice Research at AAL"™ May 8, 1942 (RG255/Central/101/
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Douglas had pushed ahead in specifying de-i 1cmg equipment based on icing conditions—
20,000 feet altitude, 0° F free air temperature, 0.5 grams per cubic meter liquid water con-
tent, and 205 mph true airspeed—rather than simple temperature rise. Douglas and
Stewart-Warner had announced that they designed a burner that weighed twenty-two
pounds, put out 240,000 BTUs per hour, with a tungsten igniter that worked at any alti-
tude. United Air Lines intended to buy the DC-6, and sided with Jones. United pilots had
flown Ames’ C-46, and wanted their procurement contract for the DC-6 to specify similar
performance. Douglas, however, noted that the Ames’ reports never specified this perfor-
mance data, but only design criteria.

So Rodert and Jones asked DeFrance for time to prepare a text on thermal requirements
for de-icing us]ng existing dry-air calculations. DeFrance said no. Manufacturers already
understood dry air work; to stay on the cutting edge Ames had to move into the more
controversial wet air work. When George Lewis of NACA headquarters asked Rodert and
Jones to prepare a manual of standardized data on heat exchanger performance, DeFrance
protected them, saying their time would be wasted writing manuals for junior engineers.
Captain William A. Bennett, Jr., the AAF Materiel Command Liaison Officer to Ames, asked
DeFrance to allow him to release preliminary data from Ames exchanger tests. DeFrance
agreed, and also asked Boelter to spend the summer revising reports into “The Comparative
Performance of Several Exhaust Gas-Air Heat Exchangers.” (Rodert congratulated
Consolidated Vultee Aircraft Corporation, in June 1944, when they took the initative of
releasing a Thermodynamics Manual summarizing Ames data and design experience.)

DeFrance seemed especially sensitive to what roles NACA could play in directing the
industry. He also sensed that Rodert’s zeal had raised some hackles. NACA had indeed
proved that thermal de-icing held promise, and generated some excellent design rules of
thumb. But even the urgency of wartime should not allow Rodert to intrude on the pro-
curement responsibilities of young Lt. Tribus. The AAF had begun giving icing research
contracts to more compliant institutions. Nor did urgency allow NACA to come between
manufacturers and their customers. DeFrance knew the Ames group would need to shift
its focus to more theoretical issues of icing and heat transfer, and encouraged Rodert and
Jones to redefine their research agenda before others forced them to.

For example, the AAF announced in April 1943 that it would assume control of the
Minneapolis operations, rename it the Ice Research Base (IRB), and expand into a hangar not
needed by the Air Transport Command. When the base reopened that September all testing
was directed by those engineers in the AAF Engineering Division who needed to standardize
acceptance tests, write manuals and technical orders, and approve production drawings of
de-icing equipment for twelve new aircraft. Rodert sat out the 1943-44 testing season but kept
the XB-24F at Ames until Dcct,mbcr DeFrance sent Carr Neel to represent NACA and run the
IRB “experimental program,” which Tribus had restricted to flight tests in the C46 “icing
lab.™ Rodert waited until January 1944 to release the C-46 to the Ice Research Base, then
had it returned to him the following month.

The C-46 Icing Laboratory

Because Ames had built into the C-46 very complete de-icing equipment, they
could fly it into the most severe icing conditions and collect data. For the next two
years, Ames pilots would fly the C-46 on a triangle route—from San Francisco north-
ward toward Seattle and inland toward Salt Lake City. Local newspapers often report-

49,  William A. Bennett, AAF Materiel Command Liaison to DeFrance, September 20, 1943
(RG255/Central /113/AM16-15a).
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A laboratory test section of an electvically-heated airfoil for the C-46, in November 1945, with the thermocouples and nichrome
electrical heating elements already installed. (NASA photo no. Ames A-9896).

ed on passengers stuck weather-bound at an airport, only to see the C-46 barrel
through the clouds to a safe landing. Ames research took on a different hue once
centered on this C-46.

Beginning in 1944 they focused on statistical definitions of the meteorological
conditions for icing. Rodert had previously dismissed all work on icing indicators, arro-
gantly expecting his thermal system to work so naturally that pilots had no need to
know when they encountered icing. Furthermore, the only practical indicators mea-
sured accumulation of ice in order to activate pneumatic de-icers, even though pilots
agitated for an indicator that measured the rate of accumulation so they knew when to
fly out of icing clouds.” Rodert avoided the debate between accumulation versus rate
of accumulation indicators to wait for research on measuring more “fundamental”
icing conditions: liquid water content of clouds, free air temperature, droplet size, and
the distribution of droplet sizes. (Small drops would deflect around the wing by bound-
ary layers; ]arget' drops would slam into the wing.)

Free-air temperature was tough enough to measure; doing so in a cloud of
unknown moisture content evoked special ingenuity. Jones directed the work on icing

50.  “lIce Indicator,” Seientific American 167 (December 1942): 280; “Ice Indicator Developed,” Aviation 41
(October 1942): 138,
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indicators—both what they indicated and how well—while Weather Bureau meteorol-
ogist William Lewis, working with the NACA Subcommittee on Meteorological
Problems, suggested hypotheses on which data best portended icing. J.K. Hardy, the
British wartime representative and an impartial observer to the Rodert-Tribus dispute,
offered to stay with the Ames group through 1947 and use this wet-air data to work up
a de-icing theory. Hardy began by calculating the dissipation of heat in wet air from
Rodert’s dry-air equations, then devised a theory to predict the de-icing performance
of the C-46. NACA engineers devised an “optical rainbow recorder” to provide contin-
uous measurement of the water content in clouds, a dew-point recorder and drop size
recorders in their search for “further accuracy and simultaneous, continuous and
instantaneous recording of all meteorological data.™ Jones considered it especially
challenging work. “The determination of the amount of free water in a cubic foot of
cloud through which you are flying at 150 to 200 m.p.h.,” noted Jones, “is a problem
to be approached with respect.™

They began collecting data on icing in other parts of the world, like that encoun-
tered by the American-run Chinese National Airways ferrying cargo from India to
China over the Himalayan Hump. Icing conditions stretched from 12,000 to 16,000
feet, so a DC-3 could not drop below or climb above it. Ice often formed four inches
thick, completely blocking the windshield, and brought down more than 100 transport
aircraft flying the Hump during the war, including nine in one day.

Rodert, whose reputation continued to spread, spent more time on ill-defined
icing issues—like heat transfer in Navy airships, de-icing aircraft carrier decks, using a
static electric field to repulse cloud droplets, protecting the protruding landing lights on
the B-17, and frost on cabin windows. And he made one last effort at thermal de-icing the
12A with waste exhaust gas. This time he mixed 15 percent exhaust directly with air, to a
temperature of 300° F, and then pumped it through the thin integral skin along the wing
leading edge. This avoided the air pressure problems of heat exchangers, minimized
maintenance problems and corrosive acids of pure exhaust, and saved the weight of gaso-
line burners. But it still produced unacceptable levels of condensation.

By the close of the war most manufacturers were set on using thermal de-icing, but
with gasoline burners and methods Rodert had earlier bet against. Most postwar trans-
port aircraft—like the Boeing B-50 Stratocruiser, the Douglas DC-6, the Martin 202—
carried thermo-electric propellers, single-pane non-electrostatic windshields with very
hot air blasts on the outside, and hot wings with gasoline-burning heaters built into the
nacelles.” Stewart-Warner's South Wind heater, now improved, could put out 300,000
BTUs per hour from just 2.8 gallons of engine gasoline. Only Consolidated was using
NACA-type heat exchangers, on its C-99 and model 39 cargo aircraft, despite trouble
with its air-discharge valves. Still, the airlines considered Rodert a hero for calling
manufacturers’ results into question and expediting development across the board.

Rodert’s ties with the airlines improved as the war came to a close. The chief engi-
neer from Pennsylvania-Central Airlines visited Ames and noted that PCA lost $78,000
in the first quarter of 1944 alone by holding aircraft on the ground. Most airlines still
suffered 20 percent downtime during the winter months. He was planning on retro-

51.  Alun Jones to Engineer-in-Charge, “Memo: Suggested icing research program for Ames Laboratory,”
August 21, 1946 (RG255/Central /104/AF19-20).

52, Gray, Frontiers of Flight, p. 327.

53.  “Boeing Thermal Anti-lcing,” Aero Digest 55 (December 1947): 71-2; “Martin 2-0-2 Performance,”
Aero Digest 54 (May 1947): 59; “Thermal De-Icing on the DC-6," Aero Digest 53 (August 1946): 89+; “Propeller
Electric De-Icing System For Wide-Range Operating Conditions,” Aviation 46 (April 1947): 65; “Postwar Sky
Giant,” San Francisco Chronicle, February 26, 1945,
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fitting thermal de-icing on all his aircraft and wanted NACA’s advice. By 1944, most
airlines had specified thermal de-icing equipment on their new aircraft and many
were retrofitting it on their old aircraft. After several airlines asked for permission to
fly the C-46, Rodert noted “the plans for the future of the airlines may serve as a good
guide for expansion of NACA research facilities.™ DeFrance planned a conference on
thermal de-icing for the airlines that, to encourage more open discussion, would
exclude the military.

Meanwhile, Rodert’s relations with the AAF deteriorated. Rather than himself
collect the data and write the specifications he thought so vital, Tribus continued to
blame NACA for not doing so: “Designers, in short, are designing heated wings on the
basis of very general information derived from experiments, which have been neither
analyzed nor correlated.” DeFrance retorted: “The Laboratory believes that a rigorous
analytical treatment of the icing phenomenon is desirable from an academic view-
point; however...most questions originate from a reluctance to make the r(,quirui
changes to an (xwtmg atrplam or to install adequate heating capacity in a new air-
plane, and that the inquirer is usually seeking an escape from the design requirements
shown necessary by our data.”™

Demobilizing Icing Research

The conflict between Tribus and Rodert came to a head in January 1945, when Tribus
publicly presented a paper excerpting NACA reports.”™ Tribus had written the paper back
in July 1943, even as he pressed Rodert to hurry the release of the written data that man-
ufacturers clamored for. Rodert’s report writing, however, was slowed by new research, the
usually slow NACA peer review process, and Army Air Forces classification. Tribus’ paper
was among the first icing reports downgraded from “confidential” to “restricted.” Tribus
then manipulated the system to get his paper completely declassified for the January 1945
meeting of the Society of Automotive Engineers, a meeting at which Rodert introduced
him, and the paper for which Tribus won the Society's Wright Brothers Medal. Rodert was
furious. DeFrance argued Rodert’s case, contending that Rodert had dedicated himself to
this work only to be robbed of tribute. “Due to the classification imposed on ice-preven-
tion research” by the AAF, DeFrance wrote, whenever Rodert presented papers he “was
required to speak only in general terms thereby impairing the quality and value of his
paper.”” Rodert was further incensed that Tribus would claim credit for work—on dry air
heating requirements and exchanger design—he routinely belittled. Rodert saw his group
suffer a morale decline from laboring so hard in obscurity. Thereafter, NACA more care-
fully claimed credit for their work on thermal de-icing, and Rodert and Jones found time

54,  Rodert to Engineer-in-Charge, "Memo: Discussion at lce Research Project,” May 19, 1943
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to finish reports of wartime work.”™ (Tribus, meanwhile, after pressing his seniors so hard
for “A Theory of Heat Anti-Icing,” returned for a master’s degree at war’s end rather than
entering industry, and remained an academic his entire career.)

Rodert left Ames in September 1945, to cash in on the growing demand for heat
exchangers he had created. He joined the Indianapolis-based South Wind Division of
Stewart-Warner Corporation, with whom he had worked closely in the past, and remained
active with NACA as chair of the de-icing committee.

But within a year he was back with NACA, to head the growing flight research branch at
the NACA Aircraft E ngine Research Laboratory in Cleveland. As early as January 1940 Rodert
had outlined a program of engine and propeller icing research that was later written into the
laboratory's agenda.” By V] Day, the Cleveland laboratory had forty-nine people engaged in
icing research, compared with thirty-two at Ames. There Rodert had three research aircraft
at his disposal. A B-25 was calibrated so that they could switch off one part of the de-icing sys-
tem, like the propeller, and then measure how icing there affected total aircraft performance.
A B-24 had special installations for tests of windshields and antenna—placing them at various
angles and measuring both drag and proclivity to icing. These flight tests mirrored many
done during the war, except they were done with much greater precision.

Rodert’s flight resecarch complemented |ung tunnel research under the direction of
Wilson H. Hunter, former chief of Goodrich’s icing tunnel. NACA built the world’s largest
refrigeration plant to serve Cleveland’s new high-altitude wind tunnel, and the plant had sur-
plus chilling for a smaller six by nine foot icing research tunnel. Winds at velocities up to 320
mph passed through a heat cxrhanqcr that cooled it down to minus sixty-five degrees, when
a spray bar shot water into the refrigerated airstream. The tunnel had three sections—one
for propellers, one for rotary wings, and one for engines, wings, windshields, and antennas.
While droplet size in the tunnel was ten times too large to truly simulate natural icing, the
Cleveland group made good use of it. They designed an inertial separator for carburetor de-
icing, essentially a curve in the intake housing that divided heavier, moisture-laden air from
the drier air that then entered the engine. They also analyzed the trajectory of a water-drop
around an airfoil, to understand how water intercepted by a heated body was dispersed.

The Civil Aeronautics Board was so enthralled with the continuing improvemems to
thermal de-icing that in July 1946 they proposed, then shelved, rules requiring it on all
transports that might fly into ice. Under the proposed rules hundreds of aircraft already
in service would have to be grounded and retrofited at great cost. Airline engineers con-
tended the CAB requirements “would force premature installation of devices that have
not been fully proven.™ Douglas especially claimed they simply could not retrofit thermal
ducting into their popnlm DC-3 and DC-4s, meaning only one-third of the total airline
fleet could have hot wings by January 1948, the pxoposcd enforcement date. Yet most
manufacturers already built thermal de- -icing into their new aircraft—the Douglas DC-6,
Martin 202 and 303, Republic Rainbow, Consolidated 240, and Boeing 377 and 417—
gambling that their designs would satisfy still-forthcoming CAB certification rules.

In this context, the award of the 1946 Collier Trophy to Rodert probably served sever-
al purposes. The award signaled enthusiasm among airline owners and the other repre-
sentatives of civil aviation on the Collier committee, “that ice has been virtually eliminated

58.  The first synoptic report was the “Icing Research” summary and Alun R. Jones, “An Investigation of
a Thermal Ice-Prevention System for a Twin-Engine Transport Airplane,” Technical Report 862, in NACA, Thirty
Second Annual Report, for 1946 (Washington, DC: U.S. Government Printing Office, 1949), pp. 33-34, 443-79,

59.  Rodert to chief of aerodynamics division, LMAL, “Memo: Review ol propeller ice research and a
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1938-1952: Box 48: File -61 "Icing Research 1939-417).

60.  “CAB Shelves Deicing Proposal in Face of Industry Opposition,” Awviation News 6 (September 23,
1946): 27-28.
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as a major menace in air transportation.”' Rodert was nominated for the award by John F.
Victory, the executive secretary of the NACA and honorary secretary of the NAA Collier com-
mittee. Victory's careful description of Rodert’s work highlighted the unrestricted research
flights of the G446, was vague about Rodert’s methods, and merely mentioned its impending
use on production aircraft: “Mr. Rodert’s contributions involved the determination of the
amount of heat required and where it was most needed, and the development of a practical
means of conducting the heat to those areas in sufficient quantities without impairing the per-
formance of the aircraft.”™ That is, Rodert was a palatable choice because his work drove the
rest of the industry and undergirded de-icing specifications generally, but none specifically.

Rodert won each step in the balloting that year, with nine of eleven votes cast. General
Carl Spaatz withdrew his earlier nomination of the USAF 72nd Reconnaissance Squadron
(VLR), not wishing to draw too much attention to the new techniques they developed for
mapping the polar regions. Committee chairman William Burden nominated Igor
Sikorsky, but several other companies also staked claims to recent improvements in heli-
copters. Jackie Cochran nominated the propeller division of Curtiss-Wright Corporation
for the reversible propeller used as a landing brake. Curtiss noted that their “purely
American development” of the reversible propeller helped the aircraft carrying the atom-
ic bomb to Hiroshima avoid the problems of maneuvering, overshooting, and aborting
take-offs on the shorter forward airfields in the Pacific. Because the propeller allowed brak-
ing independent of runway conditions, it made American transit aircraft more all-weather,
Technology that helped America’s burgeoning air transportation industry in the post war
period fit nicely with the Committee’s subtle political leanings. Three Curtiss engineers
won honorable mention for this work, but the Trophy went to Rodert.”

“President Truman, in presenting the Trophy to Rodert, had a personal interest in this
year’s winner not only because Rodert is a native Missourian but also because the
President’s plane, The Independence, a Douglas DC-6, is one of the first production
models utilizing the thermal system.™

In fact only a few military aircraft carried Rodert’s complete de-icing system as he shook
Truman’s hand in December 1947, but “one or more of these features are to be found on all
postwar combat and multi-engine transport aircraft already flying or in the design stage.”

Rodert let others interpret the significance of his Collier. At the time of the award,
NACA was still undergoing an uncertain transition from a wartime to a peacetime
research institution. The Trophy forced NACA leaders to confront differing perceptions
of NACA’s role. Some argued the NACA had lost its pre-war independence; that it too
often let the military services set its research agenda; that it was wet-nursing marginal
designs from companies that had failed to invest enough in basic research capabilities.”
Others argued that Rodert’s icing research was a model for how NACA should more
directly serve the needs of postwar American aviation.
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Lew Rodert accepling the Collier Trophy from President Harry 5 Truman in December 1947, (NASA Photo NACA €-20295)

Rodert himself soon turned from icing research to another operational problem—
preventing fires following aircraft crashes. Of the 121 passenger aircraft crashes during
1946, twenty-two involved fires, and sixteen of those fires started after the aircraft hit the
ground.” The airlines, concerned with any public perception that air travel was unsafe,
asked the NACA Committee on Operating Problems to approach this problem as well. A
group at the Cleveland laboratory, led by Abe Silverstein, outlined a research program in
the "Reduction of Hazards Due to Aircraft Fires” to discover why aircraft flamed after
impact. Rodert reprised his role of liaison with manufacturers and all other agencies con-
cerned with aircraft crashes, and secured NACA funding and access to the Ravenna
Arsenal in Ohio for fullscale crash tests. The Civil Aeronautics Authority (CAA) crash
research facility at Indianapolis competed intensely for this same research funding, espe-
cially since the results would be used in CAA design codes for safer aircraft. But the more
aggressive NACA program got the backing of the Aircraft Industry Association, repre-
senting the manufacturers, and the Air Transport Association, representing the airlines.

NACA’s icing research program, meanwhile, had reached a natural termination
point. In October 1948, Jones and Lewis returned the meteorological data the CAA would

67.  Virginia P. Dawson, Engines and Innovation: Lewis Laboratory and American Propulsion Technology
(Washington, DC: NASA SP-4406, 1985), p. 117.
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eventually use for its design specifications.™ Soon thereafter, DeFrance closed out Ames’
work on icing, sold the 12A for scrap, and sent all those still interested in icing research
to Cleveland. At Cleveland, Irving Pinkel of the physics section assumed leadership of
icing research, and broadened their work into the physics of the icing cloud. Th(,y
improved the water atomizer of the icing tunnel so it sprayed more natural droplet sizes,
and used it to calibrate a simplified pressure-type icing rate meter that became standard
equipment on most jet transports. With this new meter, the CAA collected icing data dur-
ing many regular airline flights and, by the late 1950s considered the icing menace
resolved if not exactly solved.

NACA shut its icing tunnel in 1957, and archived its data on icing.” Air travel was then
done mostly with turbojets, which provided plenty of hot air from the mid-stages of their
compressors to heat the wing as it passed through the boundary layer control ducts. And
with pressurized cabins, aircraft could cruise well above icing clouds at 18,000. Icing was
still a problem near the ground, but modern airports had better de-icing fluids to apply
before take-off.

But by the late 1970s, aircraft technology again had evolved so that the icing
menace reappeared. More efficient turbofans generated less waste heat, supercritical
wing shapes proved tougher to de-ice, some de-icing fluids were eliminated as hazards
to runways and watersheds, and de1egulannn put into service more small aircraft and
helicopters that flew low through 1cmg clouds. In 1978, the National Aeronautics and
Space Administration reopened its icing tunnel, outlined a research program focusing
on flight tests, and secured the cooperation of government agencies, military services,
university researchers, manufacturers, and suppliers. Once again they sought to solve
the operational problems of aircraft icing—assisted by the knowledge acquired earlier
by Lewis A. Rodert, his associates, and rivals—and with rules of thumb evolving, perhaps
someday, to a theory of aircraft icing.

68, Alun R. Jones and William Lewis, "Recommended Values of Meteorological Factors to be
Considered in the Design of Aircraft Ice-Prevention Equipment,” NACA TN 1855 (March 1949).

69, On a similar award-winning but “archived” technology, see Mark D. Bowles and Virginia P. Dawson,
“The Advanced Turboprop Project: Radical Innovation in a Conservative Environment,” in this volume. The rise
and fall of fuel prices from the 1970s to the 1980s prompted, then undid, the ATP project, much like the envi-
ronmental contingencies of wartime flying through all conditions prompted de-icing and twrbojet flight in the
1950s rendered it irrelevant.



Chapter 3

Research in Supersonic Flight and
the Breaking of the Sound Barrier

by John D. Anderson, Jr.

“We call the speed range just below and just above the sonic speed—Mach number
nearly equal to 1—the transonic vange. Dryden [Hugh Dryden, well-known fluid
dynamicist and past administrator of the National Advisory Committee for
Aeronautics] and I invented the word ‘transonic’. We had found that a word was need-
ed to denole the critical speed range of which we were talking. We could not agree
whether it should be written with one s or two. Dryden was logical and wanted two s's.
I thought it wasn't necessary always to be logical in aeronaudics, so I wrote it with one
s. [introduced the term in this form in a report to the Air Force. I am not sure whether
the general who read it knew what it meant, but his answer contained the word, so it
seemed to be officially accepted. . . . I will remember this period (abowt 1941) when
designers were rather frantic because of the unexpected difficulties of transonic flight.
They thought the troubles indicated a failure in aerodynamic theory.™

The morning of Tuesday, October 14, 1947, dawned bright and beautiful over the
Muroc Dry Lake, a large expanse of flat, hard lake bed in the Mojave Desert in California.
Beginning at 6:00 a.m., teams of engin(,()ls and technicians at the Muroc Army Air Field
readied a small rocket-powered airplane for 111ght Painted orange, and rcqcmb]mg a 50-
caliber machine gun bullet mated to a pair of straight, stubby wings, they carefully
installed the Bell X-1 research vehicle in the bomb bay of a four-engine B-29 bomber of
World War Il vintage. At 10:00 a.m., the B-29 with its soon-to-be historic cargo took off and
climbed to an altitude of 20,000 feet. As it passed through 5,000 feet, Captain Charles E.
(Chuck) Yeager, a veteran P-51 pilot from the European theater during World War II,
struggled into the cockpit of the X-1. This morning Yeager was in pain from two broken
ribs incurred during a horseback riding accident the previous weekend. However, not
wishing to disrupt the events of the day, Yeager informed no one at Muroc about his con-
dition, except his close friend Captain Jack Ridley, who helped him to squeeze into the X-1
cockpit. At 10:26 a.m., at a speed of 250 miles per hour, the brightly painted X-1 dropped
free from the bomb bay of the B-29. Yeager fired his Reaction Motors XLR-11 rocket
engine and, powered by 6,000 pounds of thrust, the sleek airplane accelerated and
climbed rapidly. Trailing an exhaust jet of shock diamonds from the four convergent-
divergent rocket nozzles of the engine, the X-1 soon approached Mach 0.85, the speed
beyond which there existed no wind tunnel data on the problems of transonic flight in
1947. Entering this unknown regime, Yeager momentarily shut down two of the four rock-
et chambers, and carefully tested the controls of the X-1 as the Mach meter in the cock-
pit registered 0.95 and increased still. Small invisible shockwaves danced back and forth
over the top surface of the wings. At an altitude of 40,000 feet, the X-1 finally started to
level off, and Yeager fired one of the two shutdown rocket chambers. The Mach meter
moved smoothly through 0.98, 0.99, to 1.02. Here, the meter hesitated then jumped to

1. Theodore von Kdrman, Aerodynamics (Ithaca, NY: Cornell University Press, 1954), p. 116.
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1.06. A stronger bow shockwave now formed in the air ahead of the needlelike nose of the
X-1 as Yeager reached a velocity of 700 miles per hour, Mach 1.06, at 43,000 feet. The
flight was smooth; there was no violent buffeting of the airplane and no loss of control as
feared by some engineers. At this moment, Chuck Yeager became the first pilot to fly faster
than the speed of sound, and the small but beautiful Bell X-1, became the first successful
supersonic airplane in the history of flight.*

The Bell X-1. (NASA photo)

2. This description of the first supersonic flight is excerpted from John D. Anderson, Jr., Modern
Compressible Flow: With Historical Perspective (New York, NY: McGraw-Hill Book Co., 1990 2d ed.), pp. 2-4. For a
general reference, from Chuck Yeager's point of view, see General Chuck Yeager and Leo Janos, Yeager: An
Autobiography (New York, NY: Bantam Press, 1985). For a definitive history of the circumstances leading up to
and surrounding the development and flight testing of the Bell X-1, see Richard P. Hallion, Supersonic Flight (New
York, NY: Macmillan, 1972).
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As the sonic boom from the X-1 propagated across the California desert, this flight
became the most significant milestone in aviation since the Wright brothers” epochal first
flight at Kill Devil Hills fourty-four years earlier. But in the history of human intellectual
accomplishment, this flight was even more significant; it represented the culmination of
260 years of research into the mysteries of high-speed gas dynamics and aerodynamics In
particular, it represented the friition of twenty-three years of 111s1gh1ful research in high
speed aerodynamics carried out by the National Advisory Committee for Aerodynamics
(NACA)—research that represented one of the most important stories in the h1swry of
acronautical engineering. The purpose of this chapter is to tell this story. The contribu-
tion by the NACA to the Bell X-1 was much more technical than it was administrative.
Therefore, this chapter will highlight the history of that technology.

The NACA’s work on high-speed aerodynamics described in this chapter is also one
of the early examples in the history of aerodynamics where engineering science played a
deciding role. Beginning in 1919, the NACA embarked on a systematic intellectual quest
to obtain the knowledge required to eventually design proper high-speed airfoil shapes.
Historian James R. Hansen, in his chapter on the NACA low-drag engine cowling, in the
present book, asks the following question about the cowling work: Was it science, or was
it engineering? He comes to the conclusion that it was somewhere in between—that it was
an example of engineering science in action at the NACA. In arriving at this conclusion,
Hansen draws from the thoughts in Walter Vincenti’s book, What Engineers Know and How
Hw) Know It, where Vincenti clearly makes the following distinction between science and
engineering: science is the quest for new knowledge for the sake of enhancing under-
standing, and engineering is a self-standing body of knowledge (separate from science)
for the sake of designing artifacts. For the purpose of the present chapter, I suggest this
definition of engineering science: Engineering science is the search for new scientific knowledge
for the ex;bl:r it purpose of (1) va:flmq a quakmnw zmdwsttmqu which allows the move efficient
design of an engineering artifact, and/or (2) Providing a quantitative (predictive) technique, based
on science, for the more efficient design of an engineering artifact. In this chapter we will see that
NACA researchers in the 1920s and 1930s were working hard to discover the scientific
secrets of high-speed aerodynamics just so they could properly design airfoils for high-
speed flight—truly engineering science in action. Also, within the general framework of
the historical evolution of aerodynamic thought over the centuries, the NACA’s high-
speed research program is among the earliest examples of engineering science, although
that label had not yet been coined at the time.

The Prehistory of High—-Speed Flight: Point and
Counterpoint

Most golfers know the following rule of thumb: When you see a flash of lightning in
the distance, start counting at a normal rate—one, two, three. . . . For every count of five
before you hear the thunder, the lightning bolt struck a mile away. Clearly, sound travels
through air at a definite speed, much slower than the speed of light. The standard sea level
speed of sound is 1,117 feet per second—in five seconds a sound wave will travel 5,585 feet,
slightly more than a mile. This is the basis for the golfer’s “count of five” rule of thumb.

The speed of sound is one of the most important quantities in aerodynamics; it is the
dividing line between subsonic flight (speeds less than that of sound) and supersonic
flight (speeds greater than that of sound). The Mach number is the ratio of the speed of
a gas to the speed of sound in that gas. If the Mach number is 0.5, the gas flow velocity is
one-half the speed of sound; a Mach number of 2.0 means that Ihﬁ flow velocity is twice
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that of sound. The physics of a subsonic flow is totally different from that of a supersonic
flow—a contrast as striking as that between day and night. This is why the first supersonic
flight of the X-1 was so dramatic, and why the precise value of the speed of sound is so
important in aerodynamics.

Knowledge of the speed of sound is not a product of twentieth century science.
Precisely 260 years before the first supersonic flight of the X-1, Isaac Newton published
the first calculation of the speed of sound in air. At that time it was clearly appreciated that
sound propagated through air at some finite velocity. Newton knew that artillery tests had
already indicated that the speed of sound was approximately 1,140 feet per second. The
seventeenth century artillery men were preceding the modern golfer’s experience; the
tests were performed by standing a known large distance away from a cannon, and noting
the time delay between the light flash from the muzzle and the sound of the discharge. In
Proposition 50, Book II of his Principia (1687), Newton calculated a value of 979 feet per
second for the speed of sound in air—fifteen percent lower than the existing artillery
data. Undaunted, Newton followed a now familiar ploy of theoreticians; he proceeded 1o
explain away the difference by the existence of solid dust particles and water vapor in the
atmosphere. However, in reality Newton had made the incorrect assumption in his analy-
sis that the air temperature inside a sound wave was constant (an isothermal process),
which caused him to underpredict the speed of sound. This misconception was corrected
more than a century later by the famous French mathematician, Pierre Simon Marquis de
Laplace, who properly assumed that a sound wave is adiabatic (no heat loss), not isother-
mal.’ Therefore, by the time of the demise of Napoleon, the process and equation for the
speed of sound in a gas was fully understood.

This is not to say that the precise value of the speed of sound was totally agreed upon.
The debate lasted well into the twentieth century. Indeed, although this event is little
known today, the NACA was an arbiter in setting the standard sea level speed of sound.
On October 12, 1943, twenty-seven distinguished U.S. leaders in aerodynamics walked
through the doorway of NACA Headquarters at 1500 New Hampshire Avenue in
Washington, DC. They were attending a meeting of the Committee on Aerodynamics, one
of the various adjunct committees set up by the main NACA. Among the experts present
were Hugh L. Dryden from the Bureau of Standards, and John Stack, whose career as an
aerodynamicist at the NACA Langley Memorial Laboratory was on a meteoric rise. Also
present was Theodore von Karman, director of the Guggenheim Aeronautical
Laboratories at Cal Tech, who represented an intellectual pipeline to the seminal aerody-
namic research by Ludwig Prandtl at Goéttingen University in Germany, where von
Kiarman had been Prandt’s Ph.D. student before World War 1. After subcommittee
reports on progress in helicopter aerodynamics, and recent aerodynamic problems in
wing flutter and vibration, the matter of speed of sound was brought up as new business
by John Stack, who stated that “the problem of establishing a standard speed of sound was
raised by an aircraft manufacturer.™

Stack reported that the Committee’s laboratory staff had surveyed the available infor-
mation on specific heats of air—thermodynamic information that goes into the calcula-
tion of the speed of sound—which led to a calculated value of the speed of sound of

3. Pierre Simon Marquis de Laplace, “Sur la vitesse du son dans 'aire et dan I'eau,” Annales de Chimie
et de Physigque, 1816.
4, Minutes of the Meeting of Committee on Aerodynamics, October 12, 1943, p. 9. Found by the

author in the John Stack files at the NASA Langley Research Center Archives, Langley Research Center,
Hampton, VA. Originally marked with security classification Confidential, the minutes have since been declassi-
fied. The Langley Archives are kept by Richard T. Layman, who was exceptionally helpful to the author during
the course of research for this chapter.
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John Stack, Langley Research Cenlter scientisl, was presented the Collier Trophy in 1947, awarded for his conceplion of tran-
sonic vesearch aivplanes. His vesearch contvibuted to the X-1 breaking the sound barrier on October 14, 1947. (NASA Pholo
No. LMAL 48991 ).

1,116.2 feet per second. Measured values gave weighted means of 1,116.8 to 1,116.16 feet
per second. Dryden noted that the specific heats were “not necessarily the same for all
conditions” and suggested that the Committee select 1,117 feet per second as a round
figure for a standard value of the speed of sound for sea level conditions for aecronautical
usage. The outcome of this discussion appeared in the meeting minutes: “After further
discussion it was agreed that the recommendation of a standard value for the speed of
sound would be left for Dr. Dryden and Mr. Stack to work out jointly.” Today, the accept-
ed standard speed of sound depends on which “standard atmosphere” table you look at,
ranging from a value of 1,116.4 feet per second in the 1959 ARDC Model atmosphere to
1,116.9 feet per second in the 1954 ICAO Model atmosphere. However, for engineering
purposes this is splitting hairs, and Dryden’s suggestion of a round value of 1,117 feet per
second is still used today for many engineering calculations. Here is a little-known exam-
ple of how the NACA played a role in the fundamentals of high-speed compressible
aerodynamics—even to the mundane extent of providing to industry a “standard” value
of the speed of sound.

On October 14, 1947, as the Bell X-1 nudged closer to Mach one, a region of the aero-
dynamic flow over the wing became locally ‘illpt':l"‘i(}{li(‘ This is because the airflow increas-
es its velocity while mmmg over the top of the wmg. and hence there is always a region of
the flow over the wing where the local velocity is larger than the velocity of the airplane
itself. As the X-1 accelerated through Mach 0.87, a pocket of locally supersonic flow
formed over the top of the wing. This supersonic pocket was terminated on the down-
stream end by a shockwave oriented almost perpendicular to the flow—called a normal
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Schematic of transonic flow over an aivfoil. (a) Freestream flow slightly below the speed of sound, typically a subsonic freestream
Mach number from about 0.8 to 0,999, (b) Freestream flow slightly above the speed of sound, typically a supersonic freestream
Mach nwmber from 1.0 to about 1.2.

shock (as shown above). This shock formation was the culprit which made flight through Mach
one such a harrowing concern at that time. Finally, when the X-1 accelerated through Mach
one to supersonic speeds, another shock wave formed a short distance in front of the nose; this
shock, called the bow shock, was curved and more oblique to the flow (As shown above). Shock
waves are extremely thin regions—much thinner than the thickness of this page—across which
dramatic and almost discontinuous increases in pressure and temperature occur, Shock waves
are a fact of life in the aerodynamic flow over transonic and supersonic airplanes.

Knowledge of shock waves is not unique to the twentieth century; their existence was
recognized in the early nineteenth century. The German mathematician G. F. Bernhard
Riemann first attempted to calculate shock properties in 1858, but he neglected an essen-
tial physical feature and hence obtained incorrect results.” Twelve years later, William John
Rankine, a noted engineering professor at the University of Glasgow, correctly derived the

5. Ashock wave is, in thermodynamic language, an irreversible process, caused by viscosity and thermal
conduction effects inside the shock wave. A measure of the amount of irreversibility is a thermodynamic variable
called entropy, which from the Second Law of Thermodynamics always increases in any process involving such
irreversibilities. The entropy of a gas always increases as it passes through a shock wave. Unfortunately, Riemann
made the incorrect assumption that the entropy remained constant across a shock.
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proper equations for the flow across a normal shock wave. Not cognizant of Rankine’s
work, the French ballistician Pierre Hugoniot rediscovered the normal shock wave equations
in 1887. To the present day, the governing equations for flow across a shock wave are called
the Rankine-Hugoniot equations, in honor of these two men.® This work was expanded to
include oblique shock waves by the famous German aerodynamicist, Ludwig Prandtl and his
student Theodor Meyer at Gottingen University in 1908.” Hence, only five years after the first
flight by the Wright brothers, the necessary theory for the calculation of shock wave proper-
ties in a supersonic flow was in hand, albeit considered a purely academic subject at that time.

The nineteenth century was also a time of experimental work on supersonic flow.
Perhaps the most important event was the proof that shock waves were not just a figment
of the imagination—they really existed in nature. This proof was given by the physicist-
physician-philosopher Ernst Mach in 1887. Mach, while a professor of physics at the
University of Prague, took the first photographs of shock waves on a body moving at super-
sonic speeds. Shock waves are normally invisible to the naked eye. But Mach devised a spe-
cial optical arrangement (called a shadowgraph) by which he could see and photograph
shock waves. In 1887, he presented a paper to the Academy of Sciences in Vienna where
he showed a photograph of a bullet moving at supersonic speeds. Using his shadowgraph
system, the bow shock and trailing edge shock were made visible (as shown below). This
historic photograph allowed scientists, for the first time in history, to actually see a shock
wave. The experimental study of shock waves was off and running.

Photograph of a bullet in supersonic flight, prublished by ornst Mach in 1887

6. John D. Anderson, Jr., Modern Compmessible Flow: With Historical Perspective, (New York, NY: McGraw
Hill, 1990}, pp. 92-95.
7. Ihid., pp 140-43.
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This prehistory of supersonic flight, both theoretical and experimental, was carried
out by basic researchers who were interested in the subject on an academic basis only. The
true practical value of this work did not come to fruition until the advent of supersonic
flight in the 1940s. However, this is an excellent example of the value of basic research on
problems that appear only purely academic at the time. In the 1940s, when basic super-
sonic flow theory and fundamental understanding of shock waves was suddenly needed
due to the advent of high-speed airplanes and rockets, it was there—quietly residing and
sleeping in a few dusty books and archive journal articles in the library. '

In light of our earlier discussion of engineering science, was this early work on shock
waves engineering science? Emphatically no! The researchers involved in this work were
after scientific knowledge, and just that. There was no force behind these researchers dri-
ving them to design any related engineering artifacts at the time.*

Compressibility Problems: The First Inklings
(1918-1923)

Airplane aerodynamics, from the time of the Wright Flyer to the beginning of World
War 1I, assumed that changes in air density were negligible as the air flowed over the air-
plane. This assumption, called incompressible flow, was reasonable for the 350 mph or slower
flight speeds of airplanes during that era. Theoretically, it was a tremendous advantage to
assume constant density, and physically the low-speed aerodynamic flows usually exhibit-
ed smooth variations with no sudden changes or surprises. All this changed when flight
speeds began to sneak up close to the speed of sound. Aerodynamic theory had to account
for changes in the air density in the flow field around the airplane, and physically the flow
field sometimes acted erratically, and frequently surprised and greatly challenged aero-
dynamicists. Aerodynamicists in the 1930s simply threw these phenomena into one pot
and called them generically “compressibility problems.”

Ironically, the first inklings of compressibility problems occurred during the age of
the strut-and-wire biplanes, with flight velocities about as far away from the speed of sound
as you can get. It had to do with an airplane part, namely the propeller. Although typical
flight speeds of World War 1 airplanes were less than 125 miles per hour, the tip speeds of
propellers, because of their combined rotational and translational motion through the
air, were quite large, sometimes exceeding the speed of sound. This fact was appreciated
by aeronautical engineers at the time. This drove the British Advisory Committee for
Aeronautics to show some interest in compressible flow theory. In 1918 and 1919, G. H.
Bryan, working for the Committee at the Royal Aeronautical Establishment, carried out a
theoretical analysis of subsonic and supersonic flows over a circular cylinder (a simple geo-
metric shape chosen for convenience). He was able to show that in a subsonic flow the
effect of compressibility was to displace adjacent streamlines farther apart. His analysis was
cumbersome and complex—a harbinger of things to come—and provided little data of
value. But it was evidence of the concern felt by the British over the effects of compress-
ibility on propeller performance.’

At the same time, Frank Caldwell and Elisha Fales of the propeller branch of the Army
Air Service Engineering Division at McCook Field in Dayton, Ohio, took a purely experi-

8 Report for the Year 190910, Advisory Committee for Aeronautics, England, p. 5.

9. G.H. Bryan, "The Effect of Compressibility on Streamline Motions,” R & M No. 555, Technical
Report of the Advisory Committee for Aeronautics, Vol. I, Dec. 1918; G.H. Bryan, “The Effect of Compressibility
on Streamline Motions, Part 11" R & M No. 640, Advisory Committee for Aeronautics, April 1919,
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The first data to show the adverse compressibility effects of high-spreed flow over an airfoil. Caldwell and Fales, NACA TR 83,
1920. This is a plot of lift coefficient, Ky, versus velocity in miles per hour. The definition used for Ky at that time diffeved from
the modern definition of lift coefficient (usually denoted by C; today) by a factor of two, e, C; = 2 Ky. The large drop in Ky
seen al the right of the graph is the adverse effect of compressitality. (The vamp in Ky seen al the left of the graph was not
explained by Caldwell and Fales; it 15 the present author’s educated guess that the vamp was a low Reynolds number effect,
because of the small size of the airfoil models used, namely a one-inch chord. )

mental approach to the problem. (This was the beginning of a blurred dichotomy
between British and American research on compressibility effects. Over the next two
decades, the major experimental contributions to understanding compressibility effects
were to be made in the United States, principally by the NACA, and the major theoretical
contributions were to be made in England.) In 1918, Caldwell and Fales designed and
built the first high-speed wind tunnel in the United States—purely to investigate the prob-
lems associated with propellers. The tunnel velocity range was from 25 to a stunning 465
miles per hour. It had a length of almost nineteen feet, and the test section was fourteen
inches in diameter. This was a big and powerful machine for its day. Six different airfoils,
with thickness ratios (ratio of maximum thickness to the chord length) from 0.08 to 0.2,
were tested. At the higher speeds, the results showed “a decreased lift coefficient and an
increased drag coefficient, so that the lifi-drag ratio is enormously decreased.” Moreover,
the airspeed at which these dramatic departures took place was noted as the “critical
speed.” Because of its historical significance, some of their data is shown above, repro-
duced directly from NACA TR 83. Here, the lift coefficient for the airfoil at eight-degree

10.  The critical Mach number is precisely defined as that freestream Mach number at which sonic flow
is first encountered on the surface of a body. The large drag rise due to compressibility effects normally occurs
at a freestream Mach number slightly above the critical Mach number; this is called the drag-divergence Mach
number. In reality, Caldwell and Fales had reached and exceeded the drag-divergence Mach number in their
experiments. But their introduction of the word “critical” in conjunction with this speed was eventually the inspi-
ration for its use in later coining the term “critical Mach number.”
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angles of attack is plotted versus airstream velocity. Note the dramatic drop in lift coeffi-
cient at the “critical speed” of 350 miles per hour—the compressibility effect. This plot,
and ones like it for other angles of attack that were published in NACA TR 83, are the first
published data in the history of aerodynamics to show the adverse effects of compress-
ibility. Although Caldwell and Fales made an error in the reduction of their data (an
understandable error associated with the inexperience of dealing with compressible flow
conditions at the early date of 1919) which caused their reported lift and drag coefficients
to be about ten percent too low at the higher speeds, this did not compromise the dra-
matic and important discovery of the large increase in drag and decrease in lift when the
airfoil sections were tested above the “critical speed.” Moreover, they were the first to show
that the “critical speed” for thin airfoils was higher than that for thick airfoils, and hence
by making the airfoil section thinner, the adverse compressibility effects can be delayed to
higher Mach numbers. This was an important finding, and one which would have a last-
ing impact on high-speed vehicle design."

It is noteworthy that the fledgling NACA was the government agency which pllbli'%h[‘d
the results of Caldwell and Fales.” The NACA was carrymg out its dut} as stated in Public
Law 271, which created the Committee in 1915, namely “to supervise and direct the sci-
entific study of the problems of flight, with a view to their practical solution, and to deter-
mine the problems which should be experimentally attacked, and to discuss their solution
and their application to practical questions.” Publishing the Caldwell and Fales work is in
the latter category—the NACA was already earmarking compressibility effects as a prob-
lem “which should be experimentally attacked.”

In the chronology of events, the British were next to examine the effects of com-
pressibility on propellers. In 1923, G. P. Douglas and R. McK. Wood, two aerodynamicists
at the Royal Aeronautical Establishment, tested model propellers at high rotational speeds
in the seven-foot low-speed wind tunnel (100 miles per hour airstream) at the National
Physical Laboratory in London.” They also carried out flight tests on a DeHaviland D.H.
9A biplane. Their data were the global measurements of the thrust and torque generated
by the whole propeller, so the details of the compressibility effects affecting the airfoil
sections at the tip of the propeller were somewhat obscured. However, one of their con-
clusions anticipated the adverse effects of compressibility, namely that “higher tip speeds
than at present used will probably involve a serious loss of efficiency.”

11.  This author, upon studying Caldwell and Fales detailed data reduction, has found that, although
they recognized that the density of the airflow changed inside the wind tunnel at the higher speeds, their
accounting for this in calculating their lift and drag coefficients from their measured lift and drag forces was
done incorrectly. They thought they had worked their data reduction so that “density does not enter into the cal-
culation.” Rather, they expressed their lift and drag coefficients in terms of the impact pressure—the difference
between total and static pressure, This is why they said that “density does not enter into the calculation.” But they
incorrectly and rather naively used the incompressible Bernoulli equation to replace the velocity-squared term
in the definition of lift coefficient with the impact pressure. This resulted in about a ten percent error in the val-
ues of their reported lift and drag coefficients at high speeds. For more details, see John D, Anderson, Jr., The
History of Aerodynamics, and its Impact on Flying Machines (New York, NY: Cambridge University Press, 1997).

12, EW. Caldwell, and E. Fales, “Wind Tunnel Studies in Aerodynamic Phenomena at High Speed.”
NACA TR 83, 1920.

13.  G.P. Douglas and R. McK., Wood, “The Effects of Tip Speed on Airscrew Performance. An
Experimental Investigation of the Performance of an Airscrew Over a Range of Speeds of Revolution from
‘Model’ Speeds up to Tip Speeds in Excess of the Velocity of Sound in Air,” R & M No. 884, Advisory Committee
for Aeronautics, 1923,
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The Compressibility Burble—NACA’s Seminal
Research, 1924-1929

Meanwhile, the NACA was forging ahead. During the 1920s, the Committee spon-
sored a series of fundamental experiments in high-speed aerodynamics at the Bureau of
Standards with Lyman J. Briggs and Dr. Hugh L. Dryden. Hugh Dryden was a fresh, young
Ph.D. graduate from Johns Hopkins University in physics; he had received his Ph.D. in
1919 at the age of twenty. (Dryden much later was to become the Director of Research for
the NACA from 1947 to 1958.) This work progressed in three stages, each one docu-
mented in a separate NACA Technical Report, and covered the period from 1924 to 1929.
As before, the primary motivation for this research was to understand the compressibility
effects at the tips of propellers.

The first stage simply confirmed the trends already observed by Caldwell and Fales four
years earlier. Briggs and Dryden, with the help of Lt. Col. G. F. Hull of the Army Ordnance
Dcpartmen[ jury-rigged a high-speed wind tunnel by connecting a vertical standpipe thir-
ty inches in diameter and thirty feet lngh to a large centrifugal compressor at the Lynn
Works of the General Electric Company in Massachusetts. At the other end of the plp(‘ was
a cylindrical orifice that served as a nozzle 12.24 inches in diameter. With this device “air
speeds approaching the speed of sound were obtained.” Unlike Caldwell and Fales, Briggs
and Dryden used the proper equations for compressible flow to calculate the air velocity.
Although not yet in the standard textbooks, these equations were known by Dryden as a
result of his Ph.D. studies in physics. (The first engineering textbook in English to focus on
compressible flow was not published until 1947.)" Rectangular planform models, with a
span of 17.2 inches and a chord length of three inches, were placed in the high-speed
airstream, and lift, drag and center-of-pressure were measured. The results supported the
earlier trends observed by Caldwell and Fales. In particular, Briggs found:"

(l) Lift coefficient for a fixed angle of attack decreases very rapidly as the speed increases.

(2) The drag coefficient increases rapidly.

(3) The center-of-pressure moves back towards the trailing edge.

(4) The “critical specd” at which these occur decreases as the angle of attack is
increased and the airfoil thickness is increased.

In 1924, the culmination of this work, as well as that which went before, was the waving
of a red flag—compressibility effects were nasty, and they markedly degraded airfoil perfor-
mance. But nobody had any fundamental understanding of the physical features of the flow
field which were causing these adverse effects. This was not to come for another decade.

Briggs and Dryden made an important step towards this fundamental understanding
in the second stage of their work. Because the Lynn Works compressor was no longer avail-
able to them, Briggs and Dryden moved their experimental activity to the Army’s
Edgewood Arsenal, where they constructed another high-speed wind tunnel, this one
much smaller, with an airstream only two inches in diameter. However, by careful design
of the small airfoil models, two pressure taps could be placed in each model. Seven iden-

14. L. Briggs; G.F. Hull; and Hugh L. Dryden, “Aerodynamic Characteristics of Airfoils at High
Speeds,” NACA TR 207, 1924,

15.  Hans W. Liepmann, and Allen E. Puckett, Introduction to Aerodynamics of a Compressible Fluid (New
York, NY: John Wiley and Sons, 1947).

16.  L.J. Briggs and Hugh L. Dryden, “Pressure Distribution Over Airfoils at High Speeds,” NACA TR
255, 1926.
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tical models were used, each one with different locations of the pressure taps. A total of
thirteen pressure tap locations, seven on the upper surface and 6 on the lower surface,
were employed (for the reader who is counting, the seventh model had only one tap).

With this technique, Briggs and Dryden measured the pressure distributions over the
airfoil at Mach numbers from 0.5 to 1.08. The results were dramatic! Beyond the “critical
speed,” the pressure distributions over the top of the airfoil exhibited a sudden pressure
jump at about one-third to one-half the distance from the leading edge, followed by a
rather long plateau towards the trailing edge. Such a pressure plateau was familiar—it was
very similar to that which exists over the top surface of an airfoil in low-speed flow when
the airfoil stalls at high angle of attack. And it was well known that airfoil stall was caused
by the separation of the flow off the top surface of the airfoil. Briggs and Dryden put two-
and-two together, and concluded that the adverse effects of compressibility were caused
by flow separation over the top surface, even though the airfoil was at low (even zero)
angle of attack. To substantiate this, they conducted oil flow tests, wherein a visible, pig-
mented oil was painted on the model surface, and the model was placed in the high-speed
airstream. During the tests, the tell-tale flow separation line formed on the oil pattern,
Clearly, beyond the “critical speed,” flow separation was occurring on the top surface of
the airfoil. The next question was: Why? What was causing the flow to separate? The
answer to this question still lay eight years in the future.

Was this work of Briggs and Dryden engineering science? Emphatically yes! Their
experiments were designed to obtain basic scientific information about the physics of the
high-speed flow over an airfoil, but always for the purpose of learning how to design bet-
ter airfoil shapes for high-speed flight.

The third stage of the work by Briggs and Dryden was utilitarian, and was in keeping
with the stated duty of the NACA to work on the problems of flight “with a view to their
practical solution.” Towards the end of the 1920s, they carried out a large number of
detailed measurements of the aerodynamic properties for 24 different airfoils at Mach
numbers from 0.5 to 1.08. The airfoils chosen were those conventionally used by the Army
and the Navy for propellers, consisting of the standard family of British-designed RAF air-
foils, and the American-designed Clark Y family. These data provided the first definitive
measurements on standard series of airfoils showing compressibility effects.”

It should be noted that theoretical solutions of high-speed compressibility effects in a
subsonic flow were virtually non-existent during the 1920s. The only major contribution
was that by the famous British aerodynamicist Herman Glauert, who rigorously derived a
correction to be applied to the low-speed, incompressible lift coefficient in order to cor-
rect it for compressibility effects.' This was the first of a series of theoretical rules labeled
“compressibility corrections.” Because it was known that Ludwig Prandtl in Germany had also
derived the same rule a few years earlier, but had not published it, Glauert’s result has come
down through the decades as the Prandtl-Glauert Rule. However, such compressibility correc-
tions are applicable to the variation of lift coefficient with speed below the “critical speed,” and
hence have no way of predicting the lift coefficient in the “compressibility burble.”

Throughout this, the primary motivation for all the above work on compressibility
effects was for application to airplane propellers. But the focus was about to change, and
change dramatically.

17.  L.J. Briggs and Hugh L. Dryden, “Aerodynamic Characteristics of Twenty—Four Airfoils at High
Speeds,” NACA TR 319, 1929,

18.  H. Glauert, “The Effect of Compressibility on the Lift of an Airfoil,” Journal of the Royal Society 118
(1927): 113, Also published as R & M No. 1135, Advisory Committee for Aeronautics, September 1927,
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John Stack and the NACA Compressible Flow
Research—A Breakthrough

In July 1928, a young New Englander, born and raised in Lowell, Massachusetts, began
his career with the NACA Langley Memorial Aeronautical Laboratory. Ihvmg just gradu-
ated from the Massachusetts Institute of Technology with a B.S. degree in aeronautical
engineering, John Stack was assigned to the Variable Density Tunnel, the premier wind
tunnel in the world at that time. Stack was absolutely dedicated to aeronautical engineer-
ing. While in high school, he earned money so that he could take a few hours of flight
instruction in a Canuck biplane. He helped out with the maintenance of a Boeing biplane
owned by one of his part-time employers. Before he went to college, he had made up
his mind to be an aeronautical engineer. However, his father, a carpenter who was also
very successful in real estate, wanted his son to study architecture at MIT. Instead, when
Stack entered MIT, he enrolled in aeronautical engineering, keeping it a secret from his
father for the first year, but with the understanding approval of his mother. Much later,
Stack commented: “Then when Dad heard about it, it was too late to protest.”"”

When John Stack first walked into the Langley laboratory that July of 1928, a year’s
worth of design work had already been done on Langley’s first }ngh speed tunnel, and the
facility was already operational with an open throat test section.” Success had been achieved
by the work of Bngi_,s and Dryden, and the growing importance of high-speed research was
perceived by some visionaries. Because of this perception, Joseph S. Ames, President of
Johns Hopkins University and the new Chairman of the NACA, in 1927 gave priority to high-
speed wind tunnels and research.” Eastman Jacobs, who had joined the NACA in 1925 after
receiving his B.S. degree in mechanical engineering from the University of California,
Berkeley, was the chief dt?signtrr of the open-throat eleven-inch High Speed Tunnel. (Jacobs
would later earn an international reputation for his work on the famous NACA airfoil
sections in the 1930s, and for his conception of, and pioneering research on, the NACA lam-
inar flow airfoils just before the beginning of World War II.) An innovative aspect of the
eleven-inch High Speed Tunnel was that it was driven from the twenty atmosphere pressure
tank of the Langley Variable Density Tunnel. For a change in models in the Variable Density
‘Tunnel, the twenty atmosphere tank which encased the entire tunnel was blown down to
one atmosphere; this represented a wasted energy source which the Langley engineers inge-
niously realized could be tapped for the eleven-inch High-Speed Tunnel. The 5,200 cubic
foot capacity of the hlgh pressure tank allowed about one minute of operation for the wn-
nel. John Stack was given the responsibility for i lmpr{)vmg the quh Speed Tunnel by d(‘blg‘[‘l-
ing a closed throat. This i improve d facility, shown on the next page, was operational by 1932,
It was his participation in the design and development of the eleven-inch High-Speed
‘Tunnel that launched John Stack on his life-long career in high-speed aerodynamics.

While Stack was working on the High-Speed Tunnel, an event occurred in England
which made a great impression on him, and which would rapidly refocus the NACA high-
speed research program. On Sunday, September 13, 1931, a beautiful, highly streamlined
Supermarine S.6B flashed through the clear early afternoon sky at Calshot, near Portsmouth
along the southern English coast. Flown by Flt. Lt. John N. Boothman, this exquisite racing

19.  Lou Davis, "No Time for Soft Talk,” National Apronautics, January 1963, pp. 9-12. This is an interest-
ing biographical article written about Stack at the time of his receiving the 1962 Wright Memorial Trophy Award
from the National Aeronautic Association.

20, James R. Hansen, Engineer in Charge: A History of the Langley Aevonautical Labovatory, 19]17-1958
(Washington, DC: NASA SP—4305, 1987}, p. 446.

21, Donald D. Baals and William R. Corliss, Wind Tunnels of NASA (Washington, DC: NASA SP-440, 1981).
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airplane averaged a speed of 340.1 mph around a long, seven-lap course, winning the cov-
eted Schneider Trophy permanently for Britain. Later that month, on September 29, Flt.
Lt. George H. Stainforth set the world’s speed record of 401.5 mph in the same S.6B.
Looking at this figure, it does not take an aerodynamic expert to appreciate that by 1931
the concept of streamlining in order to reduce drag had taken root. The Supermarine
S.6B simply looked like it could fly at 400 miles per hour—at Mach 0.53, over half the speed
of sound. Suddenly, the aeronautical engineer’s concern over compressibility effects on
propeller tips, an important but tolerable situation, became an absolutely major concern
over compressibility effects on the airplane itself, a problem of showstopper proportions.

Such concern was beginning to dawn on the aircraft industry itself. In 1936, Lockheed’s
Kelly Johnson began early design studies for the P-38, which was the first airplane to
encounter major, and sometimes fatal, compressibility effects. By the mid-1930s, the aircraft
industry was wading into uncharted water, and the NACA’s high-speed research program
became absolutely vital to the future progress of high-speed airplane design.

The Supermarine 5,68, the airplane used by the British io win the Schneider Trophy, 1931,



74 RESEARCH IN SUPERSONIC FLIGHT AND THE BREAKING OF THE SOUND BARRIER

Stack became acutely aware of this new compressibility challenge. In 1933, he
published in NACA TR 463 the first data to come from the newly modified, closed-throat
High-Spccd Tunnel. Although the airfoils were propeller sections, Stack wrote in the
introduction, obviously referring to the Schneider Trophy racer:

A knowledge of the compressibility phenomenon is essential, however, because the tips
speeds of propellers now in use are commonly in the neighborhood of the velocity of
sound. Further, the speeds that have been attained by racing airplanes are as high as
half the velocity of sound. Even at ordinary airplane speeds the effects of compressibility
should not be disregarded if accurate measwrements are desired.”

For the most part, Stack’s data in 1933 served to confirm the trends observed carlier.
For example, Stack’s measurements of the variation of drag coefficient with Mach num-
ber for a ten percent thick Clark Y airfoil are shown below; the large drag rise at high
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The first compressibility data fniblished by fohin Stack. From NACA TR 463, 1933, The three graphs are, from left to right, the
variations of lift coefficient, drag coefficient, and moment coefficient, respectively, versus the ratio of the freestream velocity to
the speed of sound (the Mach number). The test model was a 3C1D airfoil, shown at the top of the figure. The adverse effects
of compressibality are seen in the precipilous decease in lifl coefficient and dramatic increase in drag coefficient as the Mach
number is increased,

22, John Stack, “The NA.C.A. High-Speed Wind Tunnel and Tests of Six Propeller Sections,” NACA TR
463, 1933, At about the time of World War 1, aerodynamicists were familiar with the fact that an airfoil stalled at high
angle of attack because the flow separated from the top surface. The resulting drastic loss of lift was given the term
“lift burble.” Hence, after Briggs and Dryden had shown that the drastic loss of lift at high speeds, beyond the “crit
ical speed,” was also due 1o flow separation, it was natural to call this effect the “compressibility burble.” This termi-
nology, coined by the NASA in 1933, pervaded the highspeed aerodynamic literature throughout the 1930s.
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speeds is clearly evident. He also confirmed that the onset of the adverse compressibility
effects occur at lower Mach numbers as either or both the airfoil thickness and angle of
attack increase. One of his conclusions reflected on the theoretical Prandtl-Glauert com-
pressibility correction mentioned earlier. From his measurements, Stack concluded:
“These results indicate that the limited theory available may be applied with sufficient
accuracy for most practical purposes only for speeds below the compressibility burble.”
This conclusion presaged almost forty years of a theoretical void. The aerodynamic equa-
tions applicable to the transonic flight regime, Mach numbers between about 0.8 and 1.2
are non-linear partial differential equations that defied solution until the 1970s. And even
then the solution was by brute force—numerical solutions using the power of the newly-
developed discipline of computational fluid dynamics carried out on high-speed digital
supercomputers,

By the way, the term “compressibility burble” was coined by Stack in the same NACA
Technical Report. He wrote:

The lifi coefficients increase as the speed is increased, slowly as the speed is increased
over the lower portion of the range, then more rapidly as speeds above half the velocity
of sound are exceeded, and finally ai higher speeds, depending on the airfoil section
and the angle of attack, the flow breaks down as shown by a drop in the lift coefficient.
This breakdown of the flow, hereinafier called the compressibility burble, occurs at lower
speeds as the lift is increased by changing the angle of altack of the model.”

Driven by the conviction and foresight of John Stack, the NACA now waved the red flag
of compressibility problems to the whole world of aeronautical engineering. In January
1934, the first significant professional aeronautical society in the United States, the
Institute of Aeronautical Sciences, published the first issue of its soon-to-be recognized pre-
mier journal, the fournal of the Aevonautical Sciences. It contained an article by Stack entitled
“Effects of Compressibility on High Speed Flight.™ In the first paragraph, Stack makes
clear the theme that would be played out by the NACA for the next several decades:

The effects of mm{;rﬂszbzhh have commonly been neglected because until the velatively
recent developrment of the last Schneider trophy aircraft the speeds have been low as com-
pared with the velocity of sound, and the consequent local pressures over the surfaces of
high-speed airplanes have differed but slightly from atmospheric pressure. Al the present
time, however, the speeds associated with the fastest airplanes approach 60 percent of
the velocity of sound, and the induced velocities over their exposed surfaces lead to local
pressures that differ appreciably from the pressure of the atmosphere. When this condi-
tion exists, air can no longer be vegarded as an incompressible medium. The effects of
compressibility on the amd) namic characteristics of airfoils have been under investi-

gation by the NA.C.A. in the high—speed wind tunnel, and it is the purpose of this
paper to examine the possibility of further increases in speeds in the light of this rela-
tively recent research.

By this time, it was clear that the NACA was the leading research institution in the
world in the area of compressibility effects. Through its influence and sponsorship of the
fledgling experiments in the 1920s by Caldwell and Fales at McCook Field, and by Briggs

23, Ihid.
24, John Stack, "Effects of Compressibility on High Speed Flight,” Jowrnal of the Aevonautical Sciences 1
(January 1934): 40-43.
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and Dryden at the Bureau of Standards, and now by its own carefully conducted experi-
ments at Langley, the NACA had been able to identify the first two aspects of the basic
nature of compressibility effects, namely that (1) above a certain “critical speed,” the lift
decreased dramatically and the drag skyrocketed almost beyond comprehension, and (2)
this behavior was caused by sudden and precipitous flow separation over the top surface
of the wing or airfoil. There remained one question, the most important of all— Why?

John Stack and the NACA were responsible for the answer to this question—a break-
through that occurred in 1934. By this time, Stack had a new instrument with which to
work—a schlieren photographic system, an optical arrangement that made density gradients
in the flow visible. One of nature’s mechanisms for producing very strong density gradients
is a shock wave; hence a shock wave ought to be visible in a schlieren photograph. Stack’s
boss, Eastman Jacobs, was familiar with such optical systems through his hobby of astronomy;
it was in keeping with Jacob’s innovative mind to suggest to Stack that the use of a schlieren
system might make visible some of the unknown features of the compressible flow field over
an airfoil, and might shed some light on the nature of the compressibility burble. It did just
that, and more!

With the 1l-inch tunnel running above the “critical speed” for an NACA 0012
symmetric airfoil mounted in the test section, and with the aid of the schlieren system, Stack
and Jacobs observed for the first time in the history of aerodynamics a shock wave in the flow
over the top surface of the airfoil. The shockwave was like that sketched in the figure below.
It became immediately clear to these two experimentalists that the separated flow over the
top surface of the airfoil, and the resulting compressibility burble with all its adverse conse-
quences, was caused by the presence of a shock wave. The nature of this flow is sketched
below, and it clearly shows that the shock wave interacts with the thin, friction—-dominated
boundary layer adjacent to the surface of the airfoil. This causes the boundary layer to sep-
arate in the region where the shock impinges on the surface. A massive region of separated
flow trails downstream, greatly increasing the drag and decreasing the lift. One of the pio-
neering schlieren pictures of the flow over the NACA 0012 airfoil taken by Stack in 1934 is
shown on the page 73.* The quality is poor by present-day standards, but it is certainly
sufficient for identifying the phenomena. This is a historic photograph in the annals of the
history of aerodynamics—one which led to the final understanding of the physical nature of
the compressibility burble. This was a breakthrough of enormous intellectual and practical
importance. And it was totally due to the work of two innovative and highly intelligent aero-
dynamicists at the NACA Langley Laboratory, John Stack and Eastman Jacobs, operating
under the umbrella of an inspired creative atmosphere associated with the NACA in gen-
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Schematic of shock-induced separated flono—the source of the compressibility burble.

25, Found by the author in the John Stack Files, NASA Langley Historical Archives.
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An early schlieren photograph of the shock pattern on an NACA 0012 airfol in a freestream above the “critical speed”. From
the first group of schlieren photographs of the compressibility burble taken by John Stack, 1934. In this photograph the nature
of the flow pattern causing the compressilnlity burble was seen for the first time. From the John Stack papers in the NASA
Langley Archives. Courtesy of Richard Layman, Archivist.
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eral, and the foresight of Joseph Ames and George Lewis at NACA Headquarters in
Washington who placed priority on the NACA high-speed research program at a time
when most airplanes of the day were Iumh(*rmg along at 200 mph or slower.

Was this work by Stack and Jacobs engineering science? Absolutely yes! It provided the
fundamental physical understanding of the root source of compressibility problems. This
understanding was mainly qualitative at the time, but it allowed designers of high-speed
airfoils to make more intelligent decisions about proper airfoil shapes—it helped to make
the uncharted waters more navigable.

As with many new discoveries in science and technology, there are always those skep-
tical at first. One of those was Theodore Theodorsen, the best theoretical aerodynamicist
in the NACA at the time, with a worldwide reputation for his pioneering papers on airfoil
theory. John Becker, who joined the NACA in 1936 and who went on to become one of
the most respected high-speed aerodynamicists at Langley, tells the following anecdote
about Theodorsen’s reaction to the schlieren photographs taken by Stack and Jacobs. It is
repeated here because it reflects just how much a radical departure from the expected
norm the results were.

The first tests were made on a circular cylinder about 1 /2 inch in diameter, and the
results were spectacular in spile of the poor quality of the optics. Shockwaves and atten-
dant flow separations were seen for the first time starling at subsonic stream speeds of
about 0.6 times the speed of sound. Visitors from all over the Laboratory, ,!'mm
Engineer—in-Charge H_[.E. Reid on down, came to view the phenomena. Langley’s
ranking theorist, Theodore Theodorsen, viewed the results skeptically, proclaiming that
since the stream flow was subsonic, what appeared to be shockwaves was an ‘optical
llusion,” an error in judgement which he was never allowed to forget.*

An interesting confluence of events occurred in 1935 that allowed the NACA in a time-
ly fashion to inform the international research community of this intellectual breakthrough
in understanding compressibility effects and the compressibility burble. One was the exis-
tence of the data itself—fresh, exciting and revolutionary. The other was the scheduling of
the fifth Volta conference in ltaly.”” Since 1931, the Royal Academy of Science in Rome had
been conducting a series of important conferences sponsored by the Alessandro Volta
Foundation. The first conference dealt with nuclear physics, and then rotated between the
sciences and the humanities on alternate years. The second Volta conference had the title
“Europe” and in 1933 the third conference was on the subject of immunology.

This was followed by the subject “The Dramatic Theater” in 1934. During this period,
the influence of Italian aeronautics was gaining momentum, led by General Arturo
Crocco, an aeronautical engineer who had become interested in ramjet engines in 1931,
and therefore was well aware of the potential impact of compressible flow theory and
experiment on future aviation. This led to the choice of the topic of the fifth Volta con-
ference—"High Velocities in Aviation.” Participation was by invitation only, and the select
list included all the leading aerodynamicists at that time. Because of his reputation in the
design and testing of the famous NACA four-digit airfoil series, and the fact that he was
the Section Head of the NACA Variable Density Tunnel which had put the NACA on the
international aerodynamic map in the 1920s, Eastman Jacobs received an invitation. He
took the opportunity to present a paper on the new NACA compressibility research.

26.  John V. Becker, The High-Speed Frontier: Case Histories of Four NACA Programs, 1920-1950 (Washington,
DC: NASA SP-445, 1980), p. 16.
27, Anderson, Modern Compressible Flow, pp. 282-84.
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Hence, during the period between September 30 and October 6, 1935, the major figures
in the development of high-speed aerodynamics of the 1930s (with the exception of John
Stack) gathered inside an impressive Renaissance building in Rome that served as the city
hall during the Holy Roman Empire, and discussed flight at high subsonic, supersonic,
and even hypersonic speeds. The fifth Volta Conference was to become the springboard
for new thought on the development of high—speed flight.

In the midst of all this discussion was Eastmann Jacobs representing the NACA.
Jacobs’ paper, entitled “Methods Employed in America for the Experimental Investigation
of Aerodynamic Phenomena at High Speeds,” was both tutorial and informative.” He took
the opportunity to derive and present the basic equations for compressible flow assuming
no friction and no thermal conduction. Then he described the NACA High-Speed
Tunnel, the schlieren system, and the airfoil experiments carried out in the tunnel. Then
came the blockbuster. He showed, for the first time in a technical meeting, some of the
schlieren pictures taken at Langley. One of these was the photograph shown on page 73.
Conscious of the NACA’s penchant for perfection, especially in its publications, Jacobs
apologized for the quality of the photographs, a very modest gesture considering their
technical (and historical) importance: “Unfortunately the photographs were injured by
the presence of bent celluloid windows forming the tunnel walls Lhrough which the light
passed. The pictures nevertheless give fundamental information in regard to the nature
of the flow associated with the compressibility burble.” With this, the NACA high-speed
research program was not only on the map, it was leading the pack.

By this time, Stack had a newer, larger facilit—the 24—inch High Speed Tunnel
equipped with an improved schlieren system. The basic testing of compressibility effects
on flows over airfoils continued in this facility. In 1938, Stack published the most defini-
tive document yet on the nature of high-speed compressible flow over airfoils, including
many detailed surface pressure measurements.” With this, the NACA continued to be the
undisputed leader in the study of the effects of compressibility and the consequences of
the compressibility burble.

The atmosphere at the Langley Laboratory during the 1930s allowed engineering sci-
ence to flourish, although the laboratory never explicitly zldopted this as a priority. It just
happened when it needed to happen. The culture among its engineers was one of inquiry
and free exchange of information; thoughts were readily shared on an interpersonal basis.
Moreover, Langley had engineers who were adept at building new facilities, especially new
wind tunnels. It was natural that a high-speed wind tunnel was built at Langely providing
a unique facility for Langley engineers to unlock the secrets of high-speed aerodynamics.
And the fact that the NACA had money, even during the depression years, allowed such
wind tunnels to be first—class facilities. All this, in combination with first—class engineers and
scientists, made Langley the leading research institution in high-speed compressibility
effects during the 1930s.

Jacobs’ paper at the fifth Volta conference represented in some sense a celebration of
the second phase of the NACA research on high-speed flight. The first phase was the
embryonic wind tunnel compressibility work of the 1920s, clearly oriented towards appli-

28, Eastman Jacobs, "Methods Employed in America for the Experimental Investigation of Aerodynamic
Phenomena at High Speeds,” NACA Misc. Paper No. 42, March 1936. A copy of this paper, which is the printed
version of Jacobs' presentation at the fifth Volta conference, is available in the Technical Documents Section,
Mathematics, Engineering and Physical Sciences Library, University of Maryland, College Park.

29, Ihid.

530.  John Stack, W.F. Lindsey, and Robert E. Littell, “The Compressibility Burble and the Effect of
Compressibility on Pressures and Forces Acting on an Airfoil,” NACA TR 646, 1938,
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cations to propellers. The second phase was the refocusing of this high—-speed wind tun-
nel research on the airplane itself, complemented by a new initiative—the design and
development of an actual research airplane.

The High-Speed Research Airplane: An NACA Idea

The idea of a research airplane—an airplane
designed and built strictly for the purposes of
probing unknown flight regimes—can be traced
to the thinking of John Stack in 1933. On his own
initiative, Stack went lhl‘()ugh a very preliminary

R —— design analysis which, in his own words was “for a
& hypothetical airplane which, however, is not
% beyond the limits of possibility.” The purpose of

the airplane, as presented in his 1933 article in

the Jowrnal of the Aeronautical Sciences, was to fly

very fast—well into the compressibility regime.”

His design considered the airplane shown to the

Hypothetical high-speed ainplane concewved by John  left; re P roduced dlreclh from his paper; here you
Stack, 1933. see a highly streamlined air plane (for its t.ime)
with a straight, tapered wing having an NACA

0018 symmetric airfoil section at the center, and thinning to a 9 percent thick NACA 0009
airfoil at the tip. Stack even tested a model of this design (without tail surfaces) in the
Langley Variable Density Tunnel. He estimated the drag coefficient for the airplane using
the data he had measured in the eleven-inch High-Speed Tunnel. Assuming a fuselage
large enough to hold a 2,300 horsepower Ro]ls—Royu engine, Stack calculated that the
propeller—driven airplane would have a maximum velocity of 566 miles per hour—far
beyond that of any airplane flying at the time, and well into the regime of compressibili-
ty. Stack’s excitement about the possibilities for this airplane is reflected in the
hand-drawn graph, reproduced on page 77. Drawn by Stack in 1933, this graph shows the
horsepower required as a function of speed, comparing the results with and without the
effects of compressibility. His hand sketch of the airplane is at the top of the graph (along
with the aged rust marks of two paper clips). This graph was found by the author buried
in the John Stack files in the Langley archives. The reason it is mentioned and repro-
duced here is that, barely distinguishable at the bottom of the reproduced graph, Stack
had written “Sent to Committee Meeting, Oct. 1933.” Stack was so convinced of the via-
bility of his proposed research airplane that he had sent this quickly-prepared hand-drawn
graph to the biannual meeting of the full committee of the NACA in Washington in
October 1933. Ultimately the NACA did not act on helping Stack find a developer for the
airplane, but in the words of Hansen, “the optimistic results of his paper study convinced

many people at [angley that the potential for flying at speeds far in excess of 500 miles
per hour was there.””

31.  Stack, "Effects of Compressibility on High Speed Flight,” pp. 40-43.
52, Hansen, Engineer in Charge, p. 256.
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The High-Speed Research Airplane—For Real

The state of high-speed aerodynamics in 1939 can be illustrated by one graph, shown
schematically in the figure below. Here, the variation of drag coefficient for an airplane is
shown as a function of free stream Mach number. On the subsonic side, below Mach one,
wind tunnel data indicated the familiar rapid increase in drag coefficient as Mach one is
approached. On the supersonic side, ballisticians had known for years, supported by the
results of linearized supersonic theory developed by Jakob Ackeret in Germany since
1928, how the drag coefficient behaved above Mach one.” Of course, all airplanes at that
time were on the subsonic side of the curve shown in the figure below. John Stack nicely
summarized the situation in 1938:

The development of the knowledge of compressible—flow phenomena, particularly as
velated to aeronautical applications, has been attended by considerable difficulty. The
complicated nature of the phenomena has resulted in little theoretical progress, and, in
general, recourse to experiment has been necessary. Until vecently the most important
experimental resulls have been obtained in connection with the science of ballistics, but
this information has been of little value in aeronautical problems because the range of
speeds for which most ballistic experiments have been made extends from the speed of
sound upward; whereas the important region in aeronautics at the present time extends
[from the speed of sound downward.”

In essence, the flight regime just below and just beyond the speed of sound was
unknown—a transonic gap, as shown schematically below.

Unknown—The
Transonic Gap
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Schematic of the subsonic and supersonic variations of drag coefficient for an airfoil, illustrating the position of the transonic
regime for which virtually no information was available in the 1930s and 1940s.

33, Anderson, Modern Compressible Flow, pp. 270-73.
34, Stack; Lindsey; and Liuell, "Compressibility Burble and the Effect of Compressibility on Pressures
and Forces Acting on an Airfoil.”
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The general aeronautics community was suddenly awakened to the realities of the
unknown flight regime in November 1941, when Lockheed test pilot Ralph Virden could
not pull the new, high-performance P-38 out of a high-speed dive, and crashed. Virden
was the first human fatality due to adverse compressibility effects, and the P-38, shown
below, was the first airplane to suffer from these effects. The P-38 exceeded its critical
Mach number in an operational dive, and penetrated well into the regime of the com-
pressibility burble at its terminal dive speed, as shown by the bar chart on page 80." The
problem encountered by Virden, and many other P-38 pilots at that time, was that beyond
a certain speed in a dive, the elevator controls suddenly felt as if they were locked. And to
make lhings worse, the tail suddenly produced more lift, pul!ing the P-38 into an even
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Lockheed P-38, the first airplane to encounter severe compmessibility problems.

35, This chart is taken from the figure on page 78 of the article by R, L. Foss, “From Propellers to Jets
in Fighter Aircraft Design,” in Jay D. Pinson, ed., Diameond [ubilee of Pavered Flight: The Evolution of Awrcrafeel Design
(New York, NY: American Institute of Aeronautics and Astronautics, 1978), pp. 51-64.
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Bar chart showing the magnitude of how much the P-38 penetrated the compessibility regime.

steeper dive. This was called the “tuck-under” problem. It is important to note that the
NACA soon solved this problem, using its expertise in compressibility effects. Although
Lockheed consulted various aerodynamicists, including Theodore Von Kirmdn at
Caltech, it turned out that John Stack at NACA Langley, with his accumulated experience
in compressibility effects, was the only one to properly diagnose the problem. The wing of
the P-38 lost lift when it encountered the compressibility burble. As a result, the downwash
angle of the flow behind the wing was reduced. This in turn increased the effective angle
of attack of the flow encountered by the horizontal tail, increasing the lift on the tail, and
pitching the P-38 to a progressively steepening dive totally beyond the control of the pilot.
Stack’s solution was to place a special flap under the wing, to be employed only when these
compressibility effects were encountered. The flap was not a conventional dive flap
intended to reduce the speed. Rather, Stack’s idea was to use the flap to maintain lift in
the face of the compressibility burble, hence eliminating the change in the downwash
angle, and therefore allowing the horizontal tail to function properly. This is a graphic
example of how, in the early days of high-speed flight, the NACA compressibility research
was found to be vital as real airplanes began to sneak up on Mach one.”

Indeed, it was time for realairplanes to be used to probe the mysteries of the unknown
transonic gap. It was time for the high-speed research airplane to become a reality. The
earliest concrete proposal along these lines was made by Ezra Kotcher, a senior instructor at
the Army Air Corps Engineering School at Wright Field (a forerunner of today’s Air Force
Institute of Technology). Kotcher was a 1928 graduate of the University of California,

36.  The "tuck=under” problem, and its technical solution, is described in John D. Anderson, Jr,
Introduction to Flight (New York, NY: McGraw-Hill Book Co., 3rd ed., 1989), pp. 406-08.
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Berkeley, with a B.S. degree in mechanical engineering. The same year that John Stack first
walked through the gates of Langley as a junior acronautical engineer, Kotcher first walked
into the Air Corps Wright Field, also as a junior acronautical engineer. These two engineers
were contemporary with each other, and both had a driving interest in high-speed aerody-
namics. The careers of these two people would come together for the development of the
Bell X-1 in the 1940s. Kotcher’s proposal, drafted during the period May—-August 1939, was
a response to Major General Henry H. “Hap” Arnold’s request for an investigation of
advanced military aircraft in the future. The proposal contained a plan for a high-speed flight
research program. Kotcher pointed out the unknown aspects of the transonic gap, and the
problems associated with the compressibility burble as elucidated by the NACA, and conclud-
ed that the next important step was a fullscale flight research program.” The Army Air Corps
did not immediately respond to this proposal.

Meanwhile, back at Langley, the idea of a high-speed research airplane was gaining
momentum. By the time the United States entered World War II in December 1941, John
Stack had studied the behavior of the flow in wind tunnels when the flow in the test section
was near or at Mach one. He found that when a model was mounted in the flow, the flow
field in the test section essentially broke down, and any aerodynamic measurements were
worthless. He concluded that the successtul development of such transonic wind tunnels was
a problem of Herculean proportions, and was far into the future. In order to learn about the
aerodynamics of transonic flight, the only recourse appeared to be a real airplane that would
fly in that regime. Therefore, during several visits by Dr. George Lewis, NACA's Director of
Aeronautical Research, Stack seized the opportunity to mention the idea. Lewis, who liked
Stack and appreciated the talent he brought to the NACA, was not immediately partial to the
idea of a research airplane. But in early 1942, he left a crack in the door. In Hansen'’s words:
“He left Stack with the idea, however, that some low-priority, back-of-the-envelope estimates
to identify the most desirable design features of a transonic airplane could not hurt anyone,
providing they did not distract from more pressing business.”™

Given Stack’s driving personality, this was all that was needed. With the blessing of the
local management at Langley, Stack immediately formed a small group of engineers, and
started to work on the preliminary design aspects of a transonic research airplane. By the
summer of 1943, the group had produced such a design. Its principal features are listed
below. This design established a mind-set for John Stack that guided NACA thinking on
the transonic research airplane for the next five years—a mind-set that was to clash with
the later ideas coming from Kotcher and the Army. The NACA design:

(1) was a small turbo-jet powered airplane,

(2) was to take off under its own power from the ground,

(3) was to have a maximum speed of Mach one, but the main feature was to be able
to fly safely at high subsonic speeds,

(4) was to contain a large payload of scientific instruments for measuring the aerody-
namic and flight dynamic behavior at near—sonic speeds, and

(5) was to start its test program at the low end of the compressibility regime, and
progressively over time sneak up to Mach one in later flights.

37.  Kotcher’s role in the development of the high-speed research airplane is nicely presented by
Hallion in Supersonic Flight, starting with p. 12, and continuing throughout the book. As stated in note | above,
Hallion’s book is still today the mast definitive source on the circumstances leading to the Bell X-1.

38.  Hansen, Engineer in Charge, p. 259.
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The important gt)d] was aerodynamic data at high subsonic speeds, not necessarily to
fly into the supersonic regum: These features became [almost] a magna carta to | .mglc}
engineers, and to John Stack in particular.

The exigencies of wartime greatly accelerated research into high-speed aerodynamics;
compressibility problems now had the attention not only of the NACA, but also of the Army
and Navy as well. Stack, who had risen to be Eastman Jacob’s Assistant Section Chief of the
Variable Density Tunnel in 1935, and Head of the High-Speed Wind Tunnels in 1937, was
made Chief of the newly formed Compressibility Research Division in 1943." Stack now had
his most influential position to date to push for the high-speed research airplane.

The Bell X-1: Point and Counterpoint

Although the NACA had the compressibility knowledge and technology, the Army
and Navy had the money that would be necessary for the design and building of a research
air p]dl’l(, So it was appropriate that the Bell X-1 was conceived during a fateful visit by
Robert J. Woods of Bell Aircraft to the office of Ezra Kotcher on 30 November 1944,
Woods, who had NACA ties because he had worked at Langley during 1928-1929 in the
Variable Density Tunnel, had joined with Lawrence D. Bell in 1935 to form the Bell
Aircraft Corporation in Buffalo, New York. That day in November, Woods had dropped by
Kotcher’s office simply to chat. During the conversation, Kotcher relayed the information
that the Army, with the help of the NACA, desired to build a special, non—military
high-speed research airplane. After detailing the Army’s specifications for the aircraft,
Kotcher asked Woods if the Bell Corporation was interested in designing and building the
airplane. Woods said yes. The die was cast.™

When Kotcher had been talking with Woods, he was operating with some authority.
During 1944, Army and NACA engineers had been meeting to outline the nature of a
joint research airplane program. Moreover, by mid-1944, Kotcher had received the Army’s
approval for the design and acquisition of such an airplane. However, the Army’s concept
of the high-speed research airplane was somewhat different than that of NASA. To under-
stand this difference, we have to examine two situations in existence at the time.

The first situation was that of a common, public belief in the “sound barrier.” The
myth of the sound barrier had its beginning in 1935, when the British aerodynamicist
W. E. Hilton was explaining to a newsman about some of the high-speed experiments he was
conducting at the National Physical Laboratory. Pointing to a plot of airfoil drag, Hilton
said: “See how the resistance of a wing shoots up like a barrier against higher speed as we
approach the speed of sound.” The next mt)minf.,. the leading British newspapers were mis-
representing Hilton’s comment by referring to “the sound barrier.” The idea of a physical
barrier to flight—that airplanes could never fly faster than the epced of sound—became
widespread among the public. Furthermore, even though most engineers knew differently,
they still had uncertainty in just how much the drag would increase in the transonic regime,
and given the low thrust levels of airplane pe J\t't?t'p}anls at that time, the spc{:d of sound cer-
tainly loomed as a tremendous mountain to climb.

39.  Official NASA biographical and job description summary. From the John Stack files, Langley
Historical Archives.

40.  Hallion, Supersonic ight, p. 34.

41, W.E. Hilton, “British Aeronautical Research Facilities,” fournal of the Royal Aervonautical Society 70
(Centenary Issue, 1966): 103-104.
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The second situation that colored the Army’s thinking at that time was local, namely
that Kotcher was convinced that the research airplane must be powered by a rocket
engine rather than a turbojet. This stemmed from his experience in 1943 as project offi-
cer on the proposed Northrop XP-79 rocket—propelled flying wing interceptor, as well as
the knowledge within the Army of Germany’s new rocket—propelled interceptor, the
ME-163.

Therefore, the Army viewed the high-speed rescarch airplane as follows:

(1) It should be rocket—powered.

(2) It should attempt, early in its flight schedule, to fly supersonically—io show
everybody that the sound barrier could be broken.

(3} Later in the design process, it was determined that it should be air-launched
rather than take off from the ground.

All of these were in conflict with the NACA’s more careful and scientific approach.
However, the Army was paying for the X-1, and the Army’s views prevailed.

Although John Stack and the NACA did not agree with the Army’s specifications, they
nevertheless provided as much technical data as possible throughout the design of the
X-1. Lacking appropriate wind tunnel data and theoretical solutions for transonic aero-
dynamics, the NACA developed three stopgap methods for the acquisition of transonic
aerodynamic data. In 1944, Langley carried out tests using the drop—body concept. Wings
were mounted on bomb-like missiles which were dropped from a B-29 at an altitude of
30,000 feet. The terminal velocities of these models sometimes reached supersonic
speeds. The data were limited, mainly consisting of estimates of the drag, but NACA engi-
ncers considered it reliable enough to estimate the power required for a transonic
airplane. Also in 1944, Robert R. Gilruth, Chief of the Flight Research Section, developed
the wing—floww method, wherein a model wing was mounted perpendicular at just the right
location on the wing of a P-51D. In a dive, the P=51 would pick up enough speed, to about
Mach 0.81, that locally supersonic flow would occur over its wing. The small wing model
mounted perpendicular on the P-51 wing would be totally immersed in this supersonic
flow region, providing a unique high-specd flow environment for the model. Ultimately,
these wing—flow tests provided the NACA with the most systematic and continuous plots
of transonic data yet assembled.™ The third stopgap method was rocket—model testing. Here,
wing models were mounted on rockets, which were fired from the NACA's facility at
Wallops Island on the coast of Virginia’s Eastern Shore. The data from all these methods,
along with the existing core of compressibility data obtained by the NACA over the past
20 years as described in the earlier sections of this chapter, constituted the scientific and
engineering base from which the Bell Aircraft Corp. designed the X-1.

Finally, we note that the NACA was responsible for the instrumentation that was
housed inside the Bell X-1. This instrumentation and its location on the X-1 is illustrated
on page 84. This is an example of one of those unseen aspects of technology upon which
the acquisition of historic data depends. It is fitting that the NACA excelled in both
aspects of the X—1 concept—the external configuration and the essential instruments
mounted inside for the acquisition of quantitative knowledge.

42, Hansen, Engineer in Charge, p. 267.
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Breaking the Sound Barrier

We began this chapter by transporting ourselves back to October 14, 1947, and riding
with Chuck Yeager as he flew the Bell X-1 through the sound barrier, becoming the first
human to fly faster than sound. The detailed events of 1946 and 1947 that finally resulted
in this flight—the design, construction and early flight testing program by Bell, and the
Army’s intense preparations for the handling of the X-1 at Muroc—are nicely related by
historians Richard P. Hallion and James O. Young.” Nothing is served by repeating them
here. Rather, we return to the purpose of this chapter as stated in the inl‘roducmry para-
graphs. The first supersonic flight of the Bell X-1 represented the culmination of 260 years
of research into the mysteries of high—-speed aerodynamics. It was especially the fruition of
23 years of insightful research in high-speed aerodynamics by the NACA—research that
represents one of the most important stories in the history of aeronautical engineering.

43, Hallion, Supersonic Flight; James O. Young, Supersonic Symposium: The Men of Mach | (Edwards Air
Force Base, CA: Air Force Flight Test Center History Office, September 1990), pp. 1-89.
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On December 17, 1948, President Harry S. Truman presented the thirty-seven-year-
old Collier Trophy jointly to three men for “the greatest aeronautical achievement since
the original flight of the Wright Brothers™ airplane.” The Trophy, officially the Collier
Trophy for the year 1947, was the highest possible official recognition for the accom-
plishments embodied in the X-1. The announcement page from the December 25, 1948
issue of Collier’s magazine is shown on page 86. Properly, John Stack was one of the three
men, recognized as the scientist, along with Lawrence D. Bell, the manufacturer, and
Captain Charles E. Yeager, the pilot. The citation to Stack read: “for pioneering research
to determine the physical laws affecting supersonic flight and for his conception of tran-
sonic research airplanes.” A major purpose of this chapter was to bring meaning to this cilation—
so much is hidden in these few words.” Unseen in this photograph, but present in spirit,
is the team of NACA researchers who also worked towards determining the physical laws
affecting supersonic flight, and to conceptualize the transonic research airplane. In this
sense, the 1947 Collier Trophy was a “global” award to the entire NACA high-speed
research program.

The 1947 Collier Trophy was also a recognition of the role of engineering science
in the ultimate success of the Bell X-1. Note that in the award John Stack is explicitly
recognized as a scientist (not an engineer). This is somewhat of a misnomer—Stack was
performing as an engineering scientist in this activity, neither a pure scientist nor a pure
engineer. The NACA had provided all the elements that allowed this engineering
science contribution to occur.

At the time of this award, John Stack was Assistant Chief of Research at NACA Langley.
In 1952, he was made Assistant Director of Langley. By that time he had been awarded his
second Collier Trophy, the 1951 Trophy, for the development of the Slotted-Throat Wind
Tunnel. In 1961, three years after the NACA was absorbed into the National Aeronautics
and Space Administration, Stack became Director of Aeronautical Research at NASA
Headquarters in Washington. Despairing of the de—emphasis of aecronautics in NASA,
after thirty-four years of government service with the NACA and NASA, Stack retired in
1962 and became vice president for engineering for Republic Aircraft Corporation in
Long Island. When Republic was absorbed by Fairchild Hiller in 1965, Stack was appoint-
ed a vice president of that company, retiring in 1971. On June 18, 1972, Stack fell from a
horse on his farm in Yorktown, Virginia, and was injured fatally. He is buried in the church-
vard cemetery of Grace Episcopal Church in Yorktown, only a few miles away from NASA’s
Langley Research Center. Today, F-15s from the nearby Langley Air Force Base fly over the
churchyard—airplanes that can routinely fly at almost three times the sptred of sound,
thanks to the legacy of John Stack and the NACA high-speed research program.

44, Collier’s, December 25, 1948,
45.  John Stack files, NASA Langley Archives.
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Beyond the Speed of Sound

By FREDERICK R. NEELY

For bringing about the achievement of human supersonic flight, John Stack, Lawrence
D. Bell and Captain Charles E. Yeager, USAF, win America’s highest aviation award

ERICA'S highest aeronautical honor,
the 37-year-old Collier Trophy, was pre-
sented by President Truman at the
White House Friday, December 17th, 10
the three men adjudged most responsi-
hie for the anminment of human supersonic fight.
The trophy is awarded annually by a committee
sehected by the National Aeronautic Association
for “the greatest achievement in aviation in Amer-
wa, the value of which has been demonstrated by
actual use during the preceding year.” 1t will be
shared equally for the ensuing year by:

Juhn Stack, career government research scientist
of the MNational Advisory Committee for Agro-
nautics “lor pioneering research to determine the
physscal laws affecting supersonsc flight and for his
conception of transonic research airplanes.”

Lawrence D Bell, president of Bell Aircraft
Corporation, “for the design and construction of
the special research airplane X-1.”

Captain Charles E “'ti& U.S. Air Force,
“wha, with that au?lanc on October 14, 1947, first
achieved human fight faster than sound.”

To those three men goes the honor of playing
the major roles in an achievement which the Collier

Tronh)' commlllu termed “the greatest since the
successful fight of the original ergm
!wlhnrs airplane.”

All three have been outstanding in their con-
rbutions lo the vitally important science of super-
sonic flight—flaght that is faster than sound. the

W‘hw:h lt sea level, with a temperature of

9 degrees and in still air, i 761 miles an hour.
However, at altitudes ranging between 40,000 and
100000 feet. the speed of sound is reached a1 only
663 miles an hour. This is due to the fact o
such high altitudes the temperature i almost con-
stantly 67 de below zero and sound travels
more slowly in cold air. At just what altitude
Cupt. Yeager flew i as much of a secret as the
actual supersonic he attained.

The problem thal confronted Stack, Bell and
Yeager was not 30 much that of flying faster than
sound as it was succesiful flying a1 speeds between
600 and 900 miles an hour—the transonic range.

Aceronautical scientists were in grave doubt as 10
just what took place when conventional aircraft
entered the transonic range in high-speed dives
They knew that both plane and pilot were kicked
wround unmercifully for seconds that seemed like

centuries and that both were completely out of
control.  Badly and naturally frightencd, the pilots
were unable 1o bring back detailed scientific re-
ports on the p! menon, and they were usually
unwilling 1o repeat their flights.

Wind tunnel tests with small-scale models
revealed that the fAow of air over a plane in the
lruuomc range was partly subtonic and partly

ause of this, the conventsonal
p!lm {ulually fighter :yg:n ook on an eviremely
inconsistent and efratic behavior. But the tunanel
findings were not conclusive and since supersonic
tun large enough 1o mount a full-scale airplane
are prohibitive in cost the scientists concluded they
needed a special research airplane eguipped with
le of measuring and automiati-
all of the forces acting upon an
nsonic flight.
i3 was where John Stack came in. Tt was
natural that he should have conducied the rescarch
phase for he had been working on the fundamental
problems of high-speed flight in the wind tennel
and laboratories of the NACA at Langley Fich!
Virginia, since 1929, shortly after he had joined
the government’s great aeronaulical rescarch o

Collier’s for Decamber 25, 1918

The first page of the Collier's magazine announcement of the winners of the 1947 Collier Troply, December 25, 1948,



Chapter 4

The Transonic Wind Tunnel
and the NACA Technical Culture

by Steven T. Corneliussen

When nuclear physics emerged as a compelling field of fundamental scientific inquiry
during the 1920s, it needed new research tools, especially the invention of accelerators for
probing nuclei with artificially energized subatomic particles.' Similarly, when the United
States began expanding a national effort in applied aeronautical research during the
1920s, that too needed new research tools, especially improved wind tunnels for experi-
ments using artificial airflows. Subsequent progress in both fields regularly resulted from
research-tool advances—as subsequenl Nobel Prizes r(:gu]:lrly recognized, and as subse-
quent Collier Trophies did not.

By midcentury this contrast could be counted with the more obvious dissimilarities
between the two fields. Though both nuclear physics and American aeronautics had con-
tinually required new empirical knowledge, their preeminent prizes since the 1920s had
shown markedly differing esteem for advances in the means for generating it. In 1951,
when particle-accelerator pioneers Sir John Cockroft and Ernest T. S. Walton won the
Nobel Prize for physics, they joined previous laureates who had advanced nuclear science
by inventing the cyclotron-type accelerator, the cloud chamber for making subatomic par-
ticle tracks visible, the magnetic resonance experiment method, further cloud chamber
refinements, and a photographic technique for studying accelerator-generated nuclear
processes. But until the Collier Trophy for that same year—save for the special case of
1947—the Collier’s awarding committee had ignored research tools altogether, instead
naming as the greatest advances in American aeronautics only aircraft equipment, air
operations, heroic flights, and new airplanes. Yet aeronautical researchers with their con-
tinually improving research tools, especially the engineers and wind tunnels of the
National Advisory Committee for Aeronautics, had contributed importantly to many of
these advances. Thus the awarding committee for 1951 added importantly to the Collier’s
scope when it recognized the NACA's new transonic wind tunnels and the twenty NACA
technical staff most closely associated with their advent.

I Lord Ernest Rutherford, discoverer of the atom’s nucleus, described in his 1927 "Anniversary
Address as President of the Royal Society” a long-standing “ambition to have available for study a copious
supply of atoms and electrons which have an individual energy far transcending that of the alpha and beta
particles” available from naturally occurring radioactive sources in order to "open up an extraordinarily inter-
esting field of investigation.” Quoted in Mark Oliphant, Rutherford: Recollections of the Cambridge Days
(Amsterdam, NY: Elsevier Publishing Company, 1972), p. 82. Daniel J. Kevles, The Physicists: The History of a
Scientific Communuty in Modern America (New York, NY: Alfred A. Knopf, 1978), p. 227, cites Rutherford’s desire
during the 1920s for a “million volts in a soapbox.” Concerning this and other topics, 1 am grateful for useful
observations and information from historian of physics Catherine Westfall, whom I thank along with John V.
Becker, Jay Benesch, Albert L. Braslow, H. Scott Butler, Francis |. Capone, Norman L. Crabill, James R. Hansen,
J. D. Hunley, Peter Kloeppel, Richard T. Layman, Robert Riolo, Jim Spencer, Geoffrey Stapleton, and Walter G.
Vincenti for reading this essay in manuscript form.
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The Midcentury Need for Transonic Tunnels

In the 1947 special case, combat aviator Chuck Yeager flew manufacturer Lawrence Bell’s
new X-1 airplane faster than the speed of sound. Yeager thereby not only pierced the so-called
sound barrier, but helped operate a transonic research tool conceived mainly by veteran
NACA high-speed researcher and manager John Stack. The resulting Collier cited not only the
heroic flyer and the airplane builder, but the NACA research-tool innovator as well.* Stack
himself was not present in the California desert below the X-1 in its transonic research flights,
but some of his NACA colleagues were. A detachment of engineers from Langley Memorial
Aeronautical Laboratory in Virginia masterminded the experimental airplane’s operation.’
They instrumented it for data-gathering, planned and then observed each flight in detail, and
assessed what was measured and recorded. They wanted new empirical knowledge of the
bewilderingly complex, sometimes literally dangerous range of air speeds near the speed of
sound, which varies with air temperature and can surpass 740 miles per hour.

Their NACA bosses at Langley Field and in Washington wanted transonic research
advances too. Air speed had proven crucial in World War II, and jets were beginning to replace
propeller-driven warplanes. In a high-profile 1946 assessment of the national defense pro-
gram, Senator James M. Mead’s special investigating committee had severely rebuked the
NACA, charging past failures of “vision and imagination™ concerning “revolutionary aeronau-
tical developments” like Nazi Germany’s missile technology and the jets that both Great Britain
and Germany had developed in the 1930s, when the American aeronautical establishment still
thought jets infeasible.” Accordingly, the NACA’s 1946 annual report to Congress stated a
resolve “to face the urgent necessity for renewed emphasis on fundamental research,” as the
NACA customarily called its practical-minded but scientifically grounded engineering studies.
“Without certain essential design data,” the report continued, “the development of very
high-speed aircraft and guided missiles cannot proceed.™ That word urgent recurs concerning
transonics throughout NACA documents of the early postwar era, when air-war memories were
fresh, Cold War worries were intensifying, and NACA bureaucratic-war strategies were begin-
ning to target the Army Air Forces. Like the NACA, the AAF—soon to become the Air Force—

2, Richard P. Hallion, Supersonic Flight: The Story of the Bell X-1 and Douglas D-558 (New York, NY:
Macmillan Company, 1972), p. 176, notes that research airplanes like the X-1 were not “fabricated for setting
records. Rather, they were designed as research tools. Though they set some spectacular records . . . their main
function remained unchanged: the acquisition via flight instrumentation of data on a variety of areas.” The
NACA’s 1954 annual report, p. 4, says the research airplanes’ “prime justification was as tools to be used in devel-
oping necessary transonic information.” (NACA annual reports are cited hereafter in the form AR54.) The 1947
Collier, following the frequent practice of the day, cited engineer Stack as a “scientist.” But Stack’s 1928 MIT
degree was in aeronautical engineering, as reported in James R. Hansen, Engineer in Charge: A History of the
Langley Aeronautical Laboratory, 1917-1958 (Washington, DC: NASA SP-4305, 1987), appendix B, The influence
of Hansen's engineering-centered interpretation of NACA research history pervades this essay.

3. To counter the notion of military control of “the research direction” of the X-1 program. Richard P.
Hallion emphasizes the NACA’s “virtual total control” in his review of Walter A. McDougall's . . . the Heavens and
the Farth: A Political History of the Space Age (New York, NY: Basic Books, 1985); see Technology and Culture 28
(January 1987): 130-32.

4. Excerpt from Mead committee report, “Miscellaneous” folder, John Stack collection, Langley
Historical Archive—hereafter called LHA—NASA Langley Research Center library. For LHA access and much
else, I thank Langley historical program coordinator Richard T. Layman.

5. AR46, p. 2.
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aspired to create and control expensive new national aeronautical research tools: large wind
tunnels for experiments using artificial transonic and supersonic airflows.”

As a motivation for high-speed research, the urgency of international military
competition—though not that of Washington political competition—shows in separate,
representative pronouncements by the NACA and AAF research directors in 1947. “The
urgency of aeronautical research results from the relation of air power to national securi-
ty,” reported Hugh L. Dryden to the NACA’s main committee a few days after the X-1's
famous October flight. “Aircraft having the highest speed dominate the air,” he noted,
adding—in a complete reversal of the NACA’s cautious prewar belief—that it was “clear
that there is no upper limit to the possible speed of aircraft.” Dryden declared that “the
nation that makes the best research effort to d(*vc‘]op the new power plants and explore
the problems of hlgh-spet'd flight can lead the world in air power. That nation must be the
United States. . . . It is the duty of the NACA to provide for the military services and the
industry the basic data on aerodynamics and propulsion to make p1]0[e(l supersonic flight
not only possible, but safe and reliable.™ In even more forceful terms, these themes had
also appeared that April in a magazine editorial titled *“We Must Furnish the Tools” by Maj.
Gen. Curtis E. LeMay, the aggressive World War 1II strategic bombing leader who now
headed the AAF Research and Development Agency. So emphatic was this two-page argu-
ment for new national high- sp(,cd wind tunnels that John Stack kept a photostat of it in
personal papers now preserved in the NASA Langley Research Center historical archive.
LeMay’s editorial warned that for lack of proper research tools the United States risked
losing the airsuperiority race. In World War 11, it said, the Nazis had been “at least five
years ahead,” though fortunately not in actually “applying the results of their technical
superiority.” In the postwar world, however, “even a one- or two-year lag” could probably
“never be recovered.™ Similar arms-race language concerning wind tunnels also appeared
a few years later when the Collier’s maga?me article announcing the 1951 Collier Trophy
headlined the awarding committee’s assertion: “Now the U.S. has a two-year lead on the
Communists in perfecting vital faster-than-sound planes.™

Harder to see in the late 1940s were the urgent political and bureaucratic motivations
involved in the high-visibility push for new national aeronautical research facilities.
Dryden and LeMay wrote only about the cooperation, not the rivalry, between the NACA
and the Army Air Forces. But NACA historian Alex Roland has described a postwar NACA
“at its nadir in reputation and influence” struggling “in deep and surreptitious competi-
tion” with the AAF." Thus for Hugh Dryden in Washington and John Stack at Langley, the
NACA’s organizational self-interest must have accompanied the arms-race justification as
a motivation to develop technology, and to seek construction funding, for new high-speed
research tools.

6. Alex Roland, Model Research: The National Advisory Commitiee for Aevonautics, 1915-1938, 2 vols.
(Washington, DC: NASA SP-4103, 1985), discusses the Mead committee and other postwar forces acting on the
NACA; see chapters 9 and 10. The Stack collection, LHA, includes several folders of Stack’s planning materials
for postwar national wind tunnel facility construction. It must be noted that in an April 3, 1996, telephone inter-
view, NACA and NASA high-speed research veteran John V. Becker recalled no particular urgency in the day-to-
day postwar transonics work at Langley Field, whatever the outlook and motivations of the NACA itself might
have been. I conducted all of the telephone interviews cited, retained electronic notes from each, sent a draft of
this essay to every interviewee, and am indebted to all of them.

7. “Report of the Director of Aeronautical Research submitted to the National Advisory Committee for
Aeronautics at its annual meeting, October 23, 1947," reprinted Roland, Mode! Research, 2:713-16; quotations
from p. 714.

8. Aero Digest, April 1947, pp. 14-15; photostat in *Miscellancous” folder, Stack collection, LHA.

9. Collier’s, December 20, 1952, pp. 24-25.

10.  Roland, Mode! Research, 1:259 and 1:214 .
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In any case, wind tunnels were the desired tools. To most American aeronautical
researchers it seemed clear that whatever the usefulness of research aircraft for transonics,
truly comprehensive empirical knowledge in the long run would have to come mainly from
these ground-test facilities with their convenient, versatile, relatively affordable, and safe
laboratory conditions." In the distinct NACA technical culture especially, airborne tests
represented a component that could only complement, not replace, the wind-tunnel-test
component. Although the airflow physics of a purely supersonic tunnel differs fundamentally
from that of a subsonic tunnel, the NACA already had effective supersonic tunnels when the
X-1 flew in 1947, and at Langley in the following month John V. Becker even began operat-
ing a small hypersonic tunnel that could reach speeds well beyond five times that of sound.”
But in the airflow of high-subsonic, or nearsonic, wind tunnels—tools for the main transon-
ic parts of the work that research directors Dryden and LeMay were emphasizing—complex
troublesome effects arose, hampering tunnel operation and polluting or even ruining
experimental data. No tunnel had yet been invented for overcoming these vexing transonic
effects, despite NACA efforts dating back to the 1920s, despite efforts elsewhere, and despite
a long-standing intuition that Stack and others shared about how to solve the problem.

So during the X-1's research flights in 1947, Stack—a high-speed wind tunnel inno-
vator since 1928, and now a research manager—was not present in the California desert.
Instead he was back at Langley, encouraging, smoothing the way for, and cajoling others
who were trying to synthesize years of NACA experience to capitalize on that intuition and
develop that solution. “Aeronautical experts swore it couldn’t be done,” the Collier’s head-
line would trumpet once they had succeeded. But in reality engineers had long suspected
that it could indeed be done, and that the answer would lie in somehow partly opening
up a wind tunnel’s walls. Just after the war Langley physicist Ray H. Wright, skilled in
applied mathematics and widely knowledgeable concerning tunnel technology," had used
subsonic aerodynamic theory to calculate a solution: a tunnel with ventilation slots in the
walls of its test section, the experiment chamber where the tunnel’s artificial airflow moves
across an instrumented test subject such as a scale-model segment of a wing. These test-
section slots had to be precisely placed, paralleling the airflow direction, in the tunnel’s
interior surfaces above, below, and beside the test subject, which might either span a
roughly cylindrical test section or be held in place by an apparatus behind it downstream.
Wright and Stack and their colleagues hoped that these longitudinal openings could
manipulate the complexities of air flowing at up to sonic speed, channeling the air around
the test subject in just such a way as to yield valuable transonic research data.

In 1947 Langley was already trying out the slotted-wall idea in the test section of a
small pilot tunnel, and had learned, apparently serendipitously, that the slots enabled
smooth operation not just at very high subsonic speeds, but at low supersonic sp(,cds too.
By the time of Yeager’s famous research flight that October, Stack had long since begun
considering how to apply the slotted-wall results in two fullsize high-speed tunnels—
industrial-scale facilities with huge powerful fans and testsection diameters of eight feet
and sixteen feet, sizable by any era’s standards. With Ray Wright's specific design concept,
Stack’s vision and leadership, engineer Vernon G. Ward’s technology-development con-
tributions, and the NACA Langley technical staff’s wind tunnel expertise and experience,
the research-and-development effort relatively soon led to the conversion of these two

11, Hallion, Supersonic Flight, p. 45, reiterates in ch. 2 what he has made clear throughout ch. 1: “The
principal reason” for transonic research aircraft “was the inability of existing wind tunnels to furnish satisfacto-
ry and reliable transonic aerodynamic data.”

12, Hansen, Engineer in Charge, pp. 467, 471, and 344-47.

13, The end of this essay addresses conflicting interpretations of the breadth of Wright's technological
awareness.
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The present-day slotted-wall test section of the NASA Langley 16-Foot Transonic Tunnel, which began operating as the NACA
Langley 16-Foot High-Speed Tunnel two days before Pearl Harbor. The tunnel’s name derives in part from its test section’s
afrproximate diameter. The slotted-wall configuration shoun heve descends divectly from the one in this tunnel that helped win
the 1951 Collier Trophy. (NASA L-90-04029).

national research facilities: the now-retired 8-Foot High-Speed Tunnel, designated a
national landmark in 1985, and the 16-Foot High-Speed Tunnel, later called the 16-Foot
Transonic Tunnel and still operational with slotted walls in 1998. The resulting Collier
Trophy for Stack and nineteen of his colleagues was the first ever awarded outright for a
research tool, and the only Collier ever awarded for a ground-based one—even though,
as with particle accelerators and detectors for nuclear science, wind tunnels have been
crucially important for American aeronautics."

14, “From the time of the Wright brothers, the wind tunnel . . . proved to be the essential piece of ver-
satile experimental machinery on which much about the progressive evolution of aircraft depended,” writes
James R. Hansen in Spaceflight Revolution: NASA Langley Research Center from Sprutnik to Apollo (Washington, DC:
NASA SP-4308, 1995), p. 436, restating a main message of his earlier Engineer in Charge. “The wind tunnel dom-
inates acronautical research just as the microscope dominates biology, the telescope astronomy, and the particle
accelerator nuclear physics,” writes Roland in Model Research, 1:xiv. In this essay I do not address “tunnel vision”—
Roland’s name for a criticism of the NACA occasionally mentioned but seldom forthrightly leveled: that its engi-
neers oo often allowed research tools, especially wind tunnels, to dictate rather than merely serve research pro-
grams. In Model Research see especially 1:xiv—xy, but also 1:108, 220-21, and 309 and 2:507 and 520; see also
Edward W. Constant, Isis, 73:4:269 (1982) 609-10.
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161007 1RANOMIC TUNNG
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The 1951 Collier Trophy recognized a transonic-research-technology advance first applied in the tiwo NACA Langley wind tunnels
shown in these midcentury views.” Top: Air flows counterclockwise in the 16-Foot Transonic Tunnel, passing repeatedly through the
test section linked lo the topmost floors of the facilitys brick office building.  Bottom: In the 8-Foot High-Speed Tunnel’s similar cir-
cudl, a conerete igloo enclosed the lest section. (NASA photos 1-90-3752 and NACA 12000.1).

15.  The photographed artist’s drawing is from the early 1950s, the actual photograph from carlier still,
The modern 16-foot tunnel circuit has an air-removal system for enhanced low-supersonic operation.
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In fact, given the wind tunnel component in the NACA's overall contributions, a Collier
Trophy for an NACA tunnel seems fitting, as three low-subsonic examples from the 1920s
and early 1930s illustrate. Each was the first of its kind in the world, and was soon copied
elsewhere." The Variable-Density Tunnel, or VDT, could, with fairly good success for the
time, counteract scale effects—the skewing of test data inherent in testing scale models instead
of full-scale aircraft or aircraft components. By the early 1930s, according to aeronautics his-
torian Richard K. Smith, \’DTgene[ated information published in formal NACA reports
enabled aircraft designers to select a wing shape for a given application incisively, rationally,
and conveniently.'” That the VDT became an official national landmark in 1985 may help
validate its historical significance. The Propeller Research Tunnel, or PRT, circumvented
scale effects and other technical difficulties simply by being powerful enough, and large
enough in its test-section diameter of twenty feet, to test at full scale a propeller and engine
mounted on an actual fuselage or on a portion of a fullsize wing. Several observers have
noted that the NACA's first Collier Trophy, the one for the speed-enhancing engine cowling
discussed in chapter 1, might well have recognized instead the PRT, the research tool that
enabled the cowling’s development." The Full-Scale Tunnel, or FST, operational for nearly
two-thirds of a century starting in the early 1930s, took the PRT’s full-scale-testing principle
one step further: in its thirty- by sixty-foot test section it could hold an entire small airplane.
The FST was also designated a national landmark in 1985.

With a technical staff continually devising such tunnels and other research tools, the
subsonic-era NACA became widely recognized for its applied aeronautical research. The
organization became highly adaptable for fulfilling its statutory charge of finding practi-
cal solutions to the problems of flight—problems eventually defined as including the
aerodynamics, and somewhat belatedly the aeropropulsion, of transonic and supersonic
flight. In fact, during the 1920s and 1930s the NACA’s earliest efforts in transonics began
to grow out of its extensive subsonic efforts, and ultimately led to the transonic wind
tunnel for which the 1951 Collier Trophy recognized “John Stack and associates at the
Langley Aeronautical Laboratory, NACA.” So besides celebrating the slotted-wall transon-
ic tunnel’s promise for jets, and beyond finally recognizing one representative NACA wind
tunnel, the Collier Trophy for that year illuminates the effectiveness of the research-tool-
centered NACA technical culture.

16, Useful sources on NACA wind tunnel history include Hansen's Engineer in Charge and Donald D.
Baals and William R. Corliss, Wind Tunnels of NASA (Washington, DC: NASA SP-440, 1981). Roland, Madel
Research, 2:508-14, lucidly explains wind tunnels and tunnel technology.

17.  “Better: The Quest for Excellence,” in Milestones of Aviation, p. 241, ed. John T. Greenwood (New
York, NY: Hugh Lauter Levin, 1989), 222-95,

18.  Roland, Model Research, 1:117; Hansen, Engineer in Charge, p. 134; Hansen, chap. | in this volume;
John V. Becker, The High-Speed Frontier: Case Histories of Four NACA Programs, 1920-1950 (Washington, DC: NASA
SP-445, 1980), p. 140. For the present essay and much else, Becker’s book is centrally important as both a pri-
mary and a secondary source. In its introduction, Becker says he wrote it as a "participant-author” because the
NACA's research solutions actually evolved as more than just “the inevitable result of wise management, inven-
tive researchers, and unparalleled facilities,” and because he believes that to “provide fundamental insights into
the NACAs technical accomplishments the record should include the doubts and misconceptions that existed
in the beginning of a project, the unproductive approaches that were tried and abandoned, the stimulating peer
discussions that provided new insights, and the gradual evolution of the final solution. This kind of information
is hard to find.” Edward W. Constant, reviewing the book in fsis, 73:4:269 (1982) 609-10, calls it (p. 609) “an
extraordinary glimpse into a whole category of technological knowledge not commonly covered either by the
history of science or by the history of technology.”
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A Technological Organization’s Group Achievement

Academic or Nobel Prize-like norms for assigning credit were only partly relevant in
the Collier’s recognition of the transonic tunnel achievement, for the cited triad of “con-
ception, development, and practical application” of the slotted wall included effective
work outside the purely intellectual realm. In fact, the Collier for 1951 required distin-
guishing among specific kinds of contributions as well as among contributors, including
the technological organization itself—though the Collier committee at first adopted a
simpler view. A look at how and where slotted-wall credit has been conferred, both by the
Collier and by other means since, may show something about NACA-era views of the
nature of l(‘.chnol(lgical achievement, and does show the central importance of a well-
integrated technical culture in the NACA’s work.

The slotted-wall achievement did have an important intellectual component, as
Stack’s technical peers have duly recognized in later citations and discussion in aeronau-
tical publications. But Collier Trophy notwithstanding, they have not credited Stack.
Although the Collier committee singled him out, and in fact originally intended the award
for Stack alone, for over half a century Stack’s professional peers have generally attributed
the origin of slotted walls either by crediting the NACA generally or by citing the 1948
paper of Stack’s Collier-winning “associates” Ray Wright and Vernon Ward, the engineer
who spearheaded proof of the slotted-wall principle with the first small pilot tunnel.”
Technical authors have left Stack not only uncited but unmentioned, even in passages that
summarize historical background. It must be noted that Stack’s rise within Langley man-
agement during the 1940s meant fewer papers from him and, when he did write, a broad-
overview approach not conducive to academic citation.” And it must also be noted that
Stack quite possibly intended not to take academic credit; Wind Tunnels of NASA author
Donald D. Baals, one of Stack’s Colliersharing associates, said in 1996 that Stack might
well have intended to send credit Wright's way.” Another associate, veteran NACA and
NASA high-speed researcher John V. Becker, emphasizes the distinction between kinds of
contributions. His book The High-Speed Frontier: Case Histories of Four NACA Programs,
1920-1950 says unambiguously that the “first successful many-slotted transonic tunnel
configuration was devised single-handedly by Ray H. Wright,” that Wright was “the design-
er of the transonic tunnel,” that “Wright’s personal decision in 1945 to get down to cases”
initiated the multiyear transonic tunnel effort, most of which “clearly bears the stamp of

19.  NACA Research Memorandum L8]J06, “NACA Transonic Wind-Tunnel Test Sections.” The folder
“Standardization of Wind Tunnels, October 13, 1948-Thru Fel. 1949" in the Research Authorization 70 file,
LHA, contains this paper’s approval and distribution paperwork as well as the October 6, 1948, final editorial
copy. (Hansen, Engineer in Charge, pp. 572-74, explains the usefulness, and the use, of the LHA's research
authorization files, hereafter cited in the form RA70. With two linear feet of documents, RA70 traces much of
the evolution of wind tunnel technology from the early 1920s to the early 1950s.) The NACA republished the
Wright-Ward paper in 1955 as Technical Report 1231, but changed it somewhat, mainly by deleting a paragraph
near the end reporting lack of understanding of the low-supersonic capability and by slightly altering conclu-
sions 4 and 6. The NASA Langley library holds the original 1948 RM version on microfiche. Key antecedents
for the 1948 paper include Ray H. Wright, Physicist, and Vernon G. Ward, Aeronautical Engineer, 10
Compressibility Research Division Files, “Tunnel Wall Interference Effects in an Axially Slotted Test Section—
Preliminary Tests,” March 12, 1947 (Stack collection folder “New Types of Wind Tunnels, 1947,” LHA) and
Wright to Chief, Full-Scale Division, “Theoretical consideration of the use of axial slots to minimize wind-
tunnel blockage,” May 24, 1948 (Stack collection folder “Slotted-Throat Tests, 1946-48," LHA). The latter says
the “theoretical investigation” it means “to record and preserve” may “later be combined and published with
the results” of an experiment in progress, obviously the Wright-Ward pilot-tunnel experimentation—and
indeed the eventual Wright-Ward paper reflects much from Wright's memo.

20, Becker, High-Speed Irontier, pp. 52, 53.

21, Telephone interview, April 7, 1996.
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Wright's insights and personal integrity,” but that it “is equally clear that without the enor-
mous contributions of a quite different kind made by Stack, the achievement of the large
slotted tunnels would not have happened” as soon as it did.”

The practice of excluding Stack from credit appears to have begun well before 1951, and
it has continued for half a century. In October 1948, NACA research director Hugh Dryden
began limited, high-priority circulation of the Wright-Ward paper. Within days, Clark Millikan
of the Guggenheim Aeronautical Laboratory wrote to congratulate the NACA and to express
hope for “following the lead given by Messrs. Wright and Ward.” His letter does not mention
Stack. Within weeks, Air Force wind tunnel expert Bernhard H. Goethert, formerly of the
German aeronautical research establishment, visited Langley; Dryden had officially informed
the military about the slotted wall’s “revolutionary nature,” and Goethert hoped to learn how
to apply it. Wright, Ward, and Stack himself, together with engineer Eugene C. Draley, hosted
Goethert’s intensive visit and tour.” Yet Goethert wrote in his 1961 book Transonic Wind Tunnel
Testing that the “first really successful transonic wind tunnel was investigated in the United
States in 1947 in tests at the NACA.” The passage footnotes Wright and Ward and leaves Stack
unmentioned. Moreover, Stack’s name barely appears at all in Goethert’s book, an exhaustive
survey of a research technology that the 1951 Collier Trophy credits Stack above all others with
founding.* Similar attribution patterns appear in a 1955 NACA paper that in part reviews past
NACA slotted-wall work, in a 1960 Air Force paper summarizing that service's wind-tunnel-
development efforts, and in the 1965 textbook High-Speed Wind Tunnel Testing.” Stack’s exclu-
sion persisted in the mid-1990s at NASA Langley Research Center, where two papers addressed
the slotted-wall issues that Wright and Ward first discussed in print. Both explicitly attribute the
technology’s origin to Wright and Ward. Neither mentions Stack, though upon inquiry, each
principal author readily confirms clear awareness of him. One of these papers surveys the
characteristics and technical history of what is now called the 16-Foot Transonic Tunnel, one
of the two large Langley facilities where “practical application” of the slotted wall helped earn
the 1951 Collier Trophy for Stack and his associates.”

22, Becker, High-Speed Frontier, pp. 99, 112, 115. In a July 15, 1988, letter to historian Hansen (copy in
my files), Ward asserted a credit-claiming version of “the true facts in regard to the elimination of choking in
wind tunnels and the developmental and design research of the NACA Transonic Wind Tunnel.” Certainly his
pilot-tunnel efforts did contribute importantly, and apparently he did personally discover the unexpected low-
supersonic capability. However, his recollections conflict with the documentary record, discussed later in the pre-
sent essay, concerning the clarity, and thus the priority, of Wright's 1946 expectations and intentions for the near-
sonic significance of the theoretical work Wright began conducting before Ward became involved.

23, The RA70 folder “Standardization of Wind Tunnels, October 13, 1948-Thru Feb. 1949, LHA, con-
tains a copy of Draley’s December 21, 1948, memorandum reporting Goethert’s visit in detail (clearer copy in
folder "Special File, R.A. 70, April 1947 Thru Dec. 48”) and a copy of Millikan to Dryden, October 19, 1948—of
which a signed copy is in the “Research Authorization 707 folder, together with copies of Dryden’s October 8,
1948, "revolutionary nature” letters to military research flag officers.

24, Goethert, Transonic Wind Tunnel Testing (New York, NY: Pergamon Press, 1961), p. 23, but see also p.
61. (Publication of the North Atlantic Treaty Organization's Advisory Group for Aeronautical Research and
Development, edited by Wilbur C. Nelson, from a series by the NATO-AGARD Fluid Dynamics Panel, which under
an earlier name had also published Goethert’s important paper "Flow Establishment and Wall Interference in
Transonic Wind Tunnels,” AEDC-TR-54-44, pp. 247-292 in AGARD Memorandum: Papers Presented at the Sixth
Meeting of the Wind Tunnel and Model Testing Panel, Paris, France, 2-6 November 1954, AG17/P7.)

25.  B. H. Little, Jr., and James M. Cubbage, Jr., “The Development of an 8-Inch by &Inch Slotted Tunnel
for Mach Numbers up to 1.28," NASA TN D-908, August 1961, originally published January 1955 as classified
NACA RM L55B08; M. Pindzola and W. L. Chew, “A Summary of Perforated Wall Wind Tunnel Studies at the
Arnold Engineering Development Center,” AEDC TR-60-9, August 1960; and Alan Pope and Kennith L. Goin,
High-Speed Wind Tunnel Testing (New York, NY: John Wiley & Sons, Inc., 1965), pp. 103, 104,

26.  Joel L. Everhart and Percy |. Bobbitt, “Experimental Studies of Transonic Flow Field Near a
Longitudinally Slotted Wind Tunnel Wall,” NASA Technical Paper 3392, April 1994, and Francis . Capone,
Linda S. Bangert, Scott C. Asbury, Charles T. L. Mills, and E. Ann Bare, “The NASA Langley 16-Foot Transonic
Tunnel: Historical Overview, Facility Description, Calibration, Flow Characteristics, and Test Capabilities,” NASA
Technical Paper 3521, September 1995.



http:founding.24

100 THE TraNsONIC WIND TUNNEL AND THE NACA TrcHNICAL CULTURE

So why did the Collier committee members plan originally to cite Stack alone?
Possibly they simply wanted a heroic interpretation like that in James Michener’s 1982
novel Space, which attributes the transonic tunnel solely to “a genius named John Stack”
who had a “brilliant idea” that led to “airplanes that could break through the sound bar-
rier almost as undisturbed as a horse-drawn carriage heading for a country picnic in
1903.” Possibly the commitiee’s initial plan reflected a view like that of Orville Wright,
who—no doubt remembering what actually led up to 1903—had complained in 1944 that
Colliers were going too often to aviation organizations instead of innovative individuals.
Possibly the intention reflected public relations aims of the NACA, whose executive sec-
retary and chief propagandist John F. Victory chaired the Collier committee for 1951. The
NACA apparently had a long-standing involvement in the award selection, and in at least
one case—1947, when it seemed certain the NACA would be among those recognized—
had calculated possible combinations of recipients to promote.”

If the committee members did intend the heroic interpretation, probably they want-
ed to lend a bit of romantic appeal to an award for an unromantic, ground-based research
tool. Historian John William Ward has analyzed an analogous and much beiter known
instance of credit-assigning in American aeronautics: the case of Charles Lindbergh.
Concerning the adulation of Lindbergh, Ward observes that it is “strange that the long-
distance flight of an airplane, the achievement of a highly advanced and organized tech-
nology, should be the occasion of hymns of praise to the solitary, unaided man.” He
describes a tension inherent in Americans’ understanding of the new phenomenon of
aviation: their identification with pioneering, self-reliant, free individuals versus their lack
of interest in the collectivized, organized industrial society such individuals often actually
represented. Possibly the Collier committee saw and sought to avoid such a tension in the
choice between the pioneering Stack and the technological organization he represented.
After all, this was already going to be the only Collier ever given for something so likely to
be seen as inherently boring: not a heroic flight, not a new airplane, not a successful
aviation program, not an improvement in airplane equipment. Just a wind tunnel, a noisy
industrial plant for turning out research data. The NACA itself is the analog of the unin-
teresting and therefore uncredited collectivized industrial society in the Lindbergh
achievement, but the analog of the lionized Lindbergh himself is John Stack, already iden-
tified by an earlier Collier as a pioneering individual for conceiving the plane that broke
the sound barrier. A Washington Post article the week after that earlier award had said he
didn’t “look like a man of science” but was instead “a rather handsome fellow whom you'd
take for a lawyer, a football coach, or even an actor.™

In any case, in public relations and other nontechnical realms the Stack-alone inter-
pretation lived on even after the 1951 award actually did partly credit members of the
technological organization that stood behind Stack. The 1954 NACA annual report tilts
toward such a description, emphasizing Stack’s primacy in the achievement. In a 1957
speech, NACA executive secretary Victory tilted all the way: he portrayed the accomplish-
ment as an individual one, and flatly auributed it to Stack alone. At the 1962 ceremony

27.  James A. Michener, Space (New York, NY: Random House, 1982), p. 175. Model Research, 1:351 n. 6
discusses Wright's complaint. In "George William Lewis,” Year Book of the Amervican Philosophical Society, 1948, pp.
269-78, NACA chairman Jerome C. Hunsaker notes longtime NACA research director Lewis’s National
Aeronautic Association life membership and says that Lewis had served on the Collier committee. Model Research,
1:383 n. 56 cites an “adamant” 1948 note from Hugh L. Dryden to Victory asserting the NACA's interest in pro-
moting a three-way joint award of the then-impending Collier for 1947.

28, Ward, “Charles A. Lindbergh: His Flight and the American ldeal,” in Technology in America: A History
of Indiwiduals and Ideas, 2d ed., ed. Carroll W. Pursell, Jr. (Cambridge, MA: MIT Press, 1990) pp. 211-26 (origi-
nally in The American Quarterly, spring 1958, as “The Meaning of Lindbergh’s Flight”). “Intuition Brought
Supersonic Flight,” Washington Post, December 21, 1948,
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awarding the Wright Brothers Memorial Trophy to Stack, the printed program declared
that Stack had won two Colliers: one jointly for the X-1, and another “singly . . . for his
development of the transonic wind tunnel.” A 1993 history of the National Aeronautic
Association, the organization that awards the Collier, mentions the associates and the
teamwork, but names only Stack.”

But Stack himself knew better. When he learned of the Collier awarding committee’s
impending misassignment of credit, he took decisive steps to correct it. Recognition of the
nineteen associates, a substantial partial cross section of the NACA technical culture,
resulted from plain forthrightness in Stack, a product of that culture and in many ways an
exemplar of its norms. High-Speed Frontier author John Becker, one of the nineteen him-
self, described Stack’s reaction to word that he had won this second Collier to go with the
one he had already shared with Yeager and Bell:

A few weeks before the second award was presented to him by President Harry S.
Truman on December 17, 1952, Stack appeared unexpectedly in my office in a state of
considerable agitation. He had just received notice of the award from J. F. Victory,
chairman of the committee for the Collier Trophy. Stack said he was reluctant to accept
the award as the sole recipient because so many others at Langley had contributed
importantly. He wondered how the others would react. I believed they would feel as I did
that he richly deserved this recognition. Without his aggressive leadership and promo-
tional efforts there would have been no large transonic tunnels at Langley at that time.
But Stack was insistent that the other principals should be included and we worked up
a list of some 19 names.

In the end Stack could not get his colleagues individually cited, but did manage to
distribute some of the recognition by getting the words “and associates at Langley
Aeronautical Laboratory, NACA” added to the formal citation. Before the award ceremo-
ny he issued a press release describing each person’s participation and emphasizing the
“teamwork, the pooling of scientific capacities in a research laboratory, that makes an idea
successful.” He also helped organize a dinner to recognize the nineteen. Even a decade
later, Stack’s official NASA biography sheet still made the point that in his 1952 accep-
tance of the Collier for 1951, he had “confirmed that NACA know-how and teamwork
were largely responsible” for it.”

Like Stack in 1952, previous NACA individual Collier winners Lewis A. Rodert for
1946 and Stack himself for 1947 had also publicly declared NACA teamwork the real basis
for their achievements. Rodert had said that his Collier was “awarded for the general work
of all of us” and that he had been named “because only individuals [could] be so desig-
nated.” Stack had emphasized a nearly identical sentiment.” This focus on the effective
team rather than on any individual was entirely consistent with both the official outlook
and the actual practice of the NACA. Aerospace historian James R. Hansen says that

29, ARH4, p. 13; "Current Status of Aeronautical Research and Trends Towards Tomorrow,” June 8,
1957, p. 6, Milton Ames collection folder “Victory, John E,” LHA; program for “Wright Memorial Dinner, Aero
Club of Washington, December 17, 1962, Sheraton Park Hotel, Washington, D.C.,” Stack collection folder
“Awards and Biographical Information,” LHA; Bill Robie, For the Greatest Achievement: A History of the Aero Club of
America and the National Aeronautic Association (Washington, DC: Smithsonian Institution Press, 1993).

30, Becker, High-Speed Frontier, pp. 61, 62; Stack’s press release was reprinted in the Langley Air Scoop,
December 19, 1952, available in the LHA; Stack biography sheet, Stack collection folder "Awards and
Biographical Information,” LHA. Becker noted in an April 3, 1996, telephone interview that Stack was “very ill
at ease” when he heard about the award, and that "it didn’t cost him anything to add on” the associates, for he
knew that in any case he would get most of the credit.

31.  Langley Air Sconp, January 9, 1948, LHA; Hansen, Engineer in Charge, p. 304.
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George Lewis, whose quarter-century tenure as the NACA's first research director lasted
until after World War 11, characteristically “emphasized teamwork over individual genius”
and that Lewis believed in Thomas Edison’s “nonheroic theory of invention and especially
liked its emphasis on collective action.” Lewis once asked that Langley frame and display a
presidential tribute to Edison that he thought “aptly cover[ed] the aims and purposes” of
the NACA. In the quotation, President Hoover—like Lewis, an engineer—had attributed
“both scientific discovery and its practical application” to the “labor of a host of men” grad-
ually “building up the structure of knowledge” in “great laboratories.” Lewis’s successor
Hugh Dryden, coauthor in the 1920s of NACA reports on wind-tunnel-like experiments
with transonic jets of compressed air, held similar views. His two-sentence letter transmit-
ting the 1948 Wright-Ward report to Clark Millikan ends with a forthright attribution of
slotted-wall “development™—a term in the eventual Collier citation’s triad of “conception,
development and practical application”—not to the unmentioned Stack, and not even to
authors Wright and Ward, but to “the Committee’s Langley Laboratory,™ where flourished
what later came to be called the NACA technical culture.

As a management cliché, teamwork can obviously evoke skepticism or even cynicism,
but NACA veterans have confirmed that this officially declared teamwork actually did
flourish at the level of hands-on routine, and not just in managers’ imaginations or pub-
lic pronouncements. Stanford aeronautical engineering professor emeritus Walter G.
Vincenti, for instance, who helped comprehensively define the transonic wind tunnel
problem as an NACA engineer in the 1940s, and who writes on NACA history and the epis-
temology of engineering, has described the group dynamics of some important NACA
flight research of about 1940 as exemplifying “the kind of fruitful melding of personal and
group ambition and interest that can arise when talented technical people join in what
they see as a demanding and worthwhile task. The whole was more than the sum of the
parts.” Becker, who ]omt,d the NACA Langley staff in 1936, says that a consequence of
daily group discussions in the mid-1930s Langley lunchroom was that “often no one orig-
inator of an important new research undertaking could be identified. The idea had grad-
ually taken form from many discussions and in truth it was a product of the group.” He
reiterated in 1996 that “seldom was there one clear, unequivocal route to a solution” to be
found by one person alone; more often, he said, things really did happen by way of the
group’s interactions over time. Concerning the overall assignment of slotted-wall credit,
Becker, who avoids expansive phrases and carefully distinguishes NACA pub]lc relations
pronouncements from technical facts, tends to view the achievement as an important sub-
set of all the late-1940s NACA transonics work—and he calls that overall program “one of
the most effective team efforts in the annals of aeronautics.™

Four decades after the Collier Trophy for 1951, this teamwork-oriented, sometimes
underappreciated NACA technical culture became a topic of some interest concerning
NASA, especially in public-policy discussions of NASA's future. “NASA did not rise like a
new creation from the sands of time when the space race began in 1957," declared

32.  Hansen, "George W. Lewis and the Management of Aeronautical Research,” in Aviation’s Golden Age:
Portraits from the 1920s and 19305, ed. William M. Leary (Iowa City, I1A: University of lowa Press, 1989}, 93-112,
quotation from p. 106. Concerning the Hoover quotation, see Hansen, Engineer in Charge, pp. 132, 133, Roland.
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LHA. In “Fact Finding for Tomorrow’s Planes,” National Geographic, December 1953, pp. 757-80, Dryden attrib-
uted "aeronautical progress [1o] the growing store of human knowledge that underlies and makes possible the
practical accomplishments,” p. 758, Dryden to Millikan, October 8, 1948, “Research Authorization 70" folder in
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33.  Vincenti, What Engineers Know and How They Know It: Analytical Studies from Aevonautical History
(Baltimore, MD: Johns Hopkins, 1990), p. 91; Becker, High-Speed Frontier, pp. 22, 23, 61; see also p. 74; telephone
interview, April 3, 1996,
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Howard E. McCurdy in his 1989 article “The Decay of NASA's Technical Culture.” There
and in a 1993 book, McCurdy describes the technical culture of the NACA as both an
antecedent and a standard for that of NASA, which came into being in 1958 to combine,
replace, and extend the NACA and other federal organizations. An underused means for
adding to understanding of this technical cultural heritage is historical study, and one use-
ful topic for such study is the NACA’s handling of the transonic wind tunnel problem over
the course of the three decades leading up to 1951.

To identity characteristics of the NACA and early NASA cultures, McCurdy’s book
relies primarily on observations and impressions of NASA staff, drawing secondarily on
several historians of the NACA. The result, says sociologist Diane Vaughan in her book on
the 1986 Challenger disaster, is an “unparalleled history of organizational culture” that
shows NASA able during the 1960s “to maintain the strong technical culture that preex-
isted Apollo.” Vaughan's own extensively researched study cites few directly NACA-related
historical sources.” Other public discourse has also addressed NASA's NACA technical
cultural heritage, sometimes with little reference to formal scholarship of any kind. In
popular literature, Michener's Space, Tom Wolfe's The Right Stuff, and Apollo: The Race to the
Moon by Charles Murray and Catherine Bly Cox presume the importance of the technical
cultural link.” So do public-policy studies from Washington. A 1994 National Rescarch
Council report takes an explicitly historical approach involving the NACA to justify
recommendations about NASA’s building new national subsonic and transonic wind
tunnels, but uses as its sole NACA source a self-serving, semiofficial historical summary
ghostwritten in the 1950s for the NACA chairman by a public affairs officer. A 1994
Congressional Budget Office study of possible new NASA directions asserts that the
agency’s “organizational history is relevant to the criticism of its current conduct” and
observes that among “NASA’s institutional predecessors was the National Advisory
Committee on [sic] Aeronautics. Its purpose was to develop useful aviation technology, a
task that by most accounts it accomplished well.” But beyond tying discussion of NASA's
“original organizational culture” to McCurdy, the CBO study names no such accounts.™
So there may well be room in the conventional wisdom, and a use in public-policy discus-
sions, for an enlarged historical perspective concerning the NACA technical culture.
Useful materials are available for it. Historian James R. Hansen'’s work, especially Engineer
in Charge: A History of the Langley Aeronautical Laboratory, 1917-1958 and Spaceflight
Revolution: NASA Langley Research Center from Spuinik to Apollo, contributes substantially to
elucidating the technical cultural link between the NACA and NASA. So does Alex
Roland’s Model Research: The National Advisory Commilttee for Aeronautics, 1915-1958.

Scholarly studies, both historical and sociological, occasionally attempt brief distilla-
tions concerning the NACA technical culture. Roland says that “the NACA by 1926 was
committed to a research philosophy that valued process over prescience, the team over
the individual, experiment over theory, engineering over science, incremental refinement
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of the existing paradigm over revolutionary creation of new paradigms.” He then distills
his own summary to six words: “the triumph of engineering over science,” a variation of
the thought that Hansen distills even further in his book title Engineer in Charge, a phrase
that McCurdy in turn has appropriated to name the NACA cultural tradition. The
McCurdy distillation of the original NASA technical culture that Vaughan selects to quote
is consistent with Roland’s, Hansen'’s, and others’ historical scholarship: it “consisted of a
commitment to research, testing, and verification; to in-house technical capability; 1o
hands-on activity; to the acceptance of risk and failure; to open communications; to a
belief that NASA was staffed with exceptional people; to attention to detail; and to a *fron-
tiers of flight” mentality.™

The history of the NACA’s handling of the transonic wind tunnel problem may con-
tribute to revising or refining such distillations. When NASA’s antecedent technical culture
began taking shape around 1920, a new research problem had arisen: on aircraft with
increasingly powerful engines, longer propeller blades were traveling through larger arcs,
their tips in some cases reaching sonic speed. Since a propeller is an airfoil, a complex,
precise aerodynamic shape like a wing, this madc transonic aerodynamlcs a pmc[lcal
aeronautical research issue, even though tr
matter—were still some dm.mu, in the future. So the NACA effort that e\enlually lecl to the
slotted-wall transonic tunnel began. From the 1920s until the advent of NASA, this effort
paralleled, reflected, and sometimes even partly constituted the development of the NACA
itself. The effort’s history suggests a few candidate modifications to distillations summariz-
ing the NACA's technical culture: Its members conceived research, researcher, and research
tool as organically interconnected. With an externally compelled applied-research focus,
they sought what Stack came to call “physical understanding without mathematical
weakness,” but they kept in view the additional practical goal of fundamental scientific
understanding. By continually enlarging their corporate technical and scientific memory
and by contmually developing craftsmanship in the arts of aeronautical research, they
learned to exercise technical intuition deftly, and to adapt flexibly to new problems—
though usually not until doing so accorded with the priorities of industry or the military.

Wind Tunnels, Transonics, and the NACA of the 1920s

The NACA's job was to supply American industry and the military with information for
designing better airplanes. This information mainly took the form of more than 16,000
formal reports published and distributed during the research organization’s forty-three
years, an average of about one per day from 1915 to 1958.* Much of the NACA's informa-
tion-generating research addressed the centrally important topic of aerodynamics, which
means predicting the complex interactions between airplane and air, which in turn means
understanding the nearly constantly changing flow field—the pressure, density, tempera-
ture, and relative velocity” at each point in the air affecting and affected by the airplane at
each moment of flight. This predicting can be very hard. Flow fields differ for every con-
templated aerodynamic configuration, and change with each airborne maneuver. Even at
an airplane’s slowest, its flow-field velocities match the wind speeds of a robust hurricane.
The ideal form of flow-field understanding, using the mathematical language of the
science of fluid dynamics, is a reliable theory—a comprehensive, systematized conceptual

37.  Roland, Model Research, 1:98 and 99; McCurdy, fnside NASA, pp. 12, 134; Vaughan, The Challenger
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FrROM ENGINEERING SCIENCE TO BIG SCIENCE 105

model applicable to the task of making correct performance predictions about possible air-
plane and airplane-component designs. Unforluna[e}y, this level of understanding is hard to
attain, especially for transonic speeds. It is possible, though, to get empirical information
applicable to design problems by conducting wind tunnel tests or flight tests that replicate,
or at least approximate, flow fields of interest. By 1920, the NACA had begun conducting
both kinds.

A wind tunnel test replicates a flow field by moving air across a test subject instru-
mented for data-gathering, usually a scale model but sometimes an actual airplane or a
full-scale component of one. The method is functionally equivalent to flight, for as
Leonardo da Vinci poinlt‘(i out, “what an object does against the motionless air, the same
does the air moving against lhe object at rest.” Of course, da Vinci never tried establish-
ing this functional equivalency in wind tunnel airflow near the speed of sound. A flight
test, on the other hand, generates data by moving an instrumented test subject through
the air. In 1919 the NACA began relatively low-speed flight experiments with ordinary
biplanes. But to cite the more varied flight-testing examples from the NACA’s 1940s-era
efforts in transonics, a flight-test subject could be a piloted research airplane like the X-1,
or it could be a scale-model airplane or wing shot skyward on a rocket, dropped from an
airplane at high altitude, or fastened to the upper surface of, say, a P-51 Mustang’s wing,
where airflow could accelerate to sonic speed during steep subsonic power dives.

Both wind tunnel and flight tests generate useful information, but as the postwar
NACA transonics effort illustrated, ﬂight tests often require more time, effort, and
resources, with each datum preciously won. A carefully crafted model dropped from alti-
tude or launched on a rocket required an elaborate tracking system on the ground, had
limited capacity to accommodate measuring and data-transmitting devices, and was
expended in a single brief use. For wing-mounted models, the host airplane’s own flow
field often spoiled the smaller localized flow field under study. Transonic research air-
planes, besides being expensive and requiring extensive support, also t‘ndangt‘rf'd their
pilots: the NACA's Howard Lilly, third human to exceed the speed of sound, died in a May
1948 crash of the D-558-1 Skystreak, an aircraft comparable to the X-1. Although ﬂlght
tests did contribute substantially in the midcentury attack on transonic aerodynamics, the
postwar transonic-research-tool development goal was always to achieve the flexible, con-
venient, productive, and safe laboratory conditions of the wind tunnel. As the NACA had
recognized even before 1920, in a tunnel’s easily accessible test section, experiment setups
are endlessly and comparatively cheaply reconfigurable, and results are comparatively
easily observable and measurable. Of course, even if easily obtained, data from a tunnel’s
artificial conditions must still meet a verisimilitude criterion: they must correspond some-
how with the actual flight conditions being replicated, either directly or by the application
of reliable mathematical correction factors. Meeting this verisimilitude requirement was
the central challenge of NACA wind tunnel history, and the NACA’s best-known success
in meeling it was the slotted-wall transonic tunnel.

Long before the 1951 Collier Tr()phy for that success, and long before there was an
NACA, aeronautical researchers recognized the wind tunnel’s advantages. The efforts of
Orville and Wilbur Wright to engineer the first airplane included methodical studies of
small aerodynamic shapes in artificial flow fields inside a six-foot-long wooden box with a
fan at one end. By 1920, when the NACA began operating its first wind tunnel at Langley,
several tunnels were in use in the United States, but the world standard was being set at
Ludwig Prandil’s aeronautical laboratory in Géttingen, Germany, where the closed-circuit,

40.  Quoted p. 91 in Hugh L. Dryden, “Aerodynamics—Theory, Experiment, Application,” Aeronautical
Engineering Review 12, No. 12 ( December 1953): 88-95.
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return-flow tunnel had been invented and refined. Its airstream cycled repeatedly, with
powersaving efficiency, around its return circuit and through its test section. Years later at
Langley, the precise placement of carefully calculated ventilation slots in the test-section
walls of two high-speed versions of such tunnels made them the first capable of transonic
testing. Butin June 1920 at Langley, no world standard was set, or even met, by the NACA
when its first wind tunnel started npcratil'lg, Lacking a return circuit, it was “obsolete when
it was built,” according to Wind Tunnels of NASA author Baals."

However, in that same year of 1920 the NACA, through its executive committee chair-
man Joseph S. Ames, did at Teast take steps to learn more about wind tunnels worldwide. In
his capacity as NACA aerodynamics committee vice-chairman, Ames wrote to several promi-
nent figures in American aeronautics to ask for help outlining “a program of tests to be
made in the wind tunnels of this country and of Europe with a view to securing what one
might call standardization, that is, information which would enable one to connect the data
published, as obtained in these different wind tunnels.” The immediate motivation was
calibration. Analyzing the divergence of results [rom research tools carrying out identical
experiments can improve interpretation of the results; by calibrating tunnels against each
other, researchers could better extrapolate likely flow-field behavior aloft from artificial flow-
field behavior on the ground. W. F. Durand of Stanford University, for decades a major
figure in American acronautics, answered Ames with strong support for the standardization
tests. He offered several suggestions and specifically mentioned the need to include French
and British results. The NACA did discuss the idea with Europeans; Prandil sent five specif-
ic c:‘()q%{()m])arim|1 -test ideas, and the British and Duich also sent suggestions.” In 1922,
with Ames’s cross-calibration testing program begun, the NACA’s annual report included a
section called “International Standardization of Wind-Tunnel Results.” The young researc h
agency s early-1920s efforts to correlate research results also included data from flight tmt-
ing, which had started at Langley in 1919 at least partly for tunnel-comparison purposes.™
Though the immediate motivation for all of this cross-comparison work was calibration to
sharpen understanding of research results, the effort must also have calibrated and sharp-
ened the NACA's understanding of its need for better research tools.

Already in 1920 that need had begun to extend to the transonic, as seen when Ames’s
letter elicited an expression of concern about wind tunnel results for the high-speed range
that was not even yet called by that name. Elisha N. Fales of the Army’s aeronautical labo-
ratory at McCook Field near I)wmn Ohio—now Wr |ghl Patterson Air Force Base—replied
that standardization “has especial significance when, as in the McCook Field tunnel, speeds
are attained which involve density changes.™" Fales was bringing up the fundamental prob-
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lem of compressibility, a phenomenon already known in the field of fluid dynamics and
beginning to require attention in the subfield of a{:r()(lynmrli{'*‘. Even at slow ‘;pt't'd% a fly-
ing object slightly compresses some of the air that it meets, raising that air's density and
thus altering a key flow-field characteristic. At speeds approac hing that of sound—that is,
at transonic speeds much higher than those of the airplanes of 1920, but equal to those
of some propeller tips of the day—this compressibility becomes significant and starts to
degrade the performance of airfoils. For propellers, compressibility effects degrade the
production of propulsive thrust. For airplanes themselves, mmpu}mhllm« effects can
become disruptive and even dangerous, as indeed happened when air p]anes began attain-
ing much higher speeds in the late 1930s. Under NACA auspices, Fales in 1920 co-wrote
“Wind Tunnel Studies in Aerodynamic Phenomena at High Speeds,” a report on work that
Stack later called “the earliest experimental investigation of airfoil characteristics as affect-
ed by compressibility,” and that Becker says introduced two important compressibility
terms: critical speed and burble,” At critical speed, some of the airflow accelerating across
the airfoil surface reaches the speed of sound, creating a [low-field-disrupting compress-
ibility burble, a discontinuity in the flow.

When Fales raised this high-speed research issue in answering Ames, little had yet
been learned about how to study transonic phenomena. Becker notes, for instance, that
Fales and report coauthor F. W. Caldwell did not even mention the centrally important
ratio of flow-field speed to the local speed of sound—Mach nwmber, as Swiss high-speed
researcher Jakob Ackeret in 1929 proposed calling the ratio—even though the concept
itself had been known to fluid dynamicists for decades.” Of course, much was still to be
learned about how to study aeronautical questions in general. Research tools were often
quite rudimentary and unsophisticated. The Propeller Research Tunnel at Langley, for
example, originally had plain commercial platform scales for aerodynamic measurements.
With air flowing around an engine-and-propeller configuration mounted on a framework
atop the scales, researchers simply weighed the thrust and drag.”

Research tools were also rudimentary for the transonics studies the NACA at first con-
tracted out during the 1920s, as future NACA research director Hugh Dryden learned
firsthand. Becker says that with the high-speed work of Caldwell and Fales the “seeds of
interest had been sown” in both the NACA and the National Bureau of Standards, anoth-
er government agency with aeronautics interests. Accordingly, new Inqh speed studies
began under NACA auspices. The work involved NBS aerodynamics section head Dryden,
a 1919 Johns Hopkins Ph.D. in physics and mathematics whom Ames, in his capacity as a
Johns Hopkins physics professor, had originally recommended to NBS. Ames once
described Dryden as “the brightest young man . . . without exception” that he ever
encountered. Like the transonic wind tunnel effort itself, Dryden was to contribute sub-
stantially over the years to defining the NACA technical culture. In 1947, after serving
since 1931 on the NACA’s aerodynamics committee, he joined the NACA staff to replace
aging research director George Lewis just when slotted walls were being developed at
Langley. Thereafter, in numerous articles in both the professional and popular press,

45, F. W. Caldwell and E. N. Fales, NACA Report 83, 1920; John Stack, NACA Report 463, “The N.A.CA.
High-Speed Wind Tunnel and Tests of Six Propeller Sections,” 1933 (quotation on p. 416 in AR33); High-Speed
Frontier, pp. 3-5.

46.  Becker, High-Speed Frontier, p. 5. In Milton Ames collection folder *May 24, 1948, Transonic Wind
Tunnels (Slotted Throats) Memo by Ray Wright,” LHA, Hugh Dryden’s June 25, 1948, lecture notes cite
Ackeret's “*Air Resistance at Very High Speeds’ in Schweitzerische Bauzeitung 94:179, 1929." Edward W. Constant,
The Origins of the Turbojet Revolution (Baltimore, MD: Johns Hopkins, 1980}, p. 288 n. 8, says Ackeret introduced
the term in 1935 at the Volta high-speed conference in Italy.

47.  Gray, Frontiers of Flight, pp. 54, 55. See also Roland, Maedel Research, 1:118 concerning the “primitive-
ness of early NACA research.”
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Dryden articulated the NACA's outlook on all aspects of aecronautical research. From 1958
until his death in 1965, he helped link the old NACA and the new NASA by serving as
NASA’s deputy administrator, bringing with him “the loyalty of the NACA's 8,000” employ-
ees, according to Richard K. Smith. It was Dryden’s transonics experimentation of the
1920s that began these decades of contributions to the NACA and NASA technical
cultural traditions. And that work involved rudimentary research tools, as Dryden recalled
in an illustrative anecdote in a 1953 National Geographic article celebrating the research
aspects of flight’s first half-century:

As long ago as 1923 I was experimenting with propeller tip sections in a sonic-speed jet
of air at General Electric’s Lynn, Massachuselts, plant. Afterward when my colleagues
and [ walked oul into the streets, we noticed that passers-by seemed unusually interest-
ed in our group. We later realized we had been unconsciously talking in very loud tones
to compensate for the temporary deajnecs mm.«’d by working for several hours with our
heads a few inches from a 12-inch sonic jet.”

Dryden, Army Lt. Col. G. F. Hull, and Dryden’s NBS colleague Lyman ]. Briggs—a
recipient of Ames’s 1920 tunnel-standardization proposal letter, and years later the
NACA’s wartime vice-chairman—had gone to Lynn to use General Electric’s huge cen-
trifugal compressor, which, in Becker’s words, “provided them in effect with a ready-made
free-jet wind tunnel.” It could eject a jet of air at transonic speed from a circular nozzle just
over a foot in diameter. The researchers took with them six three-inch-wide steel models,
each representing the aerodynamic shape of a standard Army propeller blade, and each
over seventeen inches long so as to completely span the high-speed jet of air, extending
beyond its boundaries. So important was the precise construction of such models that
Langley, developing its own aeronautical research craftsmanship, later bought the
machining equipment that these particular models” Massachusetts maker also used for
fashioning test subjects for the twenty-atmosphere pressure of Langley’s Variable-Density
Tunnel. The experimenters also took a specially constructed wind tunnel balance, an
instrument with which they could hold a model airfoil in the airstream, incrementally
change the airfoil’s angle with respect to the airstream, and measure the resulting lift and
drag forces. Their 1925 NACA paper “Aerodynamic Characteristics of Airfoils at High
Speeds” reports that the investigation, carried out to obtain propeller-design information,
showed that “the use of tip speeds approaching the speed of sound for propellers of cus-
tomary design involves a serious loss in efficiency.” Becker believes this work confirmed
and extended that of Caldwell and Fales, offered the first useful attempt at explaining
compressibility phenomena, and provided “the first statement of the relation between the
critical speed and the known low-speed velocity distribution about the airfoil"—a piece of
fundamental understanding “resurrected and exploited” a decade later in Langley’s
efforts to improve high-speed airfoils by designing them to have higher critical speed and
thus a delayed compressibility burble.”

48.  Becker, High-Speed Frontier, p. 7. Richard K. Smith, The Hugh L. Dryden Papers 1898-1965 (Baltimore,
MD: Milton S. Eisenhower Library, Johns Hopkins University, 1974), pp. 20~ 28. Elizabeth A, Muenger has also
noted Dryden’s public advocacy of NACA research; see p. 64, Searching the Hovizen: A History of Ames Research
Center, 1940-1976 (Washington, DC: NASA SP-4304, 1985). Dryden, p. 762, “Fact Finding for Tomorrow's
Planes,” National Geographic Magazine, December 1953, pp. 757-80, '

49.  Becker, High-Speed Frontier, p. 8.

50.  Report 207 appears pp. 465-79 in AR25; p. 466 discusses W. H. Nichols, the purchase of whose
equipment Hansen reports on p. 83, Engineer in Charge. Becker, High-Speed Frontier, pp. 8, 9, 20.
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Still, the methods and tools were rudimentary. For example, the experimenters made
some unquamiﬁed purely qualitative observations based on airflow patterns that
appeared in oil they had placed on the model airfoils to k(‘ep them from rusting in bad
weather—an ap])aremly serendipitous ad hoc technique in the wind tunnel art of flow
visualization. More significantly, expert observers later noted several limitations in the
open jet of air,” some of which the experimenters themselves addressed in a section of
their report called “Precision of Results™

The large power consumption of the compressor (5000 horsepower at high speeds) and
the high cost of operation have made it impossible to repeat observations at will. In the
inlterest of economy, many of the measurements were made while the [compressor equip-
ment was] being put through shop tests. During such tests, the speed of the air stream
was not under our control, and would often vary before a complete set of observations
could be made. The notse of the air stream was so great that it was difficult for observers
to communicate with each other while the compressor was running, so that modifica-
tion of the program to meet changing conditions was difficult.

Besides these bothersome impediments to proper scientific procedure, the jet of air
also imposed an important fundamental limitation—a version, in fact, of the problem that
Wright, Stack, and their associates overcame years later at Langley: jet boundary effects, or,
more simply, wall interference. An enclosed test section’s walls can distort the artificial
flow field and thereby also the test results, particularly at transonic speeds. Similarly, even
though an open jet has no solid walls to degrade flow-field verisimilitude, distortions
comparable to those in a closed test section nonetheless arise because of the de facto
boundary between the open jet and the surrounding air it hurtles through. An open jet
does not constrict its artificial flow field within actual walls, but it still introduces
measurement-distorting boundary effects.

So complex are boundary effects in the transonic range, wrote Bernhard Goethert in
Transonic Wind Tunnel Testing in 1961, that the late-1940s effort to invent slotted walls could
not have succeeded based on experimentation alone, but required an “orientation of
theoretical calculations.” This notion too—like Fales’s introduction of the compressibility
issue—arose concerning tunnels in general in Ames’s 1920 tunnelstandardization discus-
sion. American wind tunnel pioneer Albert F. Zahm, replying to Ames’s letter, suggeslcd
beginning the cross-calibration project by having “the ablest theoretical aerodynamicists,”
such as Prandtl, “discuss the mathematical theory of the flow in a wind tnnel.” Without

“adequate theory, furnished before hand,” wrote Zahm, it seems improbable that all the
observations and precautions would be taken that are necessary to make wind tunnel data
strictly comparable.™ In contrasting the gathering of empirical information with the larger
issue of erecting a comprehensive theoretical framework into which it can fit, Zahm raised
a question that engaged members of the NACA technical culture throughout the forty-three
years the agency existed. The question has also engaged observers, critics, and historians
both during and after those years—especially Hansen, not only in the essay that opens this
volume, but in other works including his NACA Langley history Engineer in Charge. Usually

51.  Becker, High-Speed Frontier, pp. 8, 11; Eastman Jacobs, p. 341, “Experimental Methods—Wind
Tunnels: Part 2," in William E. Durand, ed., Aerodynamic Theory, Vol. 3 (New York, NY: Dover, 1963; republication
of 1935 version), pp. 319-348,

52, Goethert, Transonic Wind Tunnel Testing, p. 236; Zahm to Ames, September 17, 1920, in the RA70
folder "R.A.s—Standardization of Wind Tunnels 1920-1926," LHA, It must be noted that Becker says that Ray
Wright “agree[d]” in a 1978 interview that systematic experiments might also have worked; see High-Speed
Frontier, p. 100.
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the question is seen in terms of the science and engineering of aircraft themselves, but as
Zahm'’s letter shows, and as the NACA's transonic wind tunnel achievement hlghl]g_,hu. it
also applies to the science and engineering of the prlmal‘y research tools of aeronautics.
Fluid dynamics is as fundamental for wind tunnels as it is for airplanes. Thus it was that
Ray Wright, a physicist and applied mathematician among NACA engineers, eventually
used what Zahm in 1920 called “the mathematical theory of the flow in a wind tunnel” to
provide for the accurate replication of transonic flow fields.

A tension between empiricism and theory existed from the start in the NACA. The
agency’s first annual report in 1915 lamented a general “distrust of mathematical formu-
lae” and “a natural tendency on the part of designers and constructors to assume that
mathematical theories are of use only to those who are mathematically inclined.™ Such
distrust seems to have been more common in American aeronautics than in European.
Theodore von Karman, a longtime leader in American aeronautics trained by Prandil at
Gottingen, reminisced in the 1960s about the contrast of “the practical inventor vs. the
theoretical mathematician” he had found “characteristic of American scientific life in the
twenties,” and about the need, as he had long seen it, “to draw mathematics and engi-
neering closer together” in this country.” The NACA’s Max M. Munk, the former Prandtl
student who proposed the Variable-Density Tunnel in the early 1920s, worried that those
desiring efficient mathematical condensing of empirical experience would encounter not
only a distrust of mathematical formulae but an even deeper antipathy to theoretical
approaches and understanding in general. In an influential 1922 paper on airfoil design
theory, Munk revealed acute defensiveness concerning the place of theory in aeronautics:
“Is it really necessary to plead for the usefulness of theoretical work? This is nothing but
systematical thinking and is not useless as sometimes supposed, but the difficulty of theo-
retical investigation makes many people dislike it.” Ironically, the new theoretical ideas in
Munk’s paper led in the 1930s at Langley to Theodore Theodorsen’s further theoretical
work, and then to the theory-based, wind-tunnel-refined wing-design successes of Eastman
Jacobs and others, including Stack—work that produced low-drag NACA laminarflow
airfoils, contributed to NACA advances in shaping airfoils for delaying to higher speed the
onset of compr essibility effects, and illustrated the utilitarian NACA’s ever-present practi-
cal interest in enlarging fundamental understanding. Walter Vincenti has observed that
complexity precluded experiment-based success in this wing-design work, just as Goethert
has observed it did in the invention of slotted walls: both efforts required that orientation
of theoretical calculations.” By the late 1930s, the NACA commonly incorporated such an
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orientation in much of its research.” Like other NACA work, NACA transonics efforts
came to rely on empirical approaches mainly, but as Zahm had recommended for sub-
sonic tunnels back in 1920, not exclusively.

Nonetheless, forceful criticisms of the NACA’s general focus on applied research
rather than on deeper scientific questions have appeared from time to time, and bear on
the history of NACA transonics. For the early NACA, perhaps the best-known general state-
ment of the charge came in 1930, when Aero Digest accused the agency of being far too nar-
rowly and myopicall y empirical, never seeking to apply test results “to any logical system, to
digest them, and to interpret their general significance in the sum of general know]edgc o
Among historians, perhaps the best-known leveling of this charge comes from Edward W.
Constant in The Origins of the Turbojet Revolution, a 1980 analysis of the pre-World War II
convergence of technological developments, comprehensive scientific understanding, and
combined scientific and technological imagination that resulted in the first jet aircraft—in
Britain and Germany, but notably not in the United States. Constant says that before World

far II the U.S. acronautical research establishment, including the NACA, “had no interest
in fundamental aerodynamic science,” as shown in part by the “unimaginative” George
Lewis’s lack of interest in Theodore von Karman'’s recommendation that a large superson-
ic tunnel be built. Constant’s overall formulation of the (:harg(f, however, specifies more
than the mere malfeasance of dwelling on the production of engineering data for near-
term application, and more than the mere nonfeasance of failing to seek comprehensive
theoretical understanding. Beyond these sins of commission and omission, Constant
believes, was a more fundamental failure, a utilitarianism so narrowly focused on existing
technology and so unimaginative as to constitute a sort of tragic flaw in the character of
American—and therefore NACA—science and technology. Unlike the British and the
Germans, the fundamentally flawed prewar American aeronautical research establishment
could not even see, and therefore could not act upon, the synthesis possibilities that had
gradually become implicit for aeropropulsion in the areas of turbomachinery, aerodynam-
ics, and aircraft streamlining and structures. Like von Kirmdn, Constant sees differing
“national patterns in the pursuit and utilization of aerodynamic science,” and he observes
that they “may reflect fundamentally differentiated cultural traditions. No later than 1900
Germany certainly had an unequalled tradition of mathematical and theoretical excellence
in science and also had developed a deliberately close relationship between science and
industry. Britain shared a similar if more empirical and less mathematically rigorous tradi-
tion in science. In contrast, the United States still was possessed of a scientific tradition
extreme in its empiricism and utilitarianism.™*

Whatever the validity of such criticisms, the early NACA did not employ its empiricism
and utilitarianism unaware. In 1915, future NACA chairman (1941-1956) Jerome C.
Hunsaker noted that experiments designed to answer current practical questions could
also, over time, supply answers to deeper scientific questions, much as George Lewis
believed. In Model Research, Roland says this principle became de facto NACA research pol-
icy by the late 1920s. In Engineer in Charge, Hansen shows how the principle applied in the
matter of the cowling: the NACA first provided a quick practical solution and won the
Collier Trophy, but in the longer term also worked for and achieved a genuine depth of
theoretical understanding. In 1923, Joseph Ames used a courtroom simile to describe the
principle: when the NACA conducted its practical tests, said Ames, it was “also doing fun-

56.  Hartley A. Soulé, "Synopsis of the History of Langley Rescarch Center, 1915-1939," p. 37 (item CN-
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damental scientific work continuously, exactly as a justice of a high court expresses his
deepest thoughts as obiter dicta.”™

Certainly Ames’s obiter dicta principle applied in the evolution of the NACA’s under-
standing of the fluid dynamics of wind tunnels—the scientific component that supple-
mented engineering {-:xp(-:ricncc and technical cr’iftsmamhip in the overall wind tunnel
expertise that began to grow in the NACA from about the time of Ames’s 1920 initiative.
The epistemological task of isolating and identifying this scientific component belongs to
followers of Walter Vincenti, who has engaged similar questions about American aero-
nautical history. That such a component was indeed present, however, can be seen in
Goethert’s firsthand observation that the slotted-wall invention required an orientation of
theoretical calculations. Possibly the scientific component was still small in 1922, when the
NACA’s annual report listed five technical papers on wind tunnels, one of them a Prandtl
translation. Possibly it was small in 1925, when Joseph Ames told the NACA executive com-
mittee that Munk had developed a theory of tunnel wall interference. Possibly it was still
small in 1930, when the available body of formal wind tunnel knowledge had grown large
enough that an NACA report about correcting test data for subsonic open-jet boundary
effects could cite four NACA and three European works on wind tunnel technology, along
with one American and four European works on related aerodynamics topics—with only
one source predating the 1920s. And certainly the scientific component was overrated in
the NACA’s 1934 annual report, which claimed that with the appearance of an NACA sub-
sonic study called “Experimental Verification of the Theory of Wind-Tunnel Boundary
Interference,” the problem of fundamentally understanding wall interference could “for
all practical purposes be considered solved.” The problem had been solved “for all types
of wind tunnels,” the annual report said, even though the technical report in question
carefully noted that only “conventional” and “ordinary” tunnels had been involved™—as
well it should have noted, given that in that same year of 1934 Langley built its second
small high-speed tunnel in part to investigate the far-from-conventional, far-from-ordinary
transonic boundary effects that had been revealed in its first one, built in 1928,

That first high-speed tunnel had indeed raised lots of questions. The NACA built it to
begin conducting “in-house” the kinds of studies Dryden and others had been conducting
under NACA auspices elsewhere. It resembled a pipelike metal chimney, as for an open
circular fireplace, with an eleven-inch-diameter test section about where such a chimney
would have a flue damper. Compressed air powered it, tapped from an ideal reservoir at
twenty atmospheres of pressure: the much larger Variable-Density Tunnel, which had to be
depressurized occasionally anyway. The small vertical tunnel used the induction-jet princi-
ple, suggested by George Lewis based on a cursory contemporary Langley study of thrust
augmentation, an antecedent of jet propulsion. In a rush lasting just long enough to vield
some test data, piped-in air entered the tunnel just above the test section from an opening
that ringed the pipe’s circumference. This motion entrained a more massive flow of air

59,  Hunsaker as quoted by Hugh L. Dryden, p. 93 in “"Aerodynamics—Theory, Experiment,
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upward from the room, generating a high-speed flow field around a small model facing
downward in the test section. Both closed and open test sections were tried, giving Langley
engineers a sense of the contrast between a walled-in jet of high-speed air and an open one.
Despite some open-jet advantages, an enclosed test section was chosen for permanent use.
This (_'omparatively modest research tool, called the 11-Inch I-[igh-Sp(:cd Tunnel, began
operation in mid-1928, about when John Stack completed his aeronautical engineering
degree at Massachusetts Institute of Technology and, in Becker’s words, arrived in Virginia
“to dominate Langley high-speed aerodynamics for the next 30 years.™

A Measured Pace in the 1930s

“Tt is gratifying,” the NACA modestly proposed in opening its 1933 annual report to
Congress, “to report that the past year was notable as witnessing the greatest advance in
airplane performance and efficiency accomplished in any single year since the Great War.
This is largely the cumulative result of years of organized scientific research conducted by
this Committee and of the practical application of the results by the Army, the Navy, and
the aircraft industry.” Apparently this expansive claim had substantial legitimacy. Richard
K. Smith has written that between 1928 and 1938 “no other institution in the world con-
tributed more to the definition of the modern airplane” than the NACA. Smith’s aero-

Both figuratively and litevally, the lnv-speed, pressure-tank-enclosed Variable-Density Tunnel breathed life into early NACA high-
speed vesearch. With the leadership of Eastman Jacobs, far left, the VT helped establish the NACA’s wind tunnel credentials and
its confidence for further innovation. It also provieded blasts of high-pressure air to power the NACA's original 11-Inch High-Speed
Tunnel and later the 24-Inch High-Speed Tunnel shown heve. The later vertical tunnel, with its twenty-four-inch-diameter test
section, worked in the same way as the eleven-inch tunnel, but accepted larger models and had better data-gathering instruments.
(NASA photos NACA 3310 and NACA 11443).

61.  Stack, NACA Report 463, “The N.A.C.A. High-Speed Wind Tunnel and Tesis of Six Propeller
Sections,” 1933; Becker, High-Speed Frontier, p. 13.
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John Stack, NACA research craftsman and vesearch leader. Left: Research craftsman Stack in the 19305, rveaching to helfy
W. F Lindsey adjust instrumentation inside Langley’s briefly disassembled 24-Inch High-Speed Tunnel, When closed, the
pipelike vertical apparatus could channel a many-hundred-mile-per-hour flow of ascending air through its twenty-four-inch-
diameter test section and across a liny downward-facing aevodynamic model linked (o measuring and yecording devices. (Photo
courtesy fohn V. Becker) Right: Research leader Stack after World War 11, when—in colleague John Becker's words—he was
widely “recognized not only as the NACA's leading experl in aerodynamics, but also as an unusually colorful character” with
“tough asserlive charvacleristics” who “was at his best in the midst of conflict, erusading passionately for some cause such as a
new wind tunnel.” For three decades Stack helped define the NACA technical culture, but unlike NACA divector Hugh Dryden,
he found himself excluded from helping to do the same in NASA after the NACA years ended in 1958.% (NASA photo 48, 989).

nautical history colleagues Hallion, Hansen, and Roland, as well as physics historian
Daniel J. Kevles, have made similar assessments. Even Constant, in Turbojel Revolution,
mildly praises the interwar NACA for its subsonic work. Continuing the annual report’s
self-congratulation, however, the NACA entered a realm where gaining later endorse-
ments for its work in the 1930s has been hard, but incurring criticism has been easy:
speed. Calling speed “the most important single factor” for improving airplanes, the
report proclaimed that “primarily as a direct result of the Committee’s researches there
have been great increases in speed and efficiency during the past year, which have opened
a new era in the development of both military and commercial aircraft.™

Of course, with no serious thought yet given in American aeronautics to jets, the
NACA merely meant that propeller-driven airplane speed would continue to be developed

62.  High-Speed Frontier, pp. 34, 14, and 13. On p. 176 in The Birth of NASA: The Diary of T. Keith Glennan
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in this “new era.” So a better term for the NACA’s 1930s now appears to be plateau, as used
by NACA and NASA aeronautical engineer Laurence K. Loftin, Jr., in Quest for Performance:
The Evolution of Modern Airerafi. Airplane development, he wrote in 1985, “has been
characterized by a series of technological levels, or plateaus, that extend over a period of
years. Each level has been exemplified by an aircraft configuration type that is gradually
improved by a series of relatively small refinements, without any major conceptual
change.” The mid-1930s forerunner of the P-47 Thunderbolt fighter, for instance—with
stressed-skin metal construction, low cantilever wing with trailing-edge landing flaps, fully
cowled radial engine with controllable-pitch propeller and geared single-speed super-
charger, enclosed cockpit, and retractable landing gear with wheel brakes—represented,
along with the DC-3 and the B-17. “the definitive and final configuration of the pr()pellt:r—
driven aircraft concept.” Room remained, of course, for additional smaller refinements,
like improvements in propeller-blade design. The NACA contributed substantially to
reaching this plateau, but a new era, Loftin wrote, would actually require a “revolutionary
breakthrough or new concept.™

For American aeronautical researchers as opposed to certain imaginative technolo-
gists in Europe, then, the idea of a “new era” in aviation speed in the 1930s suggested
differing sets of research questions: those for propeller planes and those for jets. And
since the research question generally dictates the need for the research tool, this differ-
ence was reflected in the NACA’s high-speed wind tunnel development during the 1930s.
Marching in time with conventional technology, and a few but not too many steps ahead,
it proceeded at a conservative, measured pace.

Long before 1933, in fact, some European technologists had begun considering the
possibilities for breakthroughs leading to very high-speed aircraft, and the possibilities for
corresponding high-speed wind tunnels as well. Constant, alert to instances of foresight
concerning radical technology change, closes Turbojet Revolution by alluding to a 1922
discussion among French and English engineers concerning the possibility of flying “with
incredible speed in the stratosphere.” In 1924 in France, E. Huguenard’s paper on
high-speed wind tunnels predicted airplane speeds beyond 500 miles per hour, and
conjectured that although speeds up to almost 750 miles per hour had formerly seemed
“fabulous . . . as in Jules Verne,” they now appeared “realizable, not in a remote future,
but immediately.” This nearly quarter-century-early conjecture of almost sonic flight speed
may suggest why Becker calls Huguenard “overly sanguine.” Whatever the excesses of
Huguenard’s enthusiasm, though. it is plain that in 1924 he squarely addressed a future
that actually started arriving in the late 1930s—and that by 1925 his paper and its ideas
were noted in the United States. The NACA published a translation that year, well before
the agency used versions of two prccxlslmﬁ tunnel-technology ideas that lluguu:ard dis-
cussed: a compressed-air reservoir for driving a high-speed tunnel, and, for observing
high-speed phenomena, an optical technique based on the way light behaves in air of
changing density. Also in 1925, Scientific American favorably summarized Huguenard,
reporting his prediction of 500-mile-per-hour speeds, his speculation about the need for

64.  Laurence K. Loftin, Jr., Quest for Performance: The Evolution of Modern Aireraft (Washington, DC: NASA
SP-468, 1985), pp. ix, x, 95, and 96.
65, Constant, Turbojet Revolution, p. 246,
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some form of reaction propulsion, and his emphasis on the coming importance of wind
tunnels for high-speed flight.”

For any NACA high-speed researchers inclined to consider the possibilities Huguenard
had proposed, however, the late 1920s and early 1930s, with their official focus on propeller-
tip studies, would have presented a certain tension. A 1929 report of an NACA-sponsored
study of tiny airfoil models in an open, two-inch-wide transonic jet of air provides a typical
example of the focus: “If a propeller is mounted directly on the shaft of a modern high-
%peed airplane engine,” wrote Lyman Briggs and Hugh Dryden, explaining the practical
engineering design question motivating their study, “the outer airfoil sections of the
propeller travel at speeds approaching the speed of sound. It is possible by the use of gear-
ing and a somewhat larger propeller to reduce the speed of the propeller sections, but only
at the expense of additional weight and some frictional loss of power. In order to determine
whether gearing is desirable, it is necessary to know the loss of efficiency due to high tip
speeds and to compare this loss with that due to gearing.” In other words, in their tests at
speeds involving compressibility, they merely sought airfoil performance data to use in
determining the optimum tradeoff, or balance, between competing design choices. The
report mentions nothing about applications of the work to wings for very highspeed flight.”

Even in the mid-1930s, in fact, a forward-looking NACA engineer would have been
aware that the NACA officially believed the trend to higher flight speeds would level off not
too far above 500 miles per hour. Among Huguenard’s enthusiasms, on the other hand,
had been a willingness to project continuation of the upward trend. Observing that aircraft
speeds had regularly doubled nearly twice per decade, Huguenard criticized those who
always found “formulas” to show that “each new performance” in this trend would be the
last. He even gave these doubters a name that fit the official NACA: pessimistic calculators.
For the NACA, research director George Lewis seems to have exemplified this restrained
outlook, at least in his public statements. In 1932 he predicted that the impressive upward
trend in flight speeds would end for “airplanes as they are now constructed” at about 500
miles per hour. “At that speed,” Lewis added, “the resistance of the air against the plane
becomes so great that it would be physically lmpos“.lble to obtain an engmc giving enough
added horsepower to pull the plane t]}rough the air at a greater speed.” Although Lewis
did note, by way of qualification, that “no one knows what the airplane of the future will
resemble,” his 1932 emphasis corresponded entirely with Loftin’s 1985 concept of the
plateau. John Becker arrived at Langley in 1936; when asked in 1996 if Lewis and Stack in
those days might have harbored some hidden belief in a sonic future, he responded with
confidence that he believed they had not.”

66.  NACA Technical Memorandum 318, June 1925, translation of E. Huguenard, "High-Velocity Wind
Tunnels: Their Application to Ballistics, Aerodynamics and Aeronautics,” from La Technique Aéronautique,
November 15 and December 15, 1924; quotations on p. 28. Huguenard refers (p. 15) to "a report by the
American Lieutenant Sewall, to the United States War Department (5. Sewall, 'Report on high-velocity wind tun-
nels,” November 12, 1918)." Becker, High-Speed Frontier, p. 12. Both William F. Durand and Hugh L. Dryden later
cited Huguenard: Durand in a reference list recommended on p. 252 and appearing on p. 349 of Volume 111 of
Aerodynamic Theory: A General Review of Progress, ed, Durand (Dover Publications Inc.: New York, 1935, 1963) and
Diryden, pp. 2 and 3, lecture notes, “Sixty Years of Experimental Supersonic Research” in Milton Ames collection
folder “May 24, 1948, Transonic Wind Tunnels (Slotted Throats) Memo by Ray H. Wright,” LHA. “High-Speed
Wind Tunnels,” Seientific American 133 (October 1925): 275-77. It is interesting to note Sezentific American’s claim,
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In any case it would be difficult to establish that in the 1930s the NACA could have
pushed high-speed research or high-speed tunnel technology much faster than it did, even
if it had wanted to. Industry and military energies compelled its focus on the technology of
today and tomorrow but not the day after. Becker states flatly that even as late as 1940, the
research-agenda-setting aircraft industry considered Mach 0.8—roughlv 600 miles per
hour—"a rather optimistic upper limit for the future.” He also says that most *NACA veter-
ans believe that it would have been quite impossible in the prewar period to have obtained
any major support from the military, industry, or Congress for research and developmcnt
aimed at such radical concepts as the turbojet, the rocket engine, or transonic and super-
sonic aircraft.” One such veteran, who helped build Langley’s 24-Inch High-Speed Tunnel
in the mid-1930s, believed it “certain that if the NACA had had the foresight to do research
on the turbine engine in the decade before World War 1I, the agency would have met with
such technical ridicule and criticism about wasting the taxpayers’ money that it would either
have had to drop it or have been eliminated.” And indeed the prewar NACA did face polit-
ical perils difficult enough to negotiate without the agency’s also seeking to venture too
boldly beyond or above the technology plateau of the day.”

It is worth noting, moreover, that the prewar NACA in many ways did plan for the future,
within the limits of a political reality in which lend-lease had eventually to be concocted to
help the British halt the Nazi onslaught. In the mid-1930s, for instance, the NACA—
advancing at the steady, measured pace of the times in American aeronautics—built not only
the twenty-four-inch tunnel but the 500-mile-per-hour 8-Foot High-Speed Tunnel, later
repowered for still more speed. This strategic resource was to become in 1950 the first large
facility to operate with slotted walls. In the late 1930s the NACA began planning Langley’s
16-Foot High-Speed Tunnel, the other large facility later converted. Alarmed years in advance
about war’s likelihood—in part thanks to George Lewis’s visits to Europe—the NACA also
sought to build new research laboratories, and indeed had managed to get funding to start a
pair by the time of Pearl Harbor. For two years in the late 1930s “after learning of the frantic
pace of aeronautical research in Europe, especially in Germany,” wrote Alex Roland, “the
NACA was unable to convince the Congress or the Bureau of the Budget that a crisis was in
the making, a crisis requiring a crash program in aeronautical research.” Yet the postwar
Mead committee charged that the prewar NACA knew “of the need for increased personnel
and facilities to carry on its research work” but “did not request sufficient funds from
Congress.” However, more than three years before Pearl Harbor the NACA did include in its
annual report to Congress a frank plea for expansion—a plea highlighted, analyzed, and
endorsed by a January 1939 editorial in the New York Times. Thus for the prewar NACA and
the country, an apt analogy might be that of the so-called next-quarter syndrome, in which a
corporation’s stockholders compel a shortsightedness that its critics contrast with the foreign
competition’s supposed longer view. It is true that the prewar American acronautical estab-
lishment failed to invent jets and guided missiles. But it is also probable that the failure orig-
inated at a cultural level deeper than that of the scientific and technological choices actually
available to American aeronautical researchers and their managers—as even one of their
main critics, Constant himself, all but proposed in conjecturing about those “fundamentally
differentiated cultural traditions” of Europe and America.

69.  Becker, High-Speed Frontier, pp. 162 and 31 (see also p. 147); Hansen, Engineer in Charge, p. 184,
Concerning the NACA's prewar travails, see Roland, Model Research, ch. 6 and 7.
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Therefore it is also worth noting, concerning researcher Stack and manager Lewis,
that in the 1940s Stack sometimes implied or even claimed that Lewis and the NACA had
actually shown substantial foresight early on concerning flight at very high speeds. A 1948
newspaper story quoted Stack claiming that the *“NACA’s supersonic flight project really
[went] back 20 years” to when Lewis, “with his long nose for the future, put in the first
high-speed wind tunnel.™" But if a supersonic-flight motivation for building the 11-Inch
High-Speed Tunnel really did exist in 1928, it was apparently completely hidden. In 1945,
Stack claimed in his formal paper for the prestigious Wright Brothers Lecture of 1944 that
in the 1920s, when “a few foresighted aeronautical scientists” had planned ahead for very
high-speed flight, Lewis had shown “great foresight” in sponsoring Langley’s brief, curso-
ry jet propulsion study.™ Maybe such claims only represent what Constant has called the
NACA’s “habitual but mythic retrospective attribution of foresight to itself.” Certainly
Stack understood the NACA public relations juggernaut and could often be part of it;
Roland says that by the 1950s he became too much a part of it. In any case, a draft of the
Wright Brothers paper shows that Stack also considered claiming that “probably the first
practical application of jet propulsion in aeronautical work™ was Langley’s, and long-
nosed Lewis’s, adaptation of the cursory jet study’s induction-jet principle for the eleven-
inch tunnel. By permanently deleting that claim, Stack avoided its justifying any “long
nose” descriptions of himself—not for prescience, but for exaggeration.”

By the time of the NACA’s 1933 boasting about speed, Stack himself was calculating
at least somewhat optimistically about future propeller-driven high-speed flight, but there
is evidence he felt constrained from pressing even that topic too far. The tension shows in
a pair of historically significant papers he wrote, early contributions in his substantial com-
pressibility research output during the years before he rose high in management. One,
published as an article in the January 1934 Journal of the Aeronautical Sciences, reflected
mainly his own outlook. The other, published officially as NACA Report No. 463, reflect-
ed mainly the organization’s outlook. The journal article described a possible high-speed
airplane and addressed its high-speed-flight potential. The NACA report described the
I 1-Inch High-Speed Tunnel and emphasized its usefulness in propeller-tip studies.

The journal article, “Effects of Compressibility on High-Speed Flight,” presented
performance predictions Stack had computed for a highly aerodynamically refined
propeller-driven airplane that he called “hypothetical” but “not beyond the limits of possi-
bility.” Stack’s computations showed that speeds much higher “than those so far attained”
were “possible and likely,” in part by using wings of a compressibility-effects-delaying shape
derived from experiments in the eleven-inch tunnel. Some of this new design information,
Stack wrote, was “already available to designers.” With compressibility ignored, Stack’s
computations predicted a top speed of 566 miles per hour for the hypothetical airplane.

71, “Intuition Brought Supersonic Flight,” Washington Post, December 21, 1948,

72. Stack, p. 128, “Compressible Flows in Aeronautics: The Eighth Wright Brothers Lecture,” fournal of
the Aeronautical Sciences 12, No. 2 (April 1945): 127-48. See also pp. 2 and 3 of the hand-annotated 36-page
doublespaced typescript, apparently by Stack, titled “Report of the NACA Executive Committee: Supersonic
Center Project,” Stack collection folder “Revised Unitary Program, 1946—48," LHA. It claims that “sonic and
supersonic tunnels” operated at Langley in the late 1920s.

73, Constant, reviewing High-Speed Frontier in Isis, 73:4:269 (1982): 609-10, says (p. 610) that Becker gen-
erally “debunks” the NACA's retrospective claims of foresight. Roland’s strongest eriticism of Stack’s exaggerations
appears on pp. 261-63 and in the accompanying n. 6 on p. 384, Model Research. Stack’s crossed-out 1944 exaggera-
tion is on p. 9 of the typed draft (corresponding to p. 128 in the article version), Stack collection folder “Wright
Bros. 1944 Lecture,” LHA. Study of the relation between transonic wind tunnel development and NACA public
relations practices is mainly beyond the scope of the present work as it evolved, but is also the principal desidera-
tum it generated. One example: the episode of the Annular Transonic Tunnel, which the newly security-minded
postwar NACA advertised in such a way as to confuse outsiders concerning NACA progress in transonics.



FROM ENGINFERING SCIENCE TO BIG SCIENCE 119

With compressibility considered, that would fall to 524, but the new wing shape, Stack
computed, could raise the top speed to 544 miles per hour “due to the delayed com-
pressibility burble.” At one point the journal article enthused about long-standing NACA
foresight and leadership in high-speed-flight studies, but cited as evidence only the 1925
report of Briggs, Hull, and Dryden—which soIe> addressed propellers, though its analy-
sis could be transferred and applied also to wings and thus to Stack’s optimistic subject.
And he calculated even more optimistically in an early handwritten draft, where a line he
ultimately did not publish went so far as to say—as Huguenard did say back in 1924, and
as the NACA did not say until the postwar world was upon it—that it was “dangerous to
predict a maximum speed beyond which increases may be impossible.”

In NACA Report No. 463, “The N.A.C.A. High-Speed Wind Tunnel and Tests of Six
Propeller Sections,” Stack addressed high-speed technology with an entirely different slant,
conservatively emphasizing propeller tips and not the airplane itself. “Speeds common to
most aircraft” were low compared to the speed of sound, the introduction admitted, but
knowledge of compressibility was nonetheless “essential” because propeller tip speeds
commonly did reach the “neighborhood” of sonic speed. The introduction mentioned that
racing airplanes had been attaining speeds “as high as half the speed of sound,” and that
“even at ordinary airplane speeds, the effects of compressibility should not be disregarded
if accurate measurements are desired.” But the report did not squarely address compress-
ibility’s overall future implications for the entire airplane—the very subject of Stack’s
roughly concurrent journal article—until near its end, where the statement appears that
comprcasibiiity ‘is of considerable importance in the structural design of fast-diving
airplanes,” affecting distribution of loads. One of the report’s conclusions also made the
qualitative prediction that “errors may be expected in the estimated design loads for air-
planes which attain speeds such as those attained by diving bombers when in a dive if the
effects of compressibility on the wing moment coefficient are neglected.” Nothing in the
report’s title, its lengthy opening summary, or its introduction suggested the presence of this
kind of information. Yet that kind of information was to become very important at about the
time of Pearl Harbor, when Stack and others at Langley helped solve serious, sometimes
fatal, structural problems compressibility was causing in warplanes.

But the sharp contrast between this pessimistically calculating official report and Stack’s
optimistically calculating journal article, though it illustrates the NACA’s conservative early-
1930s research priorities, shows only one of the ways in which the report is significant in the
multidecade evolution of the transonic wind tunnel. There are others. In focusing far more
on the research tool than on the data obtained with it, the report introduced to the aero-
nautical world the NACA's first high-speed wind tunnel, including the early test-section-
development work that Becker says strongly influenced slotted-wall development years later.
The report called for a larger wind tunnel, and then served throughout the 1930s as the
standard reference to cite for describing how experiments were performed not only in the
eleven-inch tunnel, but in the larger twenty-four-inch apparatus that indeed did ensue and
that was operated in the same way. And the report correlated high-speed wind tunnel data
with results from full-scale propellers operated at high tip speeds in the low-speed airflow of
the Propeller instance of technical cross-pollination between
the NACA's subsonic and transonic research efforts.

In yet three more ways, three particularly important ones, Stack’s 1933 report illumi-
nates transonic wind tunnel evolution and its NACA technical cultural implications. First,
it defined the engineering science of NACA transonics—"physical understanding without

T4, Journal of the Aeronautical Sciences 1 (January 1954): 40-43. The October 1933 manuscript and pre-
ceding draft materials are in an untitled folder, Stack collection, LHA; the paper’s title is written on the front of
the folder, not its tab.
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mathematical weakness,” to borrow a distillation Stack would use in 1942—by addressing
the difficulties of attaining theoretical understanding of compressible flow, by claiming
comprehensive accommodation of what little theoretical understanding was already avail-
able, and by showing Stack’s acute determination to respect and use theory but not to let
“mathematical complications” impede attainment of the physical kind of understanding
an engineer often wants to visualize. Second, the report generally identified the vexing
transonic tunnel issues that Langley later won the Collier Trophy for solving: “the effect
of the tunnel walls,” the test-data-skewing “constriction effect at the test section due to the
presence of the model,” the relation between model size and testsection size, and the
question of a mathematical “constriction correction” to make transonic test results for arti-
ficial, ground-bound flow fields correspond with physical reality aloft. Third, as an
approach for confronting these issues, it introduced as potentially useful what Goethert,
looking back in 1961, called the indispensable “orientation of theoretical calculations.”
The report suggested conducting “a theoretical analysis of the flow in the tunnel with a
view to determining the constriction correction,” and added that the “analysis should
include an examination of the effects of compressibility”—an important stipulation, the
report said, but one that “because of the mathematical difficulty involved” seemed
“improbable” in 1933. In 1944, however—when transonics had become a top research pri-
ority, thus making theoretical study of transonic tunnel flow a priority too—NACA
research engineers H. Julian Allen and Walter Vincenti conducted just such a theoretical
analysis at the new Ames Laboratory in California. Their report’s title echoed Stack’s 1933
language: “Wall Interference in a Two-Dimensional Flow Wind Tunnel, with Consideration
of the Effect of Compressibility.”” But what they showed was that in fact there could be no
correcting of test data for the worst conditions of transonic flow within solid-boundary
tunnels. Although their report apparently did not directly influence Ray Wright's search
for a way to circumvent any need for corrections, Stack’s idea of addressing the transonic
wind tunnel problem via theory obviously did. If the awarders of the 1951 Collier were
right in their original intention to credit Stack alone, if they perhaps really just meant to
take the longest view of Stack’s overall contributions to transonic wind tunnel develop-
ment, the justification might well start with “The N.A.C.A. High-Speed Wind Tunnel and
Tests of Six Propeller Sections” of 1933.

In 1933 Langley Field’s runways were not yet paved. The term sound barrier was not yet
sensationalized; that happened in 1935 following a casual remark to a journalist from
British high-speed researcher W. F. Hilton. In 1933, the NACA’s newly updated compila-
tion of standard aeronautical nomenclature still included lots of biplane terms, but not
compressibility, Mach, or any word with the suffix sonic.” Nonetheless, the NACA’s high-
speed research program, at its measured pace, continued advancing in sophistication
during the mid-1930s, led by Eastman Jacobs and Stack.

Stack’s papers trace the progress. In 1934, he and Albert E. von Doenhoff published
an NACA report on airfoil research in the eleven-inch tunnel. The stated focus was still
propellers, but wings and high-speed flight were now slightly more visible within the offi-
cial field of view. According to Hilton’s 1951 book High-Speed Aerodynamics, this was “Stack’s
classic paper, which exerted great influence by virtue of its early publication.” But Stack
and von Doenhoff had relied on experimental parameter variation, the systematic empir-
ical method that James Hansen emphasizes as centrally important in the NACA's
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engineering science. The compressibility burble itself remained mysterious. Stack’s 1935
report “The Compressibility Burble™ declared that although the eleven-inch tests had
“yielded much valuable information for design problems,” they had also shown the neces-
sity of a “more fundamental investigation.””’

The 1935 report itself described early stages of such an investigation. conducted “to
determine the physical nature of the compressibility burble.” The experiments took place
in the new twenty-four-inch tunnel, where improved instruments could simultaneously
gather for correlation two kinds of data about transonic air interacting with a test model’s
surfaces: pressures and photographic images of the accompanying compressibility shock
patterns. A schlieren optical system generated the photographable images by exploiting
the behavior of light passing through air that is changing abruptly and radically in densi-
ty. The report overlapped substantially with the paper famously presented by Jacobs that
year at the international Volta conference on high-speed aeronautics in Italy. Later, in
1938, Stack, W. I. Lindsey, and Robert E. Littell published a refined and extended version
of Stack’s 1935 report: “The Compressibility Burble and the Effect of Compressibility on
Pressures and Forces Acting on an Airfoil.” Becker says that together with Jacobs’s Volta
paper, “these publications proclaimed the first major contribution of NACA in-house
high-speed research—the fundamental understanding of the burble phenomena derived
in large part from the revelations of the schlieren photographs.”

The 1938 report’s research focus expressly included “future high-speed aircraft,” and
by this point in the prewar decade the research-methods focus had also widened: though
still primarily empirical, it now included substantial overlap with airfoil theory, as Stack’s
1939 “Tests of Airfoils Designed to Delay the Compressibility Burble” shows.” The 1939,
report’s antecedents included work by Langley theorist Theodore Theodorsen, which
itself built in part on Max Munk’s 1922 airfoil theory paper—the one in which Munk
lamented the general distaste for theory he perceived in others. The overlapped work
notably included Jacobs’s new computational method for designing drag-reducing lami-
nar-flow airfoils, for the physics involved in sustaining laminar flow is similar to that
involved in delaying the compressibility burble: both require shaping the airfoil to control
the way pressure changes in air flowing across its surface. To devise his computational
design method, Jacobs had inverted Theodorsen’s theoretical approach. The work Stack
reported in his 1939 paper incorporated closely related analysis.

But even with its sophistication in high-speed research methods, Stack’s 1939 report
maintained the NACA'’s long-standing conservative outlook on high-speed research pur-
poses. Its introduction, after noting that “high-speed aircraft” themselves needed “serious
consideration,” added that it was “important to realize, however, that the propeller will
continue to offer the most serious ('.(lmpressihilil,y pr()blt:ms," Of course, with the world
war starting, this technology prediction had genuine merit within the context of contin-
ued refinements crucial for the conventional warplanes that would soon swarm from
American factories. But overseas, jets were also in development. The NACA's high-speed
research—and its high-speed research tools and methods—had advanced during the
1930s at a measured pace. Within a few years, Hugh Dryden and Curtis LeMay would be
calling for an urgent one.
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The Pace Hastens

Before Pearl Harbor some warplanes could already dive fast enough to encounter
dangerous compressibility effects—as roughly predicted by that brief, unemphasized con-
clusion in Stack’s official NACA report of 1933, when propeller tips constituted the
NACA's only official compressibility research focus.” In transonic airflow, as Hugh Dryden
explained in a 1948 Physics Today article, “disturbances known as shock waves” arise. These
“abrupt changes in pressure and temperature” can lead to “a violently fluctuating motion
shaking or buffeting the wing, and if the wake of the wing strikes the tail, the tail structure
may be subjected to loads varying with violent irregularity sufficient to damage it.™
Vulnerable airplanes during the war included the Bell P-39 Airacobra, the Curtiss P-40
Warhawk, and the Republic P-47 Thunderbolt.” At about the time of Pearl Harbor, when
the problem had just arisen, Stack and others used Langley’s twenty-four-inch and eight-
foot high-speed tunnels in a rush effort to learn how to counteract the disturbances and
stop the Army’s new P-38 Lightning from occasionally breaking up and crashing. They
quickly showed that a special under-the-wing flap could be developed to do the job.* The
P-38, of which over 10,000 were ultimately built, went on to shoot down more _]dpdnc.\(,
aircraft than any other fighter.* The NACA went on to encounter still more complex tran-
sonic research problems during the 1940s, and to invent research tools—including the
slotted-wall tunnel—for solving them.

By October 1948, when Dryden explained transonic research problems to a broad
audience with the Physics Today article and advertised a new transonic research tool to a
tiny audience with the Wright-Ward paper, the NACA’s compressibility research focus had
long since expanded. Maybe Stack had been prudem in 1933 to delete from his high-
speed-airplane ]{)llt"l"lcﬂ article the claim that it was “dangerous to predict a maximum
sp(‘cd beyond which increases may be impossible,” but now the NACA itself officially glo-
ried in seeing no “definite limit to the speed that may be attainable.™ The late-1930s goal
of refining airfoil shapes to delay the onset of compressibility had been replaced:
“Regardless of how high the critical Mach number may be raised,” asserted Stack in his
1944 Wright Brothers Lecture, “flight at supercritical speeds must eventually be solved.”™
Devising airfoils suitable not just for delaying the burble but for negotiating the entire
transonic range would only be part of the solution. Effective transonic aircraft would also
have to stay stable and controllable in an aerodynamically complex environment.”
Moreover, researchers since the 1930s had been aware that separate high-speed tests of
individual components—a cowling and a wing both meant for the same fuselage, for
instance—could not always predict the components’ performance in use together.
Therefore solving supercritical flight required seeing the “integrated whole,” as NACA
main committee member Edward P. Warner called the principle of conceiving transonic
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aircraft in an organic rather than a modular way.* For example, jet engines needed to be
integrated into airframes specifically deqlgnc(l for the task. Much later the area rule, the
transonic design principle described in chapter 5, grew out of NACA research engineer
Richard Whitcomb’s integrated view of the whole aircraft, and was nurtured by his exper-
iments in one of the original slotted-wall transonic wind tunnels—a tunnel he helped to
commission and refine.

In 1948, however, NACA transonic researchers’ tools were mainly research aircraft,
rocket- and airplane-borne models, and a few partly effective, sometimes even makeshift
adaptations of highspeed tunnels. Some progress had been made in designing jet-
propelled warplanes. Loftin says that the P-80 (]dl‘(‘l’ F-80) Shooting Star climbed and flew
faster than the first U.S. jet, the P-59, thanks to “a careful synthesis of weight, size, and
thrust parameters, as well as close attention to aerodynamic refinement.” In April 1948, a
swept-wing F-86 reached supersonic speed in a dive. Jet-propelled bombers were being
developed.™ But judging by the summer 1948 responses of thirteen aircraft manufactur-
ers, the Air Force, and the Navy to an urgent NACA survey, these efforts only helped stim-
ulate more desire for transonic data—as well as interest in the research tools with which
the data would be obtained.

The NACA aerodynamics committee’s survey asked the agency's industrial and military
clients how the NACA could best use its research tools to aid transonic aircraft design. The
answer: numerous practical-minded requests for empirical data on wing planforms, airfoils,
controls, and complete three-dimensional—that is, integrated whole—models, with
secondary interest in air inlets, buffeting effects, pilot escape, homb bays, and aircraft stabili-
ty. The Air Force and eleven of the thirteen companies also addressed research tools and
methods. One consensus recommendation called for increasing rocket-borne model tests by
a factor of three. Another pleaded that “the NACA continue under as high a priority as
possible the study, development, and procurement of test facilities for obtaining [transonic
data] in a manner equivalent to that followed in the best available low-speed wind tunnel
, in convenient, versatile, relatively cheap, and completely safe laboratory
conditions. Of the fifteen respondents, only three even mentioned theory; one of these few,
Benedict Cohn of Boeing, urged that the NACA “obtain very fundamental data on the aero-
dynamics of transonic flow rather than attempt solutions of small specific items.” Although
the survey-sponsoring NACA 'le:odymmlc-\ committee formally agreed with the respondents’
decidedly emplrl(al majority view, it pointedly emphasized as well that the “NACA should also
continue to give careful consideration to results of theoretical work.”

Indeed the aircraft indm‘try and the military in the pressure of 1948 may generally
have had little interest in Lhcnr} Dryden appar cntly gauged the military that way con-
cerning wind tunnel theory, in any case. Even thoui_,h Wright and Ward had translated the-
oretical ideas into a useful research tool, Dryden’s October 1948 letters transmitting their
paper to military research authorities carefully cautioned against letting the “considerable
amount of background theoretical material . . . obscure the practical significance of the

88, W. 5. Farren, "Research for Aeronautics—Its Planning and Application,” fournal of the Aevomautical
Sciences 11, No. 2 (April 1944): 95-109, addresses the “integrated whole” idea; the phrase itself appears in Edward
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p- 12 in AR39, and Becker, High-Speed Frontier, p. 26.
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90.  “Summary of Recommendations on Research Problems of Transonic Aircraft Diesign, Compiled by
Aerodynamic Research Branch, NACA Headquarters, for the Special Subcommittee on Research Problems of
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all the individual letter responses, including Cohn to NACA, July 26, 1948, Both copies contain the NACA aero-
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work.™ Nonetheless the postwar NACA itself, insofar as it could, sought to stay mindful of the
benefits that improved research tools would represent for aerodynamic theory in general—
the obiter dicta benefits, in Joseph Ames’s 1923 courtroom simile—and in turn of theory's
benefits for aeronautical engineering. Stack elucidated the NACA’s wind-tunnel-centered
version of this awareness the following June. Studies of transonic flows with models sent
skyward on rockets or dropped from high altitude, he wrote, “have defined fundamental
problems of fluid mechanics. Experimentation with standardized equipment, nonexpt'nd—
able models, under closely controlled conditions permitting detailed measurements”—that
is, in wind tunnels—"still appears 1o be a most important key to progress toward the attain-
ment of the ultimate goal, that is, successful complete calculation of such flows.”*

Not that Stack himself had never exhibited a decidedly empirical outlook. In 1942, soon
after leading the somewhat dramatic applied-research solution of the P-38 problem, he
taught a University of Virginia night school postgraduate course called “Compressibility
Effects in Aeronautical Engineering,” held for Langley staff only. Without the usual NACA
public relations constraints, his opening lecture proclaimed that he would “exclude, insofar
as possible, the mathematical exercises which though elegant are frequently so meaningless
to the engineer,” and that he would try instead “to adhere more closely to the discussion of
physical concepts, introducing mathematical methods only as necessary to aid in under-
standing the physical concepts. . . . I think that it is well if we realize in the beginning that
in this field the engineer is leading the mathematical scientist. The present state is such that
the engineer is projecting himself perhaps to some extent blindly into difficulties, and by
physical reasoning without mathematical weakness"—the phrase that distills Stack’s
approach to transonics—"arriving at the expedient solution of his difficulties.” But the
course syllabus somewhat belied this energetic introductory emphasis on empiricism, citing
the objective of covering “the fundamentals of compressihic flows, the status of pre%em
knowledge on the subject, and its application to engineering problems,” and naming “sum-
mary of significant theories” th( subject of six of thirty-two sc hcdulc d hours—three hours
each for the “subcritical range” and the “supercritical range.” And indeed the opening
lecture, once past the introductory remarks, did immediately invoke in some detail com-
pressibility’s fundamental fluid dynamics context.” Two years later in Washington, Stack’s
1944 Wright Brothers Lecture on compressibility mainly addressed experimentation, but it
too rested distinctly within a scientific, theoretical context. Here is what we have done, that
lecture said, in circumstances where little prospect has existed for advancing theoretically.
This leading NACA aeronautical research engineer primarily sought nearterm physical
understanding, but secondarily, and for practical ends in the longer term, he wanted to see
it attained by “physical reasoning without mathematical weakness” within the formal scien-
tific realm of fundamental understanding.

In 1951, W. F. Hilton reemphasized the long-standing common belief that whatever
theory’s long-term potential, it held little near-term prospect for advancing transonics.”
Hugh Dryden, however, maintained a formally scientific outlook about transonics in the
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late 1940s anyway. As an employee of the National Bureau of Standards, he had served on
and helped lead the NACA aerodynamics committee since 1931. During the war he
managed a large guided-missile research and development project for the military.” After
the war he was deeply involved in NACA transonics as high-speed aerodynamics committee
chairman. In September 1947 he joined the NACA staff and took over from George Lewis
as director of aeronautical research, a title shortened in 1950 to director.™ His scientific
outlook on transonics was an extension of his general view that the “discovery of how to
make better aircraft results from the discovery of rational theories firmly supported by
experimental evidence.™ At Langley in early 1947, he chaired a conference on high-speed,
aerodynamic theory attended by luminaries including Theodore von Kirman, who briefly
summarized the state of compressible flow theory, and Tsien Hsue-shen, known for later
famously leaving the United States and leading China’s development of missile technology.
After the theory conference Dryden reported, apparently with some disappointment, that
despite worthwhile exchanges between theorists and experimentalists, “the hoped-for
result of a rather concrete definition of the direction which future theoretical research in
the field should take was not achieved.™ But this veteran of early experiments with open
transonic jets of air could also adopt the outlook of Stack and other practical-solutions-
seeking NACA experimentalists and say that “progress in those aspects of aeronautics for
which a rational theory has not yet been developed proceeds by the recognition of the com-
mon features of complex flow patterns.™

Thus it was that in engineer Stack at Langley and in physicist Dryden in Washington, the
early postwar NACA had leadership well suited for fostering conception, development, and
practical application of the slotted-wall transonic wind tunnel. Each had extensive personal
experience in practical-solutions-oriented transonic experimentation, but each also under-
stood and gcnuinely valued the formal fluid dynamics context. From long membership,
each knew and had confidence in the NACA technical culture with its accumulated
technological and scientific understanding and its highly developed tradition of aeronauti-
cal research craftsmanship. In such a setting Stack could follow his intuition concerning
physicist and applied mathematician Ray Wright's theoretical ideas, and Wright, in the
words of historian Hansen, could benefit “from the collective knowledge and experience of
the engineers working around him” and from his own “good intuitions.™"

Intuition was important. Hilton in 1951 called transonic aircraft design “more a prod-
uct of trained intuition than the result of applying exact scientific principles.”" Instances
of similar intuition pervade NACA research history, according to historians of the three
laboratories existing or begun by the time of Pearl Harbor. Such instances also pervade
NACA transonic research history. Hansen makes intuitive technological artistry the theme
of “The Slotted Tunnel and Area Rule,” chapter 11 in his Langley history."” Becker
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believes that what motivated “initiation of in-house NACA research in high-speed acmdy—
namics” in the first place was intuition, not the “great foresight” Stack mentioned in his
1944 Wright Brothers Lecture. In that lecture Stack said that he and his colleagues devised
the first NACA schlieren flow-visualization apparatus in early 1933 when they “had in the
airfoil experiments temporarily exhausted [their] intuition as regards methods for
improving aerodynamic shapes.”™" Stack’s 1952 Collier press release says that in large part
his and his colleagues’ “faith in the probability of a solution” in 1946 had rested in
Wright's “subsonic high-speed theoretical studies,” a statement about acting on scientif-
ically framed intuitive faith that calls to mind Stack’s 1942 classroom remark about an
engineer’s “projecting himself perhaps to some extent blindly into difficulties, and by
physical reasoning without mathematical weakness arriving at the expedient solution of
his difficulties.” In December 1948, following the award of the X-1 Collier to Stack, Bell,
and Yeager, the opening lines of a Washington Post article set forth a version of Stack’s
philosophy on the relation between intuition and technological success:

“Intuitive vesearch” brought about successful supersonic flight many months ahead of
schedule, states the man most responsible. John Stack, designer of the first plane to fly
Jaster than sound, says that “believing whal you couldn’t prove and trusting it” paid
off by speeding wp normal scientific processes. He puls it this way: “You say to yourself,
if these things are true, then this must be true. You haven't an exact answer but you do
have an intuitive answer. So if you want lo make a big step forward, you take a chance
of falling flat on your face and trust your intuition. ™"

Surely at that moment in late 1948—two weeks after Bernhard Goethert’s formal visit
concerning Langley's modest initial proof of the slotted ave
had at least partly in mind the chance of falling flat on his face not with the X-1, already
proven in the sky, but with the slotted wall, as yet pmven only in miniature. He later said
there had been “no turning back” once a construction contract had been signed earlier
in 1948 for installing a slotted wall in Langley’s huge 16-Foot High-Speed Tunnel." And
surely a reason for trusting his intuition was the NACA itself, a technical culture with
broad general experience building wind tunnels and long-standing specific experience
replicating high-speed flow fields in some of them.

Precisely Defining the Transonic Tunnel Problem

Although the NACA had been accumulating understanding of the difficulties of
replicating transonic flow fields since the 1920s, the overall problem was apparently not
comprehensively defined anywhere until the mid-1940s. Even in 1947, the textbook
Wind-Tunnel Testing could only note somewhat vaguely that the “proper procedure for
testing and correcting the results of high-speed tests has not been completely estab-
lished” and that it “appears that the accentuated blocking and the shock-wave reflection
off the tunnel walls contribute to the uncertainty.” NACA translations of European
papers partially addressing the difficulties had been available since the mid-1930s to aug-
ment Langley’s own growing understanding. In 1935, for instance, Swiss supersonics
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expert Jakob Ackeret discussed the blocking effects of test models on tunnel capabilities
near Mach 1, contrasted the nearsonicspeed performance of open jets of air with that of
airstreams enclosed within solid tunnel walls, and noted shock wave reflection in tests at
low supersonic speed—problems addressed also in a 1938 paper by Italian aerodynamicist
Antonio Ferri, whose own accumulated understanding about solving them was put to
good use when the NACA managed to import him at the end of the war.""In November
1943 the Army formally requested that the NACA define the overall problem. A prelimi-
nary report of special work in the 24-Inch High-Speed Tunnel ensued in short order, for
apparently the work had begun in advance; Stack had even discussed its main conclusions
at an October meeting of the NACA aerodynamics committee in Washington. The Army
asked for copies of the preliminary report to send to aircraft manufacturers including
Douglas Aircraft Corporation, Curtiss-Wright Corporation, General Motors, and
Northrop. Langley’s Robert W. Byrne completed a full technical report during 1944,
“Experimental Constriction Effects in High-Speed Wind Tunnels,”™ one of several NACA
studies to define the problems of replicating transonic flow fields in a tunnel, and the one
Stack customarily cited retrospectively in later years.

One such study was that 1944 theoretical one at Ames Laboratory by Allen and
Vincenti: “Wall Interference in a Two-Dimensional Flow Wind Tunnel, with Consideration
of the Effect of Compressibility,” the kind of analysis Stack first called for in his 1933
NACA report about the eleven-inch tunnel. Allen and Vincenti may not have directly
influenced Ray Wright, but fifty years later their report remained useful for technical
study.""” For its comprehensive explanation of the fundamental problems of closed-wall
wind tunnel operation at transonic speeds, it also remained useful for historical study.

The paper begins—as Stack’s 1933 report had begun—by alluding to two numerical
indicators aerodynamicists use, among other purposes, to score the similarity of a wind
tunnel’s flow field to an actual flow field aloft: “The need for reliable wind tunnel data for
the design of high-performance aircraft has led in recent years to attempts to make the
conditions of tunnel tests conform more closely with the conditions prevailing in flight,
especially with regard to the Reynolds and Mach numbers.” Reynolds number combines
measures of an aerodynamic object’s size and of its flow field’s density, speed, and viscos-
ity into a simple ratio expressed as a whole number. Ideally in a test with a scale model,
this score should be high enough to conform with that of the simulated full-size airplane
or component in its actual flight conditions. But most wind tunnel tests mismatch the full-
size value of the Reynolds number by using a model of considerably reduced scale. The
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low-speed Variable-Density Tunnel counteracted this mismatch by using pressurized air,
which of course meant higher air density in the flow field, and therefore also a higher
density term in the ratio—which in turn meant improved verisimilitude as indicated in the
higher score. Another way to raise a test’s Reynolds number is simply to diminish the mis-
match by using a larger-scale model. In fact, in that way the old Propeller Research Tunnel
and the Full-Scale Tunnel simply canceled the mismatch: they were large enough for tests
not at reduced scale, but at full size. The second verisimilitude indicator, Mach number—a
shorthand term not yet used in 1933 by Stack, who still called it compressibility factor—
compares flow speed with the speed of sound for the given conditions. It leads to a simple
ratio too: for example, Mach 0.8 for a speed eight-tenths that of sound. In subsonic tunnels,
the fundamental physics of Englishman Osborne Reynolds had long framed the problem of
achieving flow similarity; for tunnel airflows involving compressibility, the physics of Austrian
Ernst Mach now required attention as well.'"

However, because of “practical limitations in size and power,” Allen and Vincenti con-
tinued, “most existing wind tunnels, whether high speed or low speed, are not capable of
providing full-scale Reynolds numbers for all flight conditions.” Their readers would not
need reminding that to enlarge a tunnel’s airflow channel size for larger models, and thus
for higher Reynolds numbers, or to increase its airflow speed for higher Mach numbers,
leads with exponential quickness to a prohibitively expensive power bill—assuming
enough power is available at all. An obvious partial answer, the authors said, was to use as
large a model as possible in a given tunnel. But in the case of a high-subsonic-speed
tunnel, the larger the model, the more magnified the problems of testing it. As Mach
number rises, there is a “tendency of the [compressible] flow pattern . . ., if unrestrained,
to expand.” But since the tunnel walls indeed do restrain expansion of these streamlines
of flowing air, the resulting test data need correcting—that is, need artificial adjustment
by some formula or mathematical procedure—"if they are to be applied with confidence
to the prediction of free-flight characteristics.” This analysis led Allen and Vincenti to the
centrally important issue of correcting results from solid-wall tunnel tests at the still high-
er subsonic Mach numbers where the complication known as choking arises—the problem
that Awviation Week later reported “had effectively bottlenecked” transonic tunnels until
NACA researchers “licked” it by inventing slotted walls.'™

Concerning choking, Allen and Vincenti’s readers would recall a fundamental airflow-
physics principle: subsonic air moves faster when its channel constricts, but a supersonic
airstream must expand to go faster. A test model, by constricting the channel, creates in
effect the nozzle of a supersonic tunnel: a convergence of the flowing air followed by a diver-
gence. The result is that “sonic velocity is reached at all points across a section of the
tunnel at the position of the model, and the flow in the diverging region downstream of
this section becomes supersonic. When this occurs, increased power input to the tunnel
has no effect upon the velocity of the stream ahead of the model, the additional power
serving merely to increase the extent of the supersonic region in the vicinity of the model.
At this point the tunnel is said to be ‘choked’ and no further increase in the test Mach
number can be obtained.” That is, choking cannot be overcome by brute force, and for a
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given model and solid-wall tunnel, the choking Mach number is the speed limit.
Moreover, the authors’ theoretical analysis confirmed what had been long suspected,'”
that “at the choking Mach number, the flow at the airfoil in the tunnel cannot correspond
to any flow in free air. It follows that, at Ch{)kirlg, the influence of the tunnel walls cannot
be corrected for. Further, in the range of Mach numbers close to choking where the flow
is influenced to any extent by the incipient choking restriction, any correction for wall
interference may be of doubtful validity.” In other words, once very near or at choking
speed in a solid-wall tunnel, there is no translating the test data into usefulness, for these
results do not correlate with actual flight conditions, not even in some hidden way.

In the end, the point was that only very small models—with very low Reynolds numbers,
and thus with little verisimilitude—could be tested at nearsonic speeds in enclosed, solid-
wall tunnels. Bernhard Goethert once cited an illustrative case involving a complete three-
dimensional model rather than the tunnelspanning “two-dimensional” case Allen and
Vincenti addressed. For test speeds up to Mach 0.95, the model could be large enough to
block head-on only onefifth of one percent of the tunnel’s airflow. This meant it could have
“a maximum diameter of no more than 5.5 inches in a 10foot-diameter wind tunnel”—a rel-
ative size like that of a softball inside a transport airplane fuselage. “It is apparent,” Goethert
concluded, “that transonic testing in a closed wind tunnel is very impractical.™"

Ray Wright, Principal Agent of a Collective Solution

A 1994 NASA Langley technical paper identifies the ultimate source of the slotted-wall
solution that NACA Langley devised for the transonic tunnel problem in the late 1940s: “The
first 30 years of wind tunnel wall-interference research yielded an important fact for modern
wind tunnels; that is, theoretically and exp(:rim(:ntally. solid-wall corrections are opposite in
sign from those of open-jet test sections. Thus, if a wall is partially open, an adjustment to the
geometric openness should be possible to obtain a nearzero wall-interference correction and
thereby allow a more realistic simulation of free-air conditions.”"” In even plainer terms,
ventilation openings placed in just the right way in a tunnel’s walls can cause the complex
data-polluting effects of open-wall and closed-wall interference to cancel each other. The
statement echoes similar ones by Becker, Stack, and Wright and Ward. It also echoes
Goethert, who had served in the Nazi-era German aeronautical research establishment, and
whose 1961 book asserted that Germany, Italy, and Japan “produced theoretical correction-
free slot arrangements” but failed actually to build slotted tunnels for high-speed compress-
ible flows only “because of the circumstances connected with and following World War I1.7*
In different circumstances possibly the NACA could have found the solution earlier itself,
though certainly there was no prewar call for it from industry or the military. In any case,
Becker says that early experience with open jets in the eleven-inch tunnel “more than any
other single factor encouraged Stack and his cohorts 15 years later to embark on the further
developments which produced the transonic slotted tunnels,” and that “Stack often referred
to this early work as the genesis of transonic facility development.™"”
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At war’s end two tunnel-technology studies in particular helped motivate Langley’s
translation of this open-closed idea into a specific proposal for longitudinally slotted walls:
Antonio Ferri’s high-speed tests in an Italian semi-open tunnel, presented in a report he
wrote upon arriving at Langley, and Coleman duP. Donaldson’s comparisons of open and
closed high-subsonic-speed airflows, presented in a report Ray Wright wrote after
Donaldson left for military service. Ferri investigated the performance of a rectangular
test section of about sixteen inches by twenty-one inches, with solid side walls but no top
or bottom to restrain the airstream. Becker calls the work “the first real demonstration
that partly open arrangements could be used successfully” near Mach 1, and says it helped
motivate the Donaldson study. Donaldson tested a postage-stamp-sized airfoil in both
open and closed three-inch-wide jets of compressed air, much as Dryden and others had
done with small open jets in the 1920s—only this time under genuine laboratory condi-
tions, with good instrumentation for taking data. Donaldson’s tests were intended gener-
ally “to show the nature of the jet-boundary interference” in both the open configuration
up to Mach 1 and the closed configuration up to choking at just under Mach 0.8.
Donaldson concluded that open jets “should be advantageous for tests at high Mach num-
bers.” Becker later wrote that this study helped spur Langley's conversion of a small high-
speed tunnel to the semi-open conf“gumtmn Stack later wrote that it served “to show, in
principle, the possible difference in choking limitations for open- and closed-throat tun-
nels.” Thus it was that Ray H. Wright, the man who committed Donaldson’s study to paper,
entered the year 1946 fully mindful of this crucial difference for the laboratory replication
of compressible flow fields up to Mach 1."*

The question of what Ray Wright was mindful of in 1946 is important for two reasons.
The less important one has to do with proportioning credit for the slotted-wall transonic
tunnel. The more important one has to do with assessing the effectiveness of the NACA
technical culture.

Both Baals, in Wind Tunnels of NASA, and Hansen have ponrdy('d Wright as having a
solely subsonic and somewhat technically naive outlook in proposing the longitudinally
slotted wall that year. “Strictly speaking, Wright's analysis was applicable only to low-speed
flows,” Baals wrote, “but lcmgle) aerodynamicists, led by ]O}m Stack, immediately recog-
nlz.e.d in this simple proposal the possibility of solving the serious problems they had been
having with wind tunnel testing near Mach 1.” This interpretation conflicts not only with
the story as Becker tells it, but with the record of Wright’s activities up to 1946. Becker
portrays Wright exercising both technological initiative and scientific imagination in an
effort purposefully targeting the wind tunnel replication of transonic flows. That Wright’s
theoretical work happened to be subsonic, Becker says, simply derived from the con-
straints of the available mathematical techniques.’”

But it is Wright’s formative activities at Langley during the decade leading up to 1946
that really matter, for they show that Wright, like Stack, was a genuine product of the
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Tunnel),” ACR L5E21, June 1945 (also called WR L-143) and concerning Ray H. Wright and Coleman duP.
Donaldson, NACA Technical Note 1055, “Comparison of Two-Dimensional Air Flows About an NACA 0012
Airfoil of I-Inch Chord at Zero Lift in Open and Closed 3-Inch Jets and Corrections for Jet-Boundary
Interference,” May 1946 (but actually, and significantly for Ray Wright's education, completed in early January,
according to p. 34). Becker, High-Speed Frontier, pp. 79 and 99, treats Donaldson as the latter’s main author, even
though Wright's name appeared first in the heading. Donaldson described his and Wright's contributions in an
April 11, 1996, telephone interview.

119. Baals, Wind Tunnels of NASA, p. 61; Hansen, Engineer in Charge, pp. 316, 317; Becker, High-Speed
Fromtier, chap. 111, especially pp. 99-104; see p. 100 concerning the mathematics.
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NACA technical culture, and in the case of the transonic wind tunnel, its important agent.
Less importantly, these activities also demonstrate his entirely sophisticated awareness of his
slotted-wall proposal’s implications. In the late 1930s, he worked alongside 8-Foot High-
Speed Tunnel designer and veteran high-speed research engineer Russell G. Robinson on
the airfoil design problem of delaying the compressibility burble, building on work going
back to the 1920s. By the end of the war he was working on wall interference in the eight-
fool tunnel, which was being repowered for sonic speed, and he helped establish a new, min-
imally flow-field-disrupting method for holding its test models in place—a system first used
in 1946 tests of research airplane models including the X-1. By early 1946 he had written up
Donaldson’s comparative investigation of transonic open and closed boundary effects,
which linked directly to what he was about to propose. Thus the pre-1946 activities of physi-
cist and applied mathematician Ray H. Wright constituted something like an apprenticeship
in the engineering art and science, such as they then stood, of transonic wind tunnel test-
ing. But by far the most revealing formative activity of this soon-to-be agent of accumulated
NACA understanding took place in August 1946, when he wrote a memorandum.'

Wright's lengthy, detailed memorandum to Langley’s compressibility research chiefadvo-
cated synthesizing what the NACA already knew about high-subsonic and nearsonic wind
tunnel research. “As a result of work on wind-tunnel interference and of other experiences
gained over the past several years,” it began, “ideas and information have been accumulated
for a number of useful report projects that could be carried out with a minimum of time and
effort.” The point was to assess the organization’s corporate store of technical and scientific
knowledge about transonics up to Mach 1, and to determine how to exploit it—at minimal
expense, and with the practical goal of improved research capabilities. For each of sixteen
possible report project topics, Wright wrote a paragraph-length synopsis drawing on his over-
all awareness of existing NACA work. The topics included “general consideration of the effect
of compressibility on wind tunnel interference,” “wind tunnel interference at Mach numbers
greater than the critical,” and “flow conditions and tunnel-wall interference near choking.”
To be based on these three in particular, together with another closely related three, he pro-
jected among the sixteen prospective projects a “general report on wind tunnel interference
at high speeds,” for which a “considerable amount of material [was] already in existence” that
he said “should be compared, sifted, and collated.”

In this transonics-focused memorandum Wright also suggt‘sted precisely the famous
project in which he himself was apparently already (‘ngdqcrl “wind tunnels with zero or
negligible interference.” For this one the accompanying synopsis is the memorandum'’s
lengthiest, amounting to a prospectus for the theoretical and experimental work that
would lead to slotted-wall tunnels. Thus it also amounted to a plan for finally realizing
Langley engineers’ long-held intuitions about an open-closed solution to the transonic tun-
nel problem. To circumvent the difficulties of high-speed wall interference, it said, “as well
as to prevent choking, the wind tunnel may be so designed as to minimize the interference.
If the interference can be entirely prevented, the obtaining of mn(lLl data can be simpli-
Il{‘d by abolishing the necessity for making tunnel-wall corrections.” The tunnel would use

“an automatically compensating method” of “multiple-sided open-closed test sections.”
Mathematical techniques, Wright wrote, were “available for investigating this problem,”
and if a “mathematical investigation indicated a probability of success,” small-scale,
principle-proving model wind tunnels “incorporating the automatically compensating fea-
tures should be designed and tested. The possible usefulness of such an investigation,”

120. Becker, High-Speed Frontier, pp. 27, 74, 75, 99; "Memorandum for Chief of Compressibility Research
Division: Possible Report Projects that Could be Completed with a Minimum of Time and Effort,” August 27,
1946, signed “Ray H. Wright, Physicist,” in Stack collection folder “Research Problems & Questions (Reid's trip
to Europe) 44-46," LHA.
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added the technologically sophisticated, NACA-engineer-trained physicist, “suggests that
it should be carried out as soon as personnel can be spared. Only a bare start has been
made on the calculations.”

Stack’s 1952 press release crediting the slotted-wall contributions of his nineteen asso-
ciates begins by describing his “old written notes” from 1946 showing that “for some time”
he and others had had a “faith in the probability” that a transonic tunnel solution was in
hand, that “a good part” of this faith “rested in the subsonic high-speed theoretical studies
of Ray H. Wright,” and that “in the late summer of 1946” the arrangements began for the
small proof-of-principle pilot project that Vernon G. Ward spearheaded.” How or even
whether these notes relate to Wright's August 1946 memorandum is not clear, but it is clear
that Wright comprehensively understood the problems of replicating transonic flows up to
Mach 1, and that much of his ability to contribute importantly to their solution derived
directly from a formative decade of immersion in the technical culture around him.

Physicist Ray Wright's decade-long immersion in the practical-solutions-secking NACA engineering culture prepared him lo prro-
pose a workable theoretical solution for the transonic wind tunnel problem. Later, his participation in the solutions hands-on
realization in the 8-Foot High-Speed Tunnel required immersion in the harsh conditions that slots caused in the chamber beside
the formerly entively enclosed test section. To withstand these conditions, Wright wore a diving suit. (NASA photo L-64110).

121, Langley Air Scoop, December 19, 1952, available LHA.
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Relatively soon, NACA Langley developed slotted walls well enough to apply them in
two national wind tunnel facilities, all under the general guidance and technopolitical
shepherding of Stack, who according to Becker “was adamant regarding schedules, at times
ruthless in dealing with any interference, and always able to inspire, to make quick deci-
sions, and to give effective orders.” The newly converted tunnels were valuable; Loftin says
they “provided a new dimension in transonic testing.”* But like other useful research tools,
they were imperfect too. NACA advertising notwithstanding, difficulties persisted between
Mach 0.98 and Mach 1.05, part of the range from Mach 0.95 to Mach 1.2 that the NACA’s
1948 survey participants had unanimously agreed was where “the real fundamental lack of
information occurs.” The difficulties remained in slotted-wall transonic tunnels even a half-
century later. In the eight-foot tunnel in 1950, Langley engineers spent months making
improvements to the initial slotted-wall installation.”" For example, Richard Whitcomb
remembers coordinating directly with Langley woodworkers to devise an apparatus at the
downstream end of the test section to reintroduce the air that had gone through the slots—
an efficient, focused, red-tapeless way of working that he says became “totally verboten”
before he retired. By 1953, Langley high-speed researchers had commissioned a new
eight-foot tunnel, this time with slotted walls planned from the outset, and with other
improvements including pressurization at two atmospheres for higher Reynolds numbers,
a test section designed for easier data-gathering, and modifiable slot shapes.' History, or
public relations, might momentarily have highlighted the original two slotted-wall tun-
nels, but transonic research questions continued to arise, and NACA researchers like
experimentalist Whitcomb continued devising research tools for answering them.

Over the years, though, NACA researchers tended not to advertise their research
tools, possibly contributing to the Collier Trophy's tardiness in recognizing a wind tunnel.
Roland says that even though research tools were among the NACA's chief accomplish-
ments from the time of the Variable-Density Tunnel, NACA research director George
Lewis feared sharing information about them with the NACA’s competitors. Possibly this
secrecy has exacted a cost in the understanding not just of the research tools, but of the
technical culture from which they derived. To explain the secrecy, Lewis once compared
NACA research tools to Stradivarius violins. “Antonio Stradivari,” he wrote, “made a suc-
cess by making the world’s finest violins, and not by writing articles on how others could
construct such instruments.” But Stradivari could only have learned to make such fine
instruments where he did learn: among the Cremonese masters, a technical culture whose
corporate technical memory, scientific understanding, and shared traditions of crafts-
manship' enabled its members to build devices that move air in just such a way as to
produce beautiful music. Much the same can be said for the technical culture of the
NACA, where engineers—and engineering-minded physicists—learned to build devices
that move air in just such a way as to produce useful knowledge.

122, Becker, High-Speed Frontier, p. 109; Loftin, Quest for Performance, p. 252,

123, Becker, High-Speed Frontier, p. 113; “Summary of Recommendations on Research Problems of
Transonic Aircraft Design,” p. 8 in "Report of Special Subcommittee” section; p. 18, Francis |. Capone, Linda S.
Bangert, Scott C. Asbury, Charles T. L. Mills, and E. Ann Bare, “The NASA Langley 16-Foot Transonic Tunnel:
Historical Overview, Facility Description, Calibration, Flow Characteristics, and Test Capabilities,” NASA
Technical Paper 3521, September 1995; Hansen, Engineer in Charge, p. 110.

124, Richard Whitcomb, telephone interviews, April 1 and 19, 1996.

125, Roland, Model Research, 1:246; Dawson, Engines and Innovation, p. 32,

126. Thomas Levenson, “How Not to Make a Swadivarius,” The American Scholar 63, No. 3 (Summer
1994): 351-78, describes Stradivari as “essentially a craftsman of science, one with considerable, demonstrable
knowledge of mathematics and acoustical physics,” who attained his skills in an instrument-making culture of
“old masters” with a science-based “accumulation of craft technigue” in Cremona, ltaly.






Chapter 5

The Whitcomb Area Rule: NACA
Aerodynamics Research and

Innovation
by Lane E. Wallace

As the 1940s came to a close, military aircraft manufacturers in the United States faced
a disturbing problem. The Bell X-1 had broken the so-called “sound barrier,” and both the
Air Force and the Navy were looking for next generation aircraft that could operate at
SUPETSONIc spec eds. But pl‘('liminarv tests of models indicated that even the best d(“‘.i}_,‘m put
forth by industry engineers were not going to be able to achieve that goal. A sharp increase
in dm;_, at speeds approaching Mach One was proving too much for the limited-power jet
engines of the (Ll\' Lo overcome.

The solution to this frustrating impasse was found by Richard T. Whitcomb, a young
aerodynamicist at the National Advisory Committee for Aeronautics (NACA) Langley
Research Center in Hampton, Virginia. His dev. elopment of the “area rule” revolutionized
how engineers looked at high-speed drag and impacted the design of virtually every tran-
sonic and supersonic aircraft ever built. In recognition of its farreaching impact,
Whitcomb’s area rule was awarded the 1954 Collier Trophy.

Yet it is not just the significance of the concept that makes the discovery and applica-
tion of the area rule interesting. The story of its development provides insights on how
innovations are “discovered” and how, even at a time when research projects were growing
bigger and more complex in scope, a single, creative individual could still play a critical
role in the development of new technology. In addition, while the area rule concept was
applied almost universally to supersonic aircraft designs, that “success” also illustrates some
of the factors that influence whether industry applies a given technology, regardless of its
inherent worth.

The Transonic Drag Problem and the Area Rule

Researchers in the Langley Research Center’s wind tunnels had begun working with
transonic airflows and the problem of transonic drag (at speeds appzmchmg and surpass-
ing the speed of sound) even before the end of World War II. In 1943, John Stack, head of
Langley’s Eight-Foot High-Speed Tunnel branch, obtained approval to increase the power
in the tunnel from 8,000 horsepower to 16,000 horsepower. The upgrade, completed in the
spring of 1945, allowed researchers to produce reliable airflow data in the tunnel for
speeds up to Mach .95

One of the researchers working with Stack in the Eight-Foot High-Speed Tunnel was
a young engineer named Richard Whitcomb. Whitcomb had been fascinated with air-
planes and aerodynamics since he was a young boy, building and testing airplane models

1. James R. Hansen, Engineer in Charge: A History of the Langley Aeronautical Laboratory, 1917-1958
(Washington, DC: NASA 5P-4305, 1987), pp. 313-14.
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NACA/NASA Langley engineer Richard 1. Whitcomb was awarded the 1954 Collier Trophy for his development of the “area
rule,” an innovation that revolutionized the design of virtually every transonic and supersonic airevafl ever buill. Here
Whitcomb inspects a vesearch model in the 8-Foot Transonic Tunnel al Langley. (NASA photo no. LAL 89118).

made out of balsa wood. He was hired by the Langley Research Center in 1943, after
receiving an engineering degree from the Worcester Polytechnic Institute. The Langley
managers initially wanted him to work in the Flight Instrument Division, but Whitcomb
stubbornly insisted that he wanted to work in aerodynamics. Fortunately, he was granted
his preference and was assigned to Stack in the 8-foot wind tunnel.

Initially, Whitcomb was assigned the task of performing test monitoring for other
researchers. But for an eager young engineer, the key to advancement was to “run the tests
and keep your eyes open, your ears open,” Whitcomb recalled. “I kept coming to Gene
(Draley, Stack’s replacement as head of the 8-foot tunnel) and saying maybe it ought to
be done this way. Let’s try this. And somewhere along the way, Gene says ‘OK, go try it,’
and that’s where I got started.™

By July 1948, Whitcomb had developed a reputation as “someone who had ideas™ and
was starting to pursue his own research experiments. He proposed a series of wind tunnel
tests in the repowered 8-Foot High-Speed Tunnel for a variety of swept wing and fuselage
combinations. He hoped the tests would uncover a configuration with significantly lower

2, Richard T. Whitcomb, interview with Walter Bonney, March 27, 1973,
3. Richard T. Whitcomb, telephone interview with author, May 2, 1995.
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drag at transonic speeds. The tests were run in late 1949 and 1950, but the results were both
perplexing and discouraging. None of the combinations had much effect on reducing the
drag of the models as they approached Mach One." Clearly, the researchers needed to
know more about the behavior of airflow in the transonic region in order to figure out what
was causing such a stubborn drag problem. Unfortunately, this data was difficult to obtain.
Even the upgraded eight-foot wind tunnel at Langley could only reach speeds of .95 Mach.

Because of the limitations of the available wind tunnels, researchers in the mid-1940s
had resorted to several “stopgap” methods to try to learn more about transonic airflow.
One series of experiments involved dropping instrumented test missiles from a B-29
Superfortress. Test airfoils were also mounted on the wing of a P-51 Mustang fighter plane
that was then put into a high-speed dive. With this C(mhgurauon the airplane’s speed
remained subsonic but the airflow over the portion of the wing holding the test airfoil
surpassed the speed of sound. A third approach used rocket models launched from
Wallops Island, a remote beach location across the bay from the Langley Research Center.

All three methods had their drawbacks, however. The falling-body and wing-flow
techniques offered less precise data than that obtained in a wind tunnel. The rocket tests
produced more precise data, but they were “100 times as expensive as a wind tunnel test”
and could only explore a single parameter at a time. Furthermore, the Schlieren pho-
tographs that illustrated the shock wave patterns of high-speed airflow could only be
obtained in a wind tunnel.’

Consequently, it was not until Stack and his team of engineers, which included
Whitcomb, developed a “slotted-throat” modification for the 8-foot wind tunnel in 1950
that transonic flows could be thoroughly explored.® The slotted-throat modification pre-
vented the choking that had limited the speeds in the test section of the tunnel and
allowed the air to go through the speed of sound. For the first time, researchers had a tool
to investigate precisely what airflow did in that speed range and what might be causing the
puzzling drag they had observed.

Actually, the slotted throat wind tunnel was only one of the tools Whitcomb and his
associates used to investigate transonic airflows. But once that was in place, they could
then employ other existing research tools to look at what the airflow was doing. In late
1951, Whitcomb tested a swep[—bark wing-fuselage combination in the now-transonic
Eight-Foot High-Speed Tunnel.” Tuft surveys, which used small pieces of yarn taped onto
airfoil and fuselage sections, were conducted to look at airflow disturbances. C overings
with pressure-sensitive openings were put on model sections to determine the velocity of
the air over particular areas, and Schlieren photographs were used to look at the shock
wave characteristics of the model at transonic speeds.”

4. Richard T. Whitcomb, "A Proposal for a Swept Wing Fuselage Combination with Small Shock Losses
at Transonic Speeds,” Langley Central Files, AH 3211, July 1948; Hansen, Engineer in Charge, pp. 332-33.
5. Richard T. Whitcomb, telephone interview, May 2, 1995; Hansen, Engineer in Charge, pp. 261-70.

6. The development of the slotted—throat transonic wind tunnel at the Langley Research Center
proved important enough to merit its own Collier Trophy, awarded to Stack and his associates in 1951,
7. The time delay between each of Whitcomb's initial ideas and the actual wind tunnel tests of them

was a result of Langley's typical but long process of designing and building wind tunnel models. It was not at all
unusual for that process to take fifteen—eighteen months. Nevertheless, the time delay was frustrating and
Whitcomb sometimes worked directly with wind tunnel technicians to incorporate modifications in the tunnel
to avoid the delay of going through normal channels,

8. Richard T. Whitcomb and Thomas C. Kelly, A Study of the Flow over a 45-degree Sweptback
Wing-Fuselage Combination at Transonic Mach Numbers,” NACA RM LH2DO1, June 25, 1952; Dr. Richard T.
Whitcomb, "Research on Methods for Reducing the Aerodynamic Drag at Transonic Speeds,” address present-
ed at the ICASE/LaRC Inaugural Eastman Jacobs Lecture, Hampton, VA, November 14, 1994, pp. 1-2; Hansen,
Engineer in Charge, pp. 332-33.
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The results, especially those revealed by the Schlieren photographs, showed that the
shock waves created as the airflow approached the speed of sound were different and big-
ger than anticipated. Undoubtedly, it was the losses from these unexpected shock patterns
that was Cdusmg the sharp increase in drag at transonic speeds. But the question of what
was causing the shockwaves still had to be answered before researchers could try to find a
way to combat the phenomenon.

Several weeks later, a world renowned German aerodynamicist named Dr. Adolf
Busemann, who had come to work at Langley after World War 11, gave a technical sympo-
sium on transonic airflows. In a vivid analogy, Busemann described the stream tubes of
air flowing over an aircraft at transonic speeds as pipes, meaning that their diameter
remained constant. At subsonic speeds, by comparison, the stream tubes of air flowing
over a surface would change shape, become narrower as their speed increased. This
phenomenon was the converse, in a sense, of a well-known aerodynamic principle called
Bernoulli’s theorem, which stated that as the area of an airflow was made narrower, the
speed of the air would increase. This principle was behind the design of venturis,” as well
as the configuration of Langley's wind tunnels, which were “necked down” in the tesl
sections to generate higher speeds.”

But at the speed of sound, Busemann explained, Bernoulli’s theorem did not apply. The
size of the stream tubes remained constant. In working with this kind of flow, therefore, the
Langley engineers had to look at themselves as “pipefitters.” Busemann’s pipefitting
metaphor caught the attention of Whitcomb, who was in the symposium audience. Soon
after that Whitcomb was, quite literally, sitting with his feet up on his desk one day,
contemplating the unusual shock waves he had encountered in the transonic wind tunnel.
He thought of Busemann’s analogy of pipes flowing over a wing-body shape and suddenly,
as he described it later, a light went on.

The shock waves were larger than 'mlicipaled he realized, because the stream tubes did
not get narrower or change ';hape meaning that any local increase in area or drag would
affect the entire conﬁgumlmn in all directions, and for a greater distance. More important-
ly, that meant that in trying to reduce the drag, he could not look at the wing and fuselage
as separate entities. He had to look at the entire crosssectional area of the design and try to
keep it as smooth a curve as possible as it increased and decreased around the fuselage, wing
and tail. In an instant of clarity and inspiration, he had discovered the area rule.

In practical terms, the area rule concept meant that something had to be done in order
to compensate for the dramatic increase in cross-sectional area where the wing joined the
fuselage. The simplest solution was to indent the fuselage in that area, creating what engi-
neers of the time described as a "Coke bottle” or “Marilyn Monroe” shaped design. The
indentation would need to be greatest at the p()inl where the wing was the thickest, and
could be gradually reduced as the wing became thinner toward its trailing edge. If nar-
rowing the fuselage was impossible, as was the case in several designs that applied the area
rule concept, the fusclage behind or in front of the wing needed to be expanded to make
the change in cross-sectional area from the nose of the aircraft to its tail less dramatic."

9. Aventuri, named after the 19th century Italian physicist G.B. Venturi, is one method used 1o gen-
erate the suction or vacuum power necessary to drive aircraft instruments. A venturi is mounted on the outside
of an aircraft, paralleling the fuselage. As the speed of airflow through the cinched neck portion of the venturi
increases, il is accompanied by a decrease in air pressure, creating suction that runs the instruments connected
to the system inside the plane.

10.  Whitcomb, interview, March 27, 1973,

11.  Richard T. Whitcomb, "A Study of the Aero-Lift Drag=Rise Characteristics of Wing-Body
Combinations Near the Speed of Sound,” NACA Report 1273, Langley Aeronautical Laboratory, Langley Field,
Virginia, 1956, pp. 1, 20-21; Whitcomb, interview, March 27, 1973; Whitcomb, “Research on Methods for
Reducing the Aerodynamic Drag at Transonic Speeds,” p. 3.
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The Pieces of the Puzzle: Creative Innovation

Although the pieces may have come together in a flash of insight, there were actually
several important elements and processes that contributed to Whitcomb’s discovery.
Whitcomb had developed a reputation as something of a “Wunderkind” at Langley
because of his unique combination of knowledge and intuition about airflows; a combi-
nation that undoubtedly contributed to his discovery of the area rule."” The intuition may
have been a gift, but his knowledge of airflow behavior was certainly enhanced by his
seven years of experience working with Langley’s 8-foot wind tunnel.

The discovery of the area rule concept was also dependent on the previous invention
of the slotted-throat tunnel design. Without that piece of technology, Whitcomb could not
have gathered the information necessary to understand the causes of transonic drag. In
fact, the very existence of the wind tunnels at Langley was a critical factor in allowing a
new approach in design to surface and be tested. If the information had to be obtained
through an elaborate, expensive flight test program, fewer ideas could have been investi-
gated, and Whitcomb might not have had the opportunity to test his innovative theory.

At Wallops Station, in tidewater Maryland, in 1953, Langley’s Pilotless Aircraft Research Division (PARD) tested rockel-
powered maodels of the delta-winged Convair I-102 before (left) and after (vight) modification to take advantage of Whitcomb’s
“area rule.” (NASA photo).

12, Eugene S. Ferguson, Engineering and the Mind’s Iye (Cambridge, MA: MIT Press, 1992}, p. 54;
Hansen, Engineer in Charge, p. 332.
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In addition, the projects conducted at Langley were still fairly small, individual
research efforts that allowed for experimentation. This kind of atmosphere, while not
entirely unique among governmentfunded facilities in the early 1950s, was becoming
more unusual. At one time, individual or small-group research efforts had characterized
many research laboratories. But the exponential growth of technology and complex tech-
l'Il')l()gI(d' research during World War II began to change that. The Manhattan Project,
responsible for the development of the atom bomb, symbolized for many a significant
shift in technological research from small, independent projects conducted by single
laboratories to large, complex research programs involving many people, broad resources
and funding, and multiple disciplines."

In a bigger and more complex research environment, with approvals and decisions
dependent on higher-level program managers, Whitcomb might not have had the latitude
or opportunity to develop and test the area rule concept. But the NACA Langley envi-
ronment offered a middle ground between a small, independent laboratory and a large
research program. Whitcomb had expensive techrwl()gl{ al tools at his disposal, such as
the slotted-throat wind tunnel, but he still hdd the independence and flexibility to devel-
op and test a radical new concept on his own."

Whitcomb was also assisted by the informal management environment and the
orientation toward experimental research at the Langley Research Center, both of which
were conducive to individual innovation. As John Becker explained in his case histories of
four NACA programs,

Management (at Langley) assumed that vesearch ideas would emerge from an alert
staff at all levels. . . . On a problem of major proportions such as transonic facilities,
any scheme for ?‘(’s(’ﬁ.?‘!h that survived peer discussions and gained section and division
approvals was likely to be implemented . . . and very little (paperwork) was required in
the simple NACA system. Occasional chats with his division chief or department head,
or a brief verbal report at the mrmthly department meeting were about all that was
required of the NACA project engineer.’

This kind of environment was particularly wellsuited to an introspective thinker like
Whitcomb. Managers knew he was a talented acrodynamicist, and they were wise enough
to keep his paperwork to a minimum and give him the space and freedom to think, exper-
iment, and explore.'”

Langley’s orientation toward hands-on, experimental research was a significant factor
in Whitcomb's discovery, as well. As opposed to research centers that focused more on the-
oretical research, Langley encouraged exploratory experiments such as the wind tunnel
tests Whitcomb devised to investigate wing-body combinations and airflow at transonic
speeds. The breakthrough on the transonic wind tunnel itself, in fact, was a result of a
researcher asking himself, “I wonder what would happen if I turned up the power?” That
simple question—"I wonder what would happen if . . .” instigated numerous experiments
at Langley that , in turn, led to significant discoveries."”

13.  James H. Capshew and Karen A. Rader, “Big Science: Price to the Present,” OSRIS, 2nd series 7
(1992): 19; Thomas P. Hughes, American Genesis: A Century of Invention and Technological Enthusiasm (New York,
NY: Penguin Books, 1989), pPp- 440-42,

14.  John V. Becker, The High-Speed Frontier: Case Histories of Four NACA Programs. 1920-1950 (Washington,
DC: NASA SP-445, 1980), pp. 117-18.

15 Thid.

16, Hansen, Engineer in Charge, p. 341,

17.  Whitcomb, interview, May 2, 1995; information on transonic wind tunnel development also in
Hansen, Engineer in Charge, p. 322; and in Ch. 1 of this book.
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This curiosity-driven, experimental approach was especially significant in discovering
the area rule, because there was no available theor y to explain the unusual drag encoun-
tered at transonic speeds. Researchers had to come up with a creative way of reaching
beyond the known, and the exploratory experiments conducted by Whitcomb and others
yvielded the data that allowed him to understand the cause of the transonic drag and shock
wave phenomena. Conducting hands-on experiments with an aircraft model in a wind
tunnel also helped Whitcomb “see” the airflow behavior in a way mathematical formulas
would not have.

Still, these factors only provided the tools and environment that made Whitcomb's
discovery possible. The breakthrough still required the insight of a creative mind; a mind
able to “see” the problem and able to step back from accepted rules of design to contem-
plate a solution based on an entirely new approach. The process by which Whitcomb was
able to do that offers insight itself as to how scientific or technological innovation occurs.

Science and technology are often viewed as fields completely divorced from any of the
arts. Common phrases that distinguish something as “a science, not an art” and describe
“the scientific method” as a way to discern an unassailable truth indicate our collective
view of science as a rational, logical, linear, mathematical and precise process. Yet since
almost the beginning of time, artistic vision has played a critical role in the advancement
of technology and science. Undoubtedly, even the first cave dweller to invent the wheel
first had a picture in his or her mind of what the device would look like.

Albert Colquhoun, a British architect, asserted that even scientific laws are “constructs
of the human mind,” valid only as long as events do not prove them wrong, and ilpp]i("
to a solution of a design plobl('m only after a designer develops a vision of the solution in
his head."™ This artistic vision becomes even more important when a scientist or engineer
needs to go beyond the leading edge of knowledge, where existing theories cease to
explain events. At this point, a designer’s imagination is critical in t‘rwisi[mirlg potential
new solutions. As one analyst of technological development said, “The inventor needs the
intuition of the metaphor maker, some of the insight of Newton, the imagination of the
poet, and perhaps a touch of the irrational obsession of the schlzuphlemc. "’

Whitcomb was not the only person to look at the problem of transonic drag. As early
as 1944, German aerodynamacist Dietrich Kuchemann had designed a tapered fuselage
fighter plane that was dubbed the “Kuchemann Coke Bottle”™ by American intelligence
personnel. Kuchemann’s design was not aimed at smoothing the curve of the cross sec-
tional area to displace the air less violently, however. He had simply observed the direction
of air flow over a swept-wing design and was trying to design a fuselage that would follow
the contours of that flow.”

Whitcomb’s area rule was also, in retrospect, said to be implicit in a doctoral thesis on
supersonic flow by Wallace D. Hayes, published in 1947. But the mathematical formulas
employed by Hayes, as well as several other researchers working on the general problem
of transonic and supersonic air flows, did not lead their creators to the necessary flash of
inspiration that crystallized the area rule for Whitcomb. Why didn’t they see what
Whitcomb did? The answer, in part, may lie in the precise fact that they were working with
mathematical formulas, instead of visual images. The answer may have been imbedded in
the numbers in front of them, but they couldn’t see it.

18.  Ferguson, Engineering and the Mind’s Eye, p. 172.

19.  Hughes, American Genesis, p. 76; Hansen, Engineer in Charge, p. 311; Ferguson, Engineering and the
Mind’s Eye, pp. 172-73.

20.  David A. Anderson, “NACA Formula Eases Supersonic Flight,” Aviation Week & Space Technology 63
(September 12, 1955): 13.




142 THE WHITCOMB AREA RULE: NACA AERODYNAMICS RESEARCH AND INNOVATION

What led to Whitcomb’s insight was his talent to see and work with visual metaphor—
a skill described by Aristotle as a “sign of genius” and an important tool for seeing things
from a fresh perspective, or discovering new truths about existing objects or ideas.” In his
history of American technological progress, Thomas Hughes also stressed the importance
of visual metaphors in developing innovative ideas, noting that “although they are articu-
lated verbally, the metaphors of inventors have often been visual or spatial. Inventors, like
many scientists, including Albert Einstein, Niels Bohr, and Werner Heisenberg, show
themselves adept at manipulating visual, or nonverbal, images.™

When Adolf Busemann used his “pipefitting” metaphor to describe the behavior of
transonic air flow, Whitcomb painted a vivid picture in his mind of air “pipes” flowing over
an aircraft. He then incorporated into that image the other information he had obtained
through his experiments with transonic air flow. Suddenly, he “saw” what was causing the
unusual shock waves and what could be done to combat the problem.

In order to see a solution that went beyond existing theory, however, Whitcomb also had
to be willing to break free from accepted rules, or paradigms, of aerodynamics.” In the late
nineteenth century, Ernst Mach had shown that a bulletshaped body produced less drag in
flight than any other design. This accepted “paradigm” of aircraft design led to the basic
fuselage shape employed by transports, World War II fighter planes, and even the Bell X-1
rocket plane. It was also still the accepted rule of thumb as engineers began to design the
first turbojet-powered supersonic aircraft. The assumption that a bulletshaped fuselage was
the most efficient aecrodynamic shape, however, led researchers to look elsewhere for ele-
ments that could be modified to reduce the drag of aircrafi at transonic speeds. To see the
solution that Whitcomb envisioned—indenting the fuselage in the area of the wing to
reduce the dramatic changes in the aircraft’s overall cross-sectional area from nose to tail—
required going against a “truth” that had worked and had been accepted for over fifty years.

The same paradigm that had helped advance aircraft design for half a century
became, ironically, one of the barriers that kept researchers from advancing aircraft
design beyond subsonic flight. Why was Whitcomb able to step back and consider an
approach that broke this accepted rule? For one thing, the circumstances required it.
Kuhn noted that “the failure of existing rules is the prelude to a search for new ones.”™
Certainly, the stubborn problem of transonic drag presented Whitcomb with a situation
where existing theories and rules were not working.

Secondly, Kuhn observed that “almost always, the men who achieve...fundamental
inventions of a new paradigm have been either very young or very new to the field whose
paradigm they change.” When he came up with the area rule concept, Whitcomb was
only 30 years old. Possibly, the fact that he had not spent twenty years designing bullet-
shaped fuselages contributed to Whitcomb’s ability to conceive of a different design. He
was also something of an introspective thinker and individualistic researcher, which may
have made him more able to contemplate a “fringe” idea that broke from his peer group’s
assumptions. In any event, Whitcomb was willing to step back from accepted truths and

21, Aristolle, Poetics, translated by Ingram Bywater, in The Rhetovic and the Poetics of Avistotle (New York:
Random House, 1954), p. 255.

22, Hughes, American Genesis, p. 82,

23, Thomas Kuhn described paradigms as “familiar notions,” or “examples that provide models from
which spring particular coherent traditions of scientific research.” On the one hand, these accepted notions can
help lead to more detailed further research in a particular area. But Kuhn cautioned that paradigms could also
insulate the research community against seeing new solutions. From: Thomas S. Kuhn, The Structure of Scientific
Revolutions, 2nd ed., Foundations of the Unity of Science Series: Vol. II, Number 2 (Chicago: University of
Chicago Press, 1970), pp. 10-11, 24, 37.

24, Ihid., p. 68.

25, fhad., p. 90.
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simply look at what his data was showing him; paint a visual picture of it in his mind and
see not what he expected to see, but what was really there.

While this may seem a simple and obvious solution to outsiders with forty years of
hindsight, Whitcomb’s ability to break free of the design doctrines that dominated aero-
nautics in his day was, in fact, a unique and remarkable ability that truly set him apart from
many others in his field. Once someone comes up with an answer, it often seems obvious.
But the researchers struggling with transonic drag were not aware they were caught in a
paradigm that did not work. They were focused on trying to cut a workable path through
a dense forest they knew as real and immutable. Whitcomb’s genius was his ability to see
that the problem was not the path, but the forest itself.

From Idea to Application

When Whitcomb presented his concept of the area rule to some of his colleagues at
Langley, he encountered skepticism. After all, it was a radical approach to aircraft design.
But division chief John Stack still allowed Whitcomb to present the idea at the next tech-
nical seminar. And listening to Whitcomb’s presentation, this time, was Adolf Busemann,
whose stature in the aerodynamics community was such that his opinion carried a great
deal of weight. Busemann, whose visual pipefitting metaphor had provided the catalyst to
Whitcomb’s discovery, understood what Whitcomb had seen. He told the others present
that Whitcomb'’s idea was “brilliant.” The skepticism among some of the others, including
Stack, remained. But the support from Busemann was enough to get Whitcomb the go-
ahead to test his theory.”

Thr{)ughoul the first quarter of 1952, Whitcomb conducted a series of experiments
using various area-rule based wing-body configurations in Langley’s 8-Foot High- bpcccl
Tunnel. As he expected, indenting the fuselage in the area of the wing did, indeed, sig-
nificantly reduce the amount of drag at transonic speeds. In fact, Whitcomb found that

mde:llmg the body reduced the drag-rise increments associated with the unswept and
delta wings by approximately 60 percent near the speed of sound,” virtually eliminating
the drag rise created by having to put wings on a smooth, cylindrical shaped body.”

In a simple world, this validation of Whitcomb’s theory would have been sufficient for
the principle to be applied to all new industry designs. All that would have been necessary
would have been to notify the aircraft manufacturers that a better design approach had
been developed. The world is not that simple, however, and the inherent worth of an
innovation is rarely enough for it to be incorporated into commercial products. As Louis
B.C. Fong, director of the Office of Technology Utilization at NASA (National Aeronautics
and Space Administration) commented in 1963, “In this age of automation, there is noth-
ing automatic about the transfer of knowledge or the application of an idea or invention
to practical use...there is resistance to new ideas and new technologies; part psychological,
part practical...and often economic.™

26.  Whitcomb, interview, May 2, 1995; Hansen, Engineer in Charge, p. 336,

27.  Whitcomb,"A Study of the Aero-Lift Drag-Rise Characteristics of Wing-Body Combinations Near the
Speed of Sound,” pp. 20-21.

28.  Louis B.C. Fong, Dir., NASA Office of Technology Ulilization, “The NASA Program of Industrial
Applications,” address at the Third National Conference on the Peaceful Uses of Space, Chicago, 1L, May 8,
1963, NASA Historical Reference Collection, NASA History Office, NASA Headquarters, Washington, DC.
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NACA or NASA engineers tend to measure the success of a new idea or technology
strictly in terms of technical objectives met. Industry, on the other hand, measures innov-
ative success in terms of profit dollars generated within a specified payback period.”
(onsequentl\r. a new approac h or technology, even if it is technically “better,” may be
rejected by industry if its use involves extra costs for the manufacturer. These costs can be
in retooling for a new design, replacing machinery, or even in retraining employees or
changing the traditional ideas and approaches of its engineers. All of these factors can
produce resistance to a new idea or technology within a company, and overcoming that
resistance can be a difficult process.”

There are a couple of situations in which new technology may be rapidly assimilated
into commercial products, however. One is if it can be incorporated with minimal extra
cost, and a second is if it solves a problem that a manufacturer needs to solve.”” When
Whitcomb developed his area rule, there was a manufacturer in each of these situations,
and that fact played a significant role in the speed with which his innovation began to
impact the design of new aircraft.

While Whitcomb was conceiving and testing his area rule concept, the Convair
Division of General Dynamics was developing what it hoped would be the company’s [irst
supersonic aircraft. The Convair F-102 “Delta Dagger” was designed to be a long-range
interceptor, with delta wings and the most powerful turbojet engine available at that time,
the Pratt & Whitney |-57. Early test results of an F-102 model in Langley’s 8-Foot
High-Specd Tunnel, however, scemed to indicate that the design’s transonic drag might
be too high for the aircraft to surpass Mach One.

The NACA had immediately classified any information pertaining to the area rule, as it
had the research on the slotted throat wind tunnel that allowed the area rule to be devel-
opt'd. In 1952, the United States was engaged in heated and high-stakes competition for
military superiority with the Soviet Union, and NACA realized the importance of transonic
research in developing superior military aircraft. Although the classification was necessary,
it made dissemination of information about the area rule more difficult. Fortunately,
NACA’s history of successful technology transfer efforts had been less a product of published
writings than the various levels of informal NACA-industry cooperation and researcher-to-
engineer discussions.” The area rule would prove no exception.

In mid-August 1952, a gr Onp of Convair engineers were at [ am,lf‘y to observe the per-
formance of the F-102 model in the Eight-Foot High-Speed Tunnel. Shown the disap-
pointing test results, the engineers asked the Langley engineers if they had any sugges-
tions. Whitcomb’s first research memorandum on the area rule would not be published
for another month, but he had completed his tests on the various wing-body combinations
using indented fusclage shapes. He explained his findings and the area rule concept to
the Convair team.

Intrigued, the Convair engineers worked with Whitcomb over the next few months
to experiment with modifying the F-102 design and building a model that incorporated
the area rule concept. At the same time, however, the company continued work on the
original F-102 prototype. The engineers may have been open to exploring a possible new

29, Denver Research Institute, "NASA Partnership with Industry: Enhancing Technology Transfer,”
NASA CR-180-163, July 1983, pp. xx, Appendix D-3; William D. Mace and William E. Howell, “Integrated
Controls for a New Aircraft Generation,” Astronautics & Aeronautics 16 (March 1978): 48-53,

30, Denver Rescarch Institute, "NASA Partnership with Industry,” pp. xx, Appendix D-3; R. P. Schmitt,
et al., “Technology Transfer Primer,” Wisconsin University—Milwaukee, Center for Urban Transportation Studies,
FHWA/TS-84/226, July 1985, pp. x, 1-5.

31, Schmiu, et al, “Technology Transfer Primer,” p. 5.

32, Denver Research Institute, "NASA Partnership with Indusuory,” p. xiv.
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option, given the uncertainty produced by the wind tunnel tests of the original F-102
model, but the company had already made a commitment to the Air Force to build two
prototypes of the original F-102. In addition to any mental and institutional resistance
Convair might have had to changing a design which it had touted so highly and had already
made a commitment to build, the company’s commitment also created an issue of cost.

By mid-1952, when Convair tested the F-102 model at Langley, the company had
already begun setting up a production line at its San Diego, California, facility for manu-
facturing the aircraft. To change the design would mean not only delays and additional
cngin(‘(:i‘ing costs, but revamping the production line, as well. Conscqucnlly, far from
being receptive to a new design approach, Convair had a significant stake in proving that
its new aircraft could perform just fine without it.™

Nevertheless, the company could not totally ignore the doubtful test results of its original
design, so its engineers began working on a I’Lm B” with Whitcomb while pmdu{ tion of the
prototype F-102s continued. Starting in May 1953, the Convair engincers and Whitcomb
began testing models of a modified, area rule-based, F-102 design in Langley’s wind tunnel. By
October 1953, they had developed a model that could meet the Air Force performance spec-
ifications. Convair noted the results but continued wmkmg on the ungmdl F-102 prototype,
which flew for the first time on October 24, 1953." The first prototype was severely damaged
on its maiden flight, so test flights had to be postponed until January 11, 1954, when the
second prototype [lew for the first time. The results of the flight tests, however, pr oved to be
largely the same as those predicted by the wind tunnel tests of the F-102 model in 1952, The
aircraft performed below expectations and could not attain supersonic speeds in level flight.”

Even at that point Convair might have continued to press for production of the
design as it was, given that the tooling and production line in its San Diego plant was
already set, except for one crucial factor. The Air Force officials working on the F-102
design were aware of Whitcomb’s area rule and the fact that a modified F-102 model,
based on that concept, had achieved supersonic speeds in wind tunnel tests.
Consequently, the Air Force realized that the F-102 was not the best that Convair could do.
Whitcomb's experiments had proven that a supersonic airplane was possible, and the Air
Force decided to settle for no less. The F-102 program manager at Wright Field in Ohio
informed Convair that if the company did not modify the F-102 to achieve supersonic
flight, the contract for the fighter/interceptor would be cancelled.”

Incorporating Whitcomb’s innovative design appr(}a(:h involved extra expense, but
nothing (‘t')]‘r]pd]’t"d to the cost of losing the entire F-102 contract. Convair immediately
halted the F-102 plﬂ('lll(ll()l’l line and began working on the modified design Whitcomb
and the company engincers had developed and tested. In only 117 working days, the com-
pany had built a new, area rule-based prototype, designated the F-102A. Fh(- F-102A flew
for the first time on December 24, 1954, and surpassed the speed of sound not only in
level flight, but while it was still in its initial climb. The area rule had improved the spt:cd
of the F-102 design by an estimated twenty-five percent.”
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While Convair was struggling with its F-102 design, the Grumman Aircraft Engineering
Corporation was also working to develop its first supersonic carrier-based fighter, the
FOF/F-11F Tiger. Although the area rule research was classified, the NACA released a con-
fidential Research Memorandum on the subject to appropriately cleared aircraft
manufacturers in September 1952. Just two weeks after receiving that memorandum,
Grumman sent a group of its engineers to Langley to learn more about it. The information
they brought back to Bethpage, New York, was immediately incorporated into the design,
and in February 1953, Whitcomb was flown in to review the final design plans before
construction on the prototype was begun. On April 27, 1953, the Navy signed a letter of
intent with Grumman for the fighter, based on the Whitcomb-approved design. On August
16, 1954, the Grumman F9F-9 Tiger “breezed” through the sound barrier in level flight
without the use of the afterburner on its Wright J-65 turbojet engine.”

The enthusiastic incorporation of Whitcomb’s innovation by Grumman stands in stark
contrast to the qualified experimentation and resistance that characterized Convair’s
response. But the two companies were in different situations. Convair had already
com pletecl a design for the F-102 and had begun construction of two prototypes and a pro-
duction line. Grumman, on the other hand, was still working to design the FI11F Tiger
when Langley published its confidential report on Whitcomb's area rule breakthrough. It
was the perfect time to incorporate a better design idea, and involved few extra costs to the
company. At the same time, the Navy had not yet contracted for the fighter, and Grumman
may well have recognized that its chances of winning the contract would be improved by
incorporating any available new technology into its design; especially something that might
improve its speed.

In any event, Whitcomb’s innovative idea was incorporated into two production
military aircraft only twenty-four months after he completed his initial wind tunnel
tests on the concept. This incredibly “successful” example of technology transfer was a
result of two important factors. First and foremost, there was a “problem looking for a
solution™ that the area rule was able to solve. Transonic drag was a real and seeming-
ly unsurmountable obstacle to supersonic flight. Whitcomb’s area rule was not one of
a number of potential solutions; it was the only approach anyone had developed that
had proven itself capable of overcoming that barrier. It also had the backing of a very
powerful customer: the United States military. When the Air Force decided to hold
firm on its demand that Convair’s aircraft ﬂy supersonically in level flight, Convair
could not simply sell its F-102s to another customer. The Air Force was its only client,
just as the Navy was for Grumman.

But another important element, espc(:ially with regard to Convair, was the coopera-
tion and individual relationships that existed between the Langley researchers, including
Whitcomb, and the industry engineers. The modified F-102A model that proved to the Air
Force that a fighter could achieve supersonic flight was a cooperative effort between
Whitcomb and Convair engineers. Without that cooperation, or the informal discussions
at Langley that launched that work, the fate of the F-102 might have been different.

38.  The prototype was designated first as the FOF-8, and then as the F9F-9, although the original
Grumman FOF-2 design was the straight-wing Panther jet, and the FOF-6 was the swept-wing Cougar. The Tiger
was really an unrelated design, but the prototypes were still labeled as variants of the FOF design. The produc-
tion model Tigers, however, were called F11Fs.

39.  Michael J.H. Taylor, ed., fane’s Encyclopedia of Aviation (New York, NY: Portland House, 1989), pp.
447-48; Gunston, HNlustrated History of Fighters, p. 192; Hansen, Engineer in Charge, pp. 339-40.

40.  Numerous NASA and industry engineers, including Whitcomb himself (Whitcomb, interview,
March 27, 1973), have used this phrase to describe the kind of situation that tends 1o lead to quick acceptance
of a new technology.
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The area rule undoubtedly would have been incorporated into aircraft designs even-
tually, regardless of the individuals involved. But that timeframe could have been different,
which could have had an impact on the kind of air defenses the United States had at its
disposal in the early days of the Cold War.

As it was, the success of the area rule-based F-102 and F11F was followed by the incor-
poration of the area rule in virtually every supersonic aircraft built after that point. The
Vought F8U “Crusader” fighter and the Convair B-58 “Hustler” bomber, both of which were
on the drawing board at the time the area rule was developed, were redesigned using
Whitcomb's approach. The F-106, which was Convair’s follow-on design to the F-102A,
adhered even more to the area rule. It was able to incorporate a much deeper indentation
in the fuselage than its predecessor, because it was an entirely new aircraft, unencumbered
by existing design elements.

The fuselage of the Republic F-105 *Thunderchief” fighter/bomber, which flew for
the first time in 1955, incorporated the area rule in a slightly different manner. It could
not be indented because of its complex engine inlets, so a bulge was added to the aft
region of the fuselage to reduce the severity of the change in the cross sectional area at
the trailing edge of the wing. The Rockwell B-1 bomber and the Boeing 747 commercial
airliner also used the addition of a cross-sectional area to reduce their drag at transonic
speeds. Both the B-1 and the 747 have a vertical “bump” in the forward section of the fuse-
lage ahead of the wing. It is perhaps more visible in the 747, where it houses the airliner’s
characteristic second story, but both airframe modifications were added to smooth the
curve of the design’s cross-sectional area.”

The Collier Trophy

Whitcomb’s Area Rule research was classified until September 1955, so he did not
receive any immediate accolades or press on his discovery. But two months after his work
was made public, Whitcomb received the National Aeronautic Association’s Robert .
Collier Trophy in recognition of his achievement the previous year, when the Grumman
FIF-9 Tiger and the Convair F-102A prototypes demonstrated just how significant the area
rule was. The Collier Trophy citation read, “For discovery and experimental verification
of the area rule, a contribution to base knowledge yielding significantly higher
airplane speed and greater range with the same power.”™"

Conclusion

Although an engineering design approach using formulas or algorithms does not lend
itself to the kind of notoriety that a project like the X-1 generated, the development of the
area rule was no less significant. The X-1 proved the sound barrier could be broken. The area
rule made that discovery practical by enabling production aircraft to operate at that speed.

The fact that the area rule was discovered by an engineer sitting with his feet up on
his desk, contemplating a vision in his mind, also shows the importance of creativity and
the individual in advancing technology. Postwar science and research projects may have
been growing in complexity and size, but Whitcomb'’s discovery was a reminder that the

4l. Whitcomb, interview, May 2, 1995; Whitcomb, “Research on Methods for Reducing the
Aerodynamic Drag at Transonic Speeds,” November 14, 1994, p. 3.

42, Bill Robie, For the Greatest Achicvement: A History of the Aevo Club of America and the National Aeronautic
Association, (Washington, DC: Smithsonian Institution Press, 1993), p. 232; Richard T. Whitcomb, telephone
interview with author, May 15, 1995,
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individual researcher was more than a cog in a scientific, process-driven wheel.
Experimentation and the visions in the mind of an individual able to put available infor-
mation together in a new way have led to many innovative “breakthroughs” in technology
and knowledge.

The history of the arca rule research also illustrates that even a “bre: 1klhrm|gh
discovery does not always win immediate acceptance by those who might implement it. As
opposed to projects that were wholly funded, developed and implemented by the NACA
and its successor, the National Acronautics and Space Administration {NA@%). or other
government agencies, Whitcomb’s breakthrough was just an idea. It may have been devel-
oped at a NACA laboratory, but it was not up to NACA to apply it. In order for the inno-
vation to have any impact at all, industry had to agree to use it, which is not always as sim-
ple a process as it might seem. W hitcomb’s area rule was the answer to a tremendous prob-
lem that industry needed to solve, but the enthusiasm with which it was received differed
greatly between Convair and Grumman. The advantages offered by the innovation were
the same; the costs of implementing it differed.

But even in the application of the area rule concept, individuals played an important
role. An Air Force demand was the primary reason Convair incorporated the area rule
into the F-102, despite the added cost. But the Air Force might not have had the confi-
dence to make that demand if it had not been [or the model work performed by a small
number of individuals at Langley and Convair. As scientific and engineering research and
projects became more expensive, complex, and systems-oriented, it was easy to lose sight
of the individuals that made those systems work. Richard T. Whitcomb, in developing and
helping to win acceptance for a concept that revolutionized high-performance aircraft
design, was a reminder that the individual still mattered.



Chapter 6

The X-15 Hypersonic Flight

Research Program:
Politics and Permutations at NASA

by W. D. Kay

Despite the fact that it is one of the most celebrated experimental aircraft ever flown,
most historical writings have always had a rather peculiar blind spot regarding the X-15
program.' The citation for the 1961 Collier Trophy, for example, noted that the vehicle
had made “invaluable technological contributions to the advancement of flight.” It also
commends “the great skill and courage” of its test pilots.* In his letter nominating the pro-
gram for the award earlier that same year, NASA Deputy Administrator Hugh L. Dryden
struck the same general themes, albeit in greater detail:

To the X-15 Research Airplane Team, the scientists, engineers, technicians, and pilots of
the National Aeronautics and Space Administration; the Department of Defense; and
North American Aviation, Incorporated for the conception, design, development, con-
struction, and flight operation of the X-15 yesearch airplane, which contributed valuable
research information in the supersonic and hypersonic speed regime up to the fringes of
space, and who have thereby made an outstanding contribution to American leadership
in aerospace science and technology and in the operation of manned space flight.

These two features—an outstanding piece of machinery, flown by exceptionally brave
and proficient pilots—still stand as the primary legacy of the X-15.

Certainly, all of this fame is well-deserved. Considering its technical achievements, as
well as its contribution to knowledge about the upper atmosphere, hypersonics, high-alti-
tude piloted flight, and so on, the X-15 clearly stands as one of the most successful research
programs in the history of aviation. Similarly, the men who flew the craft into the fringes of
space at six times the speed of sound proved themselves time and again to be extraordinary
individuals. These elements of the program have been recognized repeatedly, with the X-
15 and its members receiving sixteen awards in addition to the Collier Trophy.

1: Because it was designed to penetrate into the lower fringes of what is commonly agreed to be where
“space” begins (about 100 kilometers), some accounts refer to the X-15 as a “spacecraft” or “spaceplane” (or
even “America’s first spaceship”). See Milton O. Thompson, Al the Edge of Space: The X-15 Might Program
(Washington, DC: Smithsonian Institution Press, 1992); Jonathan McDowell, “The X-15 Spaceplane,” Quest: The
Magazine of Spaceflight History 3 (Spring 1994): 4-12. Since most of its flight activity occurred within the Earth’s
atmosphere, this essay usually will use the term “aircraft,”

2. Bill Robie, For the Greatest Achievement: A History of the Aero Club of America and the National Aeronautic
Association (Washington, DC: Smithsonian Institution Press, 1993), pp. 192, 233; “NAA’s Collier Award: A Rose
Garden Affair,” National Aeronautics, September 1962, pp. 12-13. See also Robert C. Seamans, Jr.,, "Objectives and
Achievement of the X-15 Program,” remarks at X-15 Awards Ceremony, July 18, 1962, in NASA Historical
Reference Collection, NASA History Office, NASA Headquarters, Washington, DC. The award was officially pre-
sented to four pilots representing the program’s major participants: Robert M. White of the Air Force, Joseph A
Walker of NASA, A. Scott Crossfield of North American Aviation, and Forrest N. Petersen of the Navy.

3. Hugh L. Dryden, NASA Deputy Administrator, to Martin M. Decker, President, National
Aeronautics Association, May 2, 1962, Deputy Administrator Files, NASA Historical Reference Collection.
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Iv @ White House cevemony, fuly 18, 1961, President Joln 7 Kennedy presented the Collier Trophy to X-15 pilot Major Robert
M. White (shown standing next to the Trophy). Also receiving the award were Commander Forvest S. Petersen, and Dr. foseph
A. Walker (not pictured). (NASA photo no. 62-X-15-19),

The problem with the prevailing view of the X-15 is not so much that it is wrong, but
rather that it is incomplete. For more than three decades, the vehicle’s technical design,
its scientific accomplishments, contributions to aerospace engineering, its flight records,
and even the personal stories of its pilots have been extolled repeatedly in books, articles,
monographs, and lectures.” Very little, however, has been written about how the program
was actually run, and virtually nothing has ever been recorded about its overall maﬁag{:-
ment.” Most historical accounts begin with the National Advisory Committee for
Aeronautics’ (NACA) decision in the early 1950s to pursue duclopmem of a high-altitude
research plane, describe the technical aspects behind the selection of the contractors, and
then skip over to the October 1958 rollout of the first vehicle.”

4. See, Myron B. Gubitz, Rocketship X-15: A Bold New Step in Aviation (New York, NY: Julian Messner,
1960); Joseph A. Walker, "I Fly the X-15," National Geographic, September 1962, pp. 428-50; John V. Becker, “The
X-15 Project,” Astronautics & Aeronautics, February 1964, pp. 52-61; Wendell H. Stillwell, X-15 Research Resulls
(Washington, DC: NASA SP-60, 1965); Irving Stone, “The Quiet Records of the X-15," Air ."on’e’/S;vare Digest, June
1968, pp. 62-66, 71; “T'he X-Series,” Aerophile, March/April 1977, pp. 72-93; Curtis Peebles, “X-15: First Wings
into Space,” Spmrﬂ.igm June 1977, pp. 228-32; Thompson, Al the Edge of Space, McDowell, “X-15 Spaceplane.”

5. The major exceptions here are U.S. Air Force, Air Force Systems Command, The Rocket Research
Program, 1946-1962 (Edwards AFB, CA: AFSC Historical Publications Series, 1962), pp. 62-110; and Robert S.
Houston, Richard P. Hallion, and Ronald G. Boston, "Transiting from Air to Space: The North American X-15,"
in Richard P. Hallion, ed., The Hypersonic Revolution: Eight Case Studies in the History of Hypersonic Technology, 2 Vols.
(Wright—Patterson AFB, OH: Special Staff Office, Aeronautical Systems Division, 1987), 1:1-183, neither of
which has ever been published (both are available at the NASA Historical Reference Collection). There is also
a brief discussion of some aspects of the program’s management in Richard P. Hallion, On the Frontier: Flight
Research at Dryden, 1946-1981 (Washington, DC: NASA SP-4303, 1984), pp- 106-29.

6. Not surprisingly, this is especially true of U.S. government publications, See "Brief History of the
X=15 Project,” NASA news release, April 13, 1962, NASA Historical Reference Collection; Stillwell, X-15 Research
Results; “X-15 to Enter Smithsonian,” NASA news release, April 27, 1969, NASA Historical Reference Collection.
Many discussions, however, will briefly mention the problems with the vehicle's main engine.
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Not only is this view largely incomplete, but it also tends to give the impression that
the X-15 experience was completely smooth and trouble free. Even the program’s most
serious technical problems are seldom described in any detail, and some difficulties, such
as the fact that the project ran significantly over its budget, have never really been dis-
cussed at all.”

To take one example, which will be explored further below, the development of the
vehicle’s main XLR-99 rocket engine fell considerably behind schedule, at one point pos-
ing a significant threat to the entire program. Ultimately, after much wrangling with the
engine contractor, Air Force and NACA officials opted to conduct initial flight tests with
two smaller XLR-11 engines. Most X-15 histories, however, dispose of this affair in a cou-
ple of sentences, almost suggesting that it was nothing more than a brief annoyance.
Indeed, in remarks made at the Collier Trophy Award ceremony in July 1962, Robert C.
Seamans, Jr., portrays it as a routine decision, virtually planned in advance, rather than
forced by necessity: “In January, 1958, the project management decided to continue the
development of the 57,000-pound thrust engine, but to use a small engine as the power
plant for initial X-15 flights.™ '

This account of the X-15 is unfortunate for a number of reasons. To begin with, the
historical literature—laudatory as it has been—actually understates the magnitude of the
program’s accomplishments. Technical malfunctions, delays, and cost overruns are a nor-
mal part of any “cutting edge” research and development (R&D) program, and those in
charge of the vehicle’s development and operation deserve even more credit than they
have received for working around such difficulties. Their efforts are especially impressive
in view of the fact that the X-15 represented the NACA's (and later NASA's) first efforts at
managing a large-scale project.”

Secondly, because most discussions of the X-15 have been so idealized, current
United States space policy, and particularly NASA itself, have sometimes suffered by
comparison. For years, observers have contrasted the cost, reliability, and performance
of the X-15 with the ongoing problems of the space shuttle fleet.”" Since the history of
the shuttle’s development has been explored rather thoroughly, the extent to which
such comparisons are warranted can ()l'lly be determined by examining the full history
of the earlier program in greater detail."

Finally, a full understanding of the X-15’ administrative and managerial history can
provide some important insights into the prob]ems of the present United States space pro-
gram. Given that practically all that the vehicle is known for today is its superb design, it
is hardly surprising that pilots and engineers who speak of the “lessons learned” from the
X-15 experience confine themselves exclusively to technical questions.”

7. Once again, Houston, et al., “Transiting from Air to Space” is an exception, although this matter is
also touched upon in Dennis R, Jenkins, The History of Developing the National Space Transportation System: The
Beginning through STS-50 (Melbourne Beach, FL: Bradfield Publishing, 1992), pp. 5-9

8. Seamans, "Objectives and Achieverment of the X-15 Program,” pp. 2-3. See also, “Brief History of
the X-15 Project,” p. 3.

9, Roger E. Bilstein, Orders of Magnitude: A History of the NACA and NASA, 1915-1990) (Washington, DC:
NASA SP-4406, 1989}, p. 51

10.  See, for example, an April 16, 1973, memorandum to the Deputy Associate Administrator
(Programs), Office of Aeronautics and Space Technology on “Comparing the X-15 and Space Shuttle Programs,”
See also Gregg Easterbrook, "NASA’s Space Station Zero,” Newsweek, April 11, 1994, pp. 30-33.

11.  John M. Logsdon, “The Space Shuttle Program: A Policy Failure?” Seience 232 (May 30, 1986):
1099-1105; Thomas H. Johnson, “The Natural History of the Space Shuttle,” Technology in Society 10 (1988):
417-24; W. D. Kay, "Democracy and Super Technologies: The Politics of the Space Shuttle and Space Station
Freedom,” Seience, Technology, and Human Values, April 1994, pp. 131-51.

12, William H. Dana, “The X-15: Lessons Learned,” Presentation to the Society of Experimental Test
Pilots Symposium, September 1987, notes in NASA Historical Reference Collection. See also “Lessons from
N-15s to Assist X-30," Antelope Valley Press, June 9, 1989, p. 8.
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The X-15 rocket airplane, designed to fly at speeds near 4,000 miles per hour and to altitudes above 50 miles, shown in Rogers
Dry Lake at the NASA Might Research Center, Edwards, California, where the research vehicle underwent an extensive flight
test program. (NASA photo no. 60-X-31).

As this chapter will show, the program still has a great deal to teach about the
administration, and especially the politics, of large-scale and complex R&D programs.
After a brief overview of the facts about the X-15 that are already generally known, it will
examine some of the less celebrated aspects of the project, and show what administra-
tive and especially political factors played a role in its great success.

Overview

The original mission of the X-15 was to explore the phenomena associated with
hypersonic flight. Three of the rocketplanes were built by the North American Aviation
Corporation. Each was constructed out of a newly-developed nickel alloy known as
Inconel X, and measured fifteen meters long, with a wingspan of nearly seven meters.
Missions took place within the specially constructed High Test Range, an aerodynamic
corridor that stretched 780 kilometers (by 80 kilometers) from Utah across the Nevada
and California deserts to Edwards Air Force Base, complete with radar tracking stations
and emergency landing sites. During a typical mission, the X-15 vehicle was carried to
an altitude of 14 kilometers by a modified B-52 (of which two were built) and released.
The single pilot would ignite the XLR-99 engine, which would burn for approximately
ninety seconds, accelerating to an average speed of Mach 5. After flying a parabolic tra-
jectory into the upper atmosphere, the pilot would bring the craft in for a glide landing
on the Rogers dry lake bed at Edwards.
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The X-15 rocket aivplane, showing its major components. (NASA photo no. 62-X152-22),

Serious planning for the X-15 began in the early 1950s, when the NACA began to con-
sider the problems that were likely to be encountered in piloted space flight." By early
1954, the agency had identified four technical areas of concern: the materials and struc-
tures needed to resist the high temperatures of reentry, a better understanding of the
aerodynamics operating at hypersonic speeds, systems to maintain vehicle stability and
control, and the ability of pilots to work effectively in the space environment.

The NACA’s Langley Aeronautical Laboratory, Ames Aeronautical Laboratory, and
the High-Speed Flight Station began studying the feasibility of developing a research air-
plane capable of exploring these critical issues. By the middle of the year, NACA engineers
had settled upon the basic design configurations for a craft capable of speeds up to 6,600
feet per second (Mach 6) and an altitude in excess of 250,000 feet.

The agency quickly realized that developing such a plane would be too large and
expensive an undertaking for the NACA alone. Accordingly, in July 1954 officials met
with representatives of the Air Force and the Navy, both of which were considering devel-
oping similar vehicles and saw the NACA proposal as a reasonable compromise.

Thus, in December 1954, representatives from the NACA, the Air Force, and the Navy
signed a Memorandum of Understanding (MOU) for the development and testing of a
winged hypersonic vehicle. The MOU called for the NACA to have technical control over
the project, and for the Air Force and Navy to fund the design and construction phascs.
under Air Force supervision. After contractor testing was completed, the vehicle would be
turned over to the NACA, which would conduct the actual flight tests.” The Air Force

13, The basic history of the X-15 can be found in the sources listed in notes 4, 5, and 6. For a discussion of
the “prehistory” of the program (ie., the period before 1954), see U.S. National Aeronautics and Space
Administration, Langley Research Center, Coneeplion and Backgvound of the X-15 Project, June 1962 in NASA Historical
Reference Collection; ULS. Air Force, The Rocket Research Program, [ 946-1962; and Hallion, On the Frontier, pp. 106-108.

14, By the time the first X-15 was ready for {light, the agency had become the National Aeronautics and
Space Administration (NASA).
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Awr Launch of X-15 #1 from Boeing B-32 Stratofortress, (NASA photo).

would also oversee (and pay for) construction of the High Test Range. The Navy was in
charge of the simulation and training portions of the program.” An interagency I)od& the
Research Airplane Committee (known by participants as the “X-15 Committee”), consist-
ing of one rcp:{:somauvc from each of the sponsoring organizations, was formally in
charge of supervising the project, although it appears to have played a largely ‘;vmb{)hc
role.” On January 17, 1955, the plane was ()f[lcmlly designated the X-15.

The Air Force sent out invitation-to-bid letters to twelve prospective contractors on
December 30, 1954, and a bidder’s conference was held at Wright-Patterson Air Force
Base on January 18, 1955. Proposals were received from four companies on May 9. By
August, the Air Force’s Wright Air Development Center and the NACA had concluded
that North American Aviation’s proposal had the greatest merit. Negotiations with North
American were stalled, however, by the company’s concern over the proposed timeframe
(it was at that time also building the F-107A and F-108 aircraft). Project managers agreed
to extend the program from thirty to thirty-eight months, and in November (following
price negotiations), the Air Mater u—:l Command Director of Procurement and Production
issued the formal contract letter to North American for the development and construc-
tion of three X-15 aircraft."”

15.  Memorandum of Understanding, “Principles for the Conduct by the NACA, Navy, and Air Force of a
Joint Project for a New High-Speed Research Airplane,” December 23, 1954, NASA Historical Reference Collection.

16.  See, Hallion, On the Frontier, p. 109.

17. A thorough discussion of all contract negotiations associated with the X-15 can be found in
Houston, et. al., “Transiting from Air to Space,” especially Ch. 1.
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Separate invitations-to-bid were issued to four pote ntial engine contractors on
February 4, 1955, and the final contract for the X-15 engine, the XLR-99, was issued to
Reaction Motors on September 7, 1956. By mid-1958, when it became clear that the XLR-
99 would not be ready in time for the first round of test flights, Air Force project managers
directed that two smaller XLR-11 e ngines (also built by Reaction Motors) be used for the
initial tests.

Construction on the first X-15 began in September 1957. It was delivered (without the
XLR99 engine) to the Flight Test Center at Edwards on October 17, 1958." Scott
Crossfield, an engineering test pilot for North American (who had earlier been a Navy
pilot and NACA research engineer) flew the contractor demonstration flights, including
the first captive flight on March 10, 1959, the first glide flight on June 8, and the first pow-
ered flight (with the XLR-11 engines) on September 17. The first government mission,
with NASA pilot Joseph A. Walker, took place on March 25, 1960. Crossfield made the first
flight with the XLR-99 engine on November 15, 1960.

By the end of 1961, the X-15 had achieved its design goal of Mach 6 and had achieved
altitudes in excess of 200 000 feet. On August 22, 1963, Walker achieved an altitude record
for piloted aircraft, taking the X-15 to 354,000 feet (more than 67 miles). On October 3,
1967, Captain William J. “Pete” Knight set a world speed record of 4,520 miles per hour
(Mach 6.7), which would stand until the first mission of the space shuttle Columbia in 1981."

In March 1962, the X-15 Committee approved an “X-15 Follow-on Program,” a
series of flights in which the vehicle was converted into a testbed for use in a variety of
scientific observations and technological development projects. These flights pro-
duced a wealth of scientific information in such areas as space science, solar spectrum
measurements, micrometeorite research, ultraviolet stellar photography, atmospheric
density measurements, high-altitude mapping. The final flight of the X-15 program,
the 199th, took place on October 24, 1968.* '

Most of those involved with the project had expected that work with the X-15 would
lead directly to an even more ambitious craft, the X-20, or Dyna-Soar (short for “Dynamic
Soaring” vehicle), which would actually fly to and from Earth orbit. That project, howev-
er, was canceled in the 1960s.”' It would not be until the Space Shuttle program that NASA
would turn to the use of winged vehicles for piloted space flight.

Even an abbreviated listing of the X-15’s accomplishments is truly impressive.” As
noted above, the program achieved, and in some cases surpassed, all of its initial objec-
tives. Its top speed of Mach 6.7 exceeded the original goal of Mach 6.0. Similarly, its record
altitude flight was far above the intended 250,000 feet.

In the area of technology development, the X-15 saw the first use of a “man-rated,” “throt-
tleable” rocket engine, the XLR-99 (once again, the performance of this engine would only
be surpassed by those of the shuttle). It was the first vehicle to employ a reaction control sys-

18.  The second vehicle arrived in California April 1959. X-15 number 3 was almost completely
destroyed in June 1960 during a ground test of the troubled XLR-99. After being rebuilt, it was delivered to
NASA in June 1961,

19.  Stone, “The Quiet Records of the X-15"; Jenkins, The History of Developing the National Space
Transportation System, pp.7-8. For a complete listing of X-15 flights, see “X-15 to Enter Smithsonian,” NASA News
Release, April 27, 1969, pp. 14-21. For a list that includes aborted missions, sec McDowell, “The X-15
Spaceplane,” pp. 8-12,

20.  Several efforts were made to complete mission number 200 before the program ended. The final
attempt, on December 20, 1968, was canceled due to snow at Edwards.

21, See Jenkins, The History of Developing the National Space Transportation System; Clarence ]. Geiger,
“Strangled Infant: The Boeing X=20A Dyna-Soar,” in Hallion, Hypersonic Revolution, 1:185-370).

22, For a thorough listing, see John V. Becker, "Principal Technology Contributions of X-15 Program,”
NASA Langley Research Center, October 8, 1968 (in NASA History Office); and the somewhat dated Stillwell,
X-15 Research Results.
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tem for attitude control in space, a device that would be used by all the spacecraft that fol-
lowed. The program saw the development of advanced bioastronautics instrumentation
(including, for the first time, the ability to galhu‘ “real time” biomedical data) and an
improved full-pressure suit. Finally, the X-15 provided an essential testing ground for
advances in areas such as thermal protection, guidance, and navigation. All of these new tech-
nologies were to be used later in development of the Gemini, Apollo, and shuttle programs.®

With regard to human factors, the project demonstrated that a pilot could function
at hypersonic velocities, high altitudes, and during periods of weightlessness. In particu-
lar, it showed that it was possible for a pilot to fly a reentry path, that is, to cross the region
between relatively airless space and the thicker lower atmosphere. ‘The Navy’s portion of
the program—pilot training—marked the first extensive use of motion simulators, such as
its human centrifuge at the Naval Air Development Center in Johnsville, Pennsylvania.

Given the magnitude of its objectives, as well as the vehicle’s sheer complexity, the
total development time of five years from project approval to first powered flight (and two
years from construction start) is quite impressive. The estimated costs of the program
appear similarly modest, particularly when compared to the space-related projects that fol-
lowed. The program’s total cost, including development and eight years of operations are
usually estimated at $300 million in 1969 dollars. Each flight is estimated to have
cost $600,000.%

By the time it became fully operational, the X-15 could be turned around in less than
thirty days. Using all three craft, NASA was able to fly an average of four missions per
month. More important, the program had an exceptionally low casualty rate. In
November 1962, the landing gear on craft number two collapsed, flipping the vehicle over
on its back and injuring pilot Jack McKay (who recovered and was to fly the X-15 again).
On November 15, 1967, pilot Mike Adams was killed in a crash that destroyed craft num-
ber 3. These tragedies notwithstanding, for nearly 200 missions in a high-performance air-
craft operating at the fastest speeds ever attained in a region of the upper atmosphere
about which little was known, the X-15°s record for safety and reliability was really quite
extraordinary. Indeed, the most common reason for mission delays and aborts was weath-
er (which had to be clear along the entire High Test corridor).*

Finally, the program captured the popular imagination at a time when many Americans,
and much of the world, believed that the United States had fallen behind in the space race
with the Soviet Union. Public interest (and media coverage) of the initial flights was quite
high, although it dissipated quickly after the beginning of Project Mercury. Nevertheless, the
success of the X-15 provided the first tangible evidence to the country after Sputnik and
Vanguard that American science and technology were on a par with that of the Soviet Union.

Administrative Achievements; Technical Problems

Even under ideal conditions, a successful R&D program of the scope of the X-15 rep-
resents an extraordinary managerial challenge. In addition to the sheer complexity of the
technology, project officials had to overcome a number of unique administrative difficulties:

As already noted, this was NASA’s first foray into full-scale project management. As a
program, the X-15 involved far more than the development and flying of the aircraft itself.

23.  “Brief History of the X-15 Project.”

24, See "Comparing the X-15 and Space Shuttle Programs.” It is important to keep in mind, however,
that although these figures appear nominal by the standards of the current space program, they were far in
excess of the program’s original estimates. The issue of X-15 cost overruns will be discussed further below.

25.  Hallion, On the Frontier, p. 117,
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Managers also oversaw the preparation of the two B-52 bombers, the construction of an
800 kilometer-long test range, and the design of the advanced full-pressure suit and the
other new biomedical equipment. A completely new pilot training regime was developed
and implemented. Indeed, in many respects the range of activities associated with the pro-
gram (including dealing with intense media coverage) seem to foreshadow the practices
and procedures the agency (as NASA) would employ in the Mercury, Gemini, Apollo, and
shuttle programs.

The X-15 is also notable for being a successful joint fprogram, bringing together the
efforts of the NACA, NASA, the Air Force, and the Navy. The fact that this collaboration
worked as well as it did is remarkable for a number of reasons. To begin with, the later half
of the 1950s generally was characterized by a high degree of interservice and interagency
rivalry, particularly on matters related to space flight.” Indeed, it is difficult to reconcile
the military’s solicitousness in building and testing a multimillion dollar experimental air-
craft (and a test range on which to fly it) only to hand it over to (what by then had
become) NASA, while it was at the same time flgh[mg with President Eisenhower over the
transfer of most of its space facilities to the same agency.”” Certainly, the whole arrange-
ment seems unimaginable today.

Joint program experiences of NASA and the Department of Defense (DOD) gener-
ally have proved disappointing. In fact, the project to which the X-15 is most often com-
pared—the Space Shuttle—is one of the more recent cases where NASA and DOD col-
laboration was less than successful. Critics of the program have charged that modifying
the shuttle orbiter to carry out military missions was one factor in that craft’s largely
unsatisfactory performance.”

Conventional wisdom holds that a joint project ought to have each participant’s roles
clearly articulated. One of the more striking features of the X-15 MOU, however, is that the
division of responsibility for the craft’s design—e.g., that the NACA had “technical control”
under the Air Force’s “supervision”—does not seem to be all that well spelled out. Such
ambiguity is almost always a potential source of trouble for any joint project, particularly in
view of the fact that the Air Force was providing the bulk of the program’s funding.

As was noted earlier, the interagency X-15 committee was formally in charge of the
project, but it does not appear that this body had much involvement in day-to-day
decision-making, or in settling disputes among the participants. One observer has
described its role as that of oﬁe:mg high-level sanction to lower-level decisions.” There
were exceptions: on one occasion, when the Air Force had started to protest over build-
ing the High Test Range only to hand it over to the NACA (like the X-15 craft itself), the
committee’s endorsement of the original agreement served to end the dispute.” For most
other areas of potential conflict, however, there is no evidence that the X-15 committee
ever played any substantive role.

26.  See John M. Logsdon, The Decision to go to the Moon: Project Apollo and the National Interest (Cambridge,
MA MIT Press, 1970).

27, Robert L. Rosholt, An Administrative History of NASA, 19581963 (Washington, DC: NASA SP-4101,
1966); Bilstein, Orders of Magnitude. Historical discussions of the X-15 program can sometimes become confus-
ing due to the fact that one of the principal participants changes its identity. Thus, it was the National Advisory
Committee for Aeronautics that signed the MOLU, but the National Aeronautics and Space Administration that
accepted the final delivery and conducted the test flights and later experimental missions. It will be the practice
throughout this chapter to refer to the two organizations contemporaneously, that is, to use "NACA” when refer-
ring to events prior to 1958, and "NASA” thereafter.

28.  Logsdon, “The Space Shuttle”; Kay, “Democracy and Super Technologies.”

29.  Hallion, On the Frontier, p. 109,

30.  Houston, et. al. “Transiting from Air to Space,” pp. 117-18.
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A

Dn: foseph A. Walker stands beside the 1961 Collier Trophy, awarded to him and the other X-15 pilots by President John I
Kennedy. (NASA photo no. 62-X-20).
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Commander Forrest 8. Petersen, USN, standing beside the 1961 Collier Trophy presented by President fohn I Kennedy. (NASA
photo no. 62-X-15-21),
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The situation was further complicated by the fact that responsibility for the develop-
ment and manufacture of the X-15's systems was spread across an exceedingly large num-
ber of contractors and sub-contractors. These included not only North American Aviation
and Reaction Motors, but also General Electric (which was responsible for the Auxiliary
Power Units), David Clark Co. (developer of the pressurization suit), the International
Nickel Company (creator of the Inconel X nickel alloy for the fuselage), Bell Aircraft
(supplier of the ballistic control rockets), Sperry Gyroscope (developer of the in-flight
electronic indicator systems), and many, many others. In all, more than 300 private firms
participated in the project.”

Fortunately—and surprisingly—the internal conflicts that did occur were minor, and
appear to have had no impact on the program overall. Early in the design process, for
example, the NACA's request for a modi