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Foreword 
Since the days of ancient warfare, commanders have relied on science 

and technology for success in war. Their use in military affairs increased 
dramatically after the Scientific and Industrial Revolutions, particularly 
in the nineteenth century. For example, chemists and metallurgists 
contributed greatly to World War I, while World War I1 is sometimes 
referred to as the physicists' war. During the fifty-year conflict known as 
the Cold War, scientists from diverse disciplines collaborated to multiply 
the effectiveness of military force and meet national security needs. 

Of all the federal organizations devoted to science and technology, 
none has been more important or influential than the U.S. Air Force's 
Scientific Advisory Board. In the midst of World War I1 the Com- 
manding General of the Army Air Forces, Henry H. "Hap" Arnold 
grasped the absolutely essential relationship between post-war science and 
national security. To realize his objective of inextricably linking science 
to air power, he called upon his friend, the brilliant Hungarian physicist 
Theodore von Khrmhn, to assess and predict the future of military aero- 
nautics. In Where We Stand and in Science, the Key to Air Supremacy, 
Khrmhn and his hand-picked staff devised a multi-disciplinary approach 
to preserving the technical advantage gained by U.S. air power during the 
war. Both of these seminal reports are herein reprinted. 

Although the Cold War has ended and the imperatives of national 
security have changed radically, the basic technological conditions which 
informed both Arnold and K6rmin remain the same. Now as then, the 
capacity exists for sudden and devastating attack on the American 
continent. Now as then, a large commitment must be made to research 
which renders the skies safe from aggressors and enables the national 
command structure to project air power at great distances. Now as then, 
the boldness and imagination of the nation's scientists and engineers must 
be harnessed to defend American security. The history of the Scientific 
Advisory Board's first half century offers the encouragement and example 
that such needs can be met and that the future of democracy can be 
secured in large measure by the mobilization of American science and 
technology in service to the global air and space power of the United 
States Air Force. 

DR. RICHARD P. HALLION 
Air Force Historian 
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Introduction 
The Marriage of Science to Air Power 

Dr. Michael H. Gorn 

The scene repeated itself countless times. An elderly man, slowed by 
arthritis, painfully descended the mobile stairway connecting the airliner 
to the ground. When he finally reached the tarmac, a small knot of people 
pushed forward and surrounded him, offering warm greetings, hugs, and 
handshakes. As the old visitor turned to face the well-wishers, they heard 
the heavily accented baritone and saw the familiar graces: a flash of 
smile, the grey eyes, a black beret, and an ill-concealed hearing aid. 
Whether in Montevideo or Moscow, they gathered to see their old profes- 
sor, colleague, and friend. Indeed, the Hungarian Dr. Theodore von Kh- 
man, perhaps the world’s leading theorist of flight and certainly its 
leading personality, always attracted attention. Priests, actresses, baseball 
players, and, of course, scientists, found themselves captivated by his 
Rabelaisian wit and gallant charms. 

Strangely, many military figures also entered his circle, attracted first 
by his professional eminence; later, by his charismatic manner; and fi- 
nally, by his success as a science administrator. None of his friends in 
uniform understood and valued the physicist quite like Commanding 
General of the Army Air Forces Henry H. Arnold. At the end of the Sec- 
ond World War Arnold faced a dilemma: how to introduce the most ad- 
vanced scientific ideas into peacetime long-range planning. During the 
war many of the finest researchers from industry and academia rallied to 
the nation’s defense, working for the government directly or undertaking 
research in university laboratories. Their discoveries had proven invalu- 
able to U.S. air power, adding to the speed, range, payload, and accuracy 
of strategic bombing, and multiplying the destructiveness of armament. 
Advances in propulsion, materials, fuels, radar, and explosives trans- 
formed the air war. 

After Allied victory appeared certain, however, Arnold realized these 
men and women would soon return to civilian life. At the same time, the 
postwar peace in no way guaranteed that the new weapons of sudden and 
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mass destruction would not be aimed by hostile powers at U.S. targets. 
Only technological superiority in the skies could prevent surprise attack. 
To do so, some method had to be found to tap at least part of the enor- 
mous reservoir of civilian talent, persuading them to continue to serve the 
Army Air Forces. The answer suggested itself piecemeal. Before the war 
ended and the scientists returned to civilian pursuits, Arnold decided to 
assemble some of the leading figures and initiate a comprehensive review 
of future technologies useful to the Army Air Forces. 

* * *  

The process of predicting scientific and technical developments for the 
Air Force began on a cloudless, breezy day early in September 1944, 
when two men sat alone in an automobile parked at the end of a runway 
at La Guardia Field, New York. The older man, in his mid 60s, appeared 
small in stature and pale from recent surgery. The younger, by just a few 
years, was stocky and broad shouldered, but tired-looking. They con- 
ferred for some time, discussing the course of the war, the role of air 
power in it, and the future of the Army Air Forces in the postwar world. 
As aircraft roared overhead and cool winds rocked the car, they chatted 
about a preoccupation of the younger man: harnessing science to assure 
technological superiority in the skies in the decades to come. Before this 
talk between K h B n  and Arnold ended, an informal understanding had 
been reached which would exert a profound influence on American mili- 
tary aviation. The friendship and trust they had developed over a decade 
stood them in good stead: the general asked the scientist to assemble a 
group of his most eminent colleagues in the Pentagon, study such things 
as jet propulsion, atomic energy, and electronics, and “make me a report.” 

K h B n  raised some objections. A gentle, warm-hearted man, he had 
no desire to give, or take, orders in a military hierarchy. He did not really 
want to work in the Pentagon. But Arnold assured him he would be his 
only boss, and that he would give all the necessary commands. Moreover, 
the general set no time limit for completing the report. KSlrmBn would un- 
dertake the study at his own pace, using his own methods. Arnold asked 
him to consider not merely the next generation of air power, or the one 
after that; but project years into the future. He and his associates were 
free to travel anywhere they chose-including Germany, Russia, and Ja- 
pan-to learn from their colleagues abroad. More than this, Arnold 
wanted the scientists assembled at the Pentagon to “forget the past; re- 
gard the equipment now available only as the basis for [the] boldest pre- 
dictions.” He told them to imagine air war decades in the future, 
concentrating on supersonic aircraft, crewless airplanes, advances in 
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bomb lethality, defenses against future aircraft, air-to-air and air-to- 
ground communications, television, weather, medical research, atomic 
energy, and all other likely and appropriate avenues of research. Forced 
for four years to think in incremental terms, General Arnold now sought 
the best people in the scientific community to spur air power technology 
far beyond present limitations. 

The chance to share Arnold’s dream of aviation progress, more than 
the promises of his own institutional autonomy, inspired Kkmhn. It also 
persuaded him to accept the offer to act as the link between civilian sci- 
ence and the Air Force. He later admitted that as Arnold made these pro- 
posals on the La Guardia air strip, he became fascinated by the 
possibilities. Although the end of the war remained well in the future, the 
general argued that U.S. air power would fail to maintain its dominant 
position in the postwar world by relying only on in-house experts; the 
genius of civilian science, he said, must be enlisted to assure superiority 
in the years to come. 

Whom had Arnold asked to be the matchmaker between science and 
military aviation? Theodore von K h h n  was born in Budapest, Hungary 
on May 1 1, 1881, in a middle class Jewish family, the son of Maurice von 
K h h n ,  a distinguished professor of education at the University of Bu- 
dapest. Past generations of K h h n s  were less illustrious; his paternal 
grandfather worked as a tailor for Hungarian noblemen. Maurice von 
K h a n  received his title of nobility for sweeping reforms instituted in 
the secondary education system of his country, and for overseeing the 
curriculum of the Archduke Albrecht. Although Todor showed a genius 
for mathematics at a very early age, his father insisted he receive a liberal 
education before narrowing his sights on the sciences. After several years 
of home tutoring and matriculation at an elite gymnasium, he studied at 
the Budapest Royal Polytechnic Institute, and in 1902 took a degree with 
honors in mechanical engineering. The young K h h n  then pursued the 
study of aerodynamics under one of the discipline’s founding giants, Pro- 
fessor Ludwig Prandtl of Gottingen University, Germany, and received 
the doctor of philosophy degree there in 1908. His research at Gottingen 
on aerodynamic drag had profound implications for aircraft, ship, and 
bridge design, With a reputation second only to his mentor’s, he accepted 
a chair as Director of the Aachen Aerodynamics Institute and taught there 
until World War I. Between 1914 and 1918, he served as the chief aircraft 
designer for the Austrian Air Service. From the end of the war until 1929, 
he returned to Aachen and pursued research in fluid mechanics. By the 
end of the decade he rivalled Prandtl’s international stature. 

K h h n ’ s  fame spread to America, where formal aeronautical research 
had not yet reached the degree of sophistication it had in Europe. To rem- 
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edy the situation, the Guggenheim Fund for the Promotion of Aeronautics 
provided a large grant to establish the Guggenheim Aeronautical Labora- 
tory at the California Institute of Technology (GALCIT). Cal Tech’s 
President Robert A. Millikan, anxious to persuade K h a n  to become 
GALCIT’s first director, invited him to lecture at Pasadena. The 1926 trip 
confirmed Millikan in this thought. Millikan and Harry Guggenheim 
were deeply impressed by Khrrnan’s intellectual capacity, practical in- 
sight, and organizational finesse. His charm and warmth also won con- 
verts. After three years of negotiation, in October 1929, he accepted the 
Cal Tech offer. He left Europe for two reasons: Nazi influence had begun 
to intensify on the Aachen campus; and Millikan had offered a very hand- 
some salary and wide autonomy. 

During the 1930s, K h a n  exerted a powerful influence over aeronau- 
tical research and development in the United States. Due largely to his ef- 
forts, Cal Tech came to rival the best of the world’s centers of 
aeronautical research. Indeed, Southern California became the hub of the 
nation’s aircraft industry, in part the result of the faculty, students, and 
laboratory assembled by KArman in Pasadena. As war loomed over 
Europe, Arnold invited the scientist to sit on a special committee of the 
National Academy of Sciences reviewing technical projects of interest to 
the Army Air Corps. At the general’s suggestion, K h a n  and his staff 
undertook a research project to develop small liquid and solid propellant 
rocket engines to boost aircraft performance. The motors proved so suc- 
cessful that in 1942 K h B n  and his group formed the Aerojet Engineer- 
ing Corporation (forerunner of the Aerojet General Corporation) to 
fabricate them. Two years later, Cal Tech received a contract from the 
Army Ordnance Department to develop tactical ballistic missiles. In re- 
sponse, the Jet Propulsion Laboratory, formed from the sinews of GAL- 
CIT, was organized to research the fundamental problems of rocketry. 

Undoubtedly, K h B n ’ s  crowning service to the nation began in fall 
1944, just after he agreed to act as General Arnold’s scientific adviser. 
Appointed on October 23, 1944, he proceeded immediately to Eglin 
Field, Florida, where he and a few colleagues spent a month laying the 
groundwork for the long-range study requested by Arnold. On his return 
to Washington, Kkman drafted a list of candidates and, luckily for the 
project, many had not yet returned to civilian work. He finally enlisted 
three dozen eminent persons, including Dr. Hugh L. Dryden, a leading 
aerodynamicist with the National Bureau Standards; Drs. Lee A. 
DuBridge, Frank C. Wattendorf, and Hsue-shen Tsien from Cal Tech; 
George E. Valley, Ivan Getting, E. M. Purcell, and Vladymir K. Zwo- 
rykin from the Massachusetts Institute of Technology (MIT) Radiation 
Laboratories; and Norman Ramsey of Harvard IJniversity, a pioneer in 
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nuclear physics. Despite resistance from some Air Forces officials, Ar- 
nold also permitted K h a n  to select able men from industry, including 
George Schairer of Boeing Aircraft Company. 

Thanks to Arnold’s sense of urgency, official recognition and structur- 
ing of K h B n ’ s  office came quickly. On November 10, 1944, Lt. Gen. 
Barney M. Giles, Deputy Commander of the Army Air Forces, an- 
nounced a new Long Range Development Program. As “expert consult- 
ant to . . . Arnold,” the Hungarian would receive “full cooperation and 
expeditious action” in carrying out the general’s mandate. The new office 
received the designation “Army Air Forces Consulting Board for Future 
Research” and won official status on the Air Staff. Its members would re- 
port directly to Arnold on the latest developments and would prepare on 
demand special reports pertaining to “scientific thought, technical re- 
search, and air power.” Subjects of pressing interest included propeller- 
and jet-powered aircraft, guided missiles, fuels, and explosives. Finally, 
effective the first day of December 1944, the Board for Future Research 
was renamed the Army Air Forces Scientific Advisory Group (SAG), “an 
office attached to the Commanding General.” Hugh Dryden served as 
K h a n ’ s  scientific deputy, and Colonel Frederic E. Glantzberg his mili- 
tary deputy. 

Once the SAG office had been organized and established on the Air 
Staff, one task became paramount: researching and writing for Arnold the 
report on long-range science. The general set forth clear guidelines for 
the study, based on his understanding of the experiences of World Wars I 
and 11. He argued that during both conflicts, aggressor nations had sought 
to maintain American neutrality, only to find U.S. power arrayed deci- 
sively against them. The lesson for the next war, Arnold wrote, “is too 
plain for the next aggressor to miss: the United States will be thefirst tar- 
get.” Consequently, American air power would have no grace time to mo- 
bilize, and must, from the very first engagement, be the leading force in 
the skies. He concluded that research should be the bulwark of an Air 
Force capable of defending the country. The imagination and genius of 
the whole nation-in. industry, academia, and the armed forces--”must 
have free play, incentive, and every encouragement.” Arnold demanded 
comprehensive and continuing programs of research both inside and out- 
side the Army Air Forces in order to achieve rapid advances in aerody- 
namics, physics, chemistry, electronics, rocket-related sciences, jet 
propulsion, and radar. 

Finally, the general ask K h a n  to rely on the current war only as a 
“baseline” for understanding existing aeronautical science, and in all 
other respects to “divorce yoursel[fl from the present war.” He also 
wanted the scientists to pose organizational questions. To what extent 
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should government underwrite peacetime scientific research in universi- 
ties and industry? Should scientists be asked by the government to donate 
a small portion of their time to do research in the interests of national se- 
curity? How should the Army Air Forces go about acquiring modern test- 
ing and support equipment? How much of the air power budget should be 
invested in R&D? 

Theodore von K h a n  now knew how formidable a task lay ahead. He 
and Arnold agreed that a team of scientists should travel immediately to 
the European war zone and interview their counterparts both in the allied 
and enemy nations. Early in December 1944 Dr. Frank Wattendorf, a for- 
mer K h a n  student and one of his closest aides, drafted a comprehen- 
sive itinerary of eleven countries. Perhaps most promising were the 
British national laboratories at Teddington and Farnborough for review of 
jet propulsion, missiles, radar, television guidance systems, fuels, materi- 
als, and explosives. Plans were also made to visit the French National 
Aeronautical Laboratories and the Belgian launch sites of robot bombs. 
The tour of Holland would center on the Phillips Corporation, engaged in 
advanced radar research. Aachen, Metz, Strasbourg, Germany; Zurich, 
Switzerland; and Swedish, Finnish, Polish, and Italian aeronautical cen- 
ters all offered the fruits of German science. K h a n  and Wattendorf 
considered it “very important” to see Russian developments at Moscow’s 
Central Aero-Hydrodynamic Institute, hoping for reciprocation by Soviet 
visitors to U.S. research installations. 

The work of the Scientific Advisory Group in Europe proved to be 
more successful than anyone could have guessed. Once the arrangements 
were in hand, “Major General” K h a n  and his associates stepped aboard 
a C-54 transport bound for London. They arrived on April 28, 1945, un- 
der the unusual code name Operation Lusty, which the Hungarian called 
“unlikely but pleasant.” After a few days of rest in the British capital, his 
contingent journeyed to Paris. Since the war continued to rage in its last 
stages in Germany, their plans had to be adapted to battlefield circum- 
stances. While awaiting orders in France, K h a n  received an urgent 
message describing the existence of a clandestine, top secret scientific 
institute, uncovered by U.S. soldiers in a forest near Braunschweig, 
northern Germany. The group arrived at Headquarters United States Stra- 
tegic Air Forces in Europe on May 4 and traveled immediately to the 
hitherto unknown site. They found the laboratories reduced to shambles 
by the surging American forces. But even the ruins deeply impressed 
K h i i n .  His former assistant, Adolph Bauemker, had camouflaged the 
facility’s many buildings as farmhouses and concealed them behind thick 
groves of trees. Here, advanced work had progressed on ballistics, aero- 
dynamics, and jet propulsion. 
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K h a n  set about collecting documentary and microfilm data scat- 
tered about the premises, and interviewed German scientists “who had 
not the time or the inclination to flee.” Between the various sources he 
was able to discover most of the projects undertaken at the clandestine lo- 
cation. He came to an ominous conclusion. Had the Germans further de- 
veloped their discoveries and better organized their scientific research, 
they might have prolonged or even won the war. Even though Bauemker 
and his staff enjoyed all the necessary funding and were allowed to pur- 
sue whatever inquiries they chose, they lacked influence over the military 
establishment, which regarded them merely as unrealistic intellectuals 
who failed to grasp military realities. 

Excitedly, K h a n  cabled General Arnold and described the enormous 
cache of materials quite literally unearthed at Braunschweig. About 
3,000,000 documents weighing 1,500 tons had been amassed, micro- 
filmed in Europe, and returned to the United States to form the backbone 
of the War Department Documentation Center. Information on swept- 
wing aircraft, ejection seats, and high speed human physiology led the list 
of crucial research subjects gleaned from the Braunschweig laboratories. 

Once he had finished there, K h h n  visited the devastated city of 
Aachen, the seat of the aeronautical institute he had once directed, and 
Gottingen University, where his mentor, Dr. Ludwig Prandtl, still pre- 
sided over long-range research. While Khrman interviewed Prandtl about 
his wartime experiments in nuclear power, Wattendorf and Dryden trav- 
eled south to Munich, where they met over 400 engineers and technicians 
who had been evacuated from the Peenemunde rocket facility. Chief 
among them were Dr. Wemher von Braun and Gen. Walter Dornberger. 
From these two men Dryden and Wattendorf learned much about the 
technical aspects of the V-1 buzz bomb and the V-2 long-range rocket. 
Once the interviews at Gottingen and Aachen had been completed, on 
May 27 K h h n  boarded an aircraft bound for Paris, then flew to London 
where Royal Air Force officials briefed him on progress in jet propulsion 
and missiles. 

While several more weeks of exhausting travel lay ahead for the buoy- 
ant K h h n ,  his younger colleagues had begun to conclude their work. 
Tsien, Wattendorf, and Dryden prepared to return to America around 
mid-June, but not before arrangements had been made to ship to the 
United States a great prize: a complete, uncrated Swiss-made wind tun- 
nel, destined originally for Germany. Despite the great pressure on the 
military air transport system, Hugh Dryden insisted upon “immediate ac- 
tion” to transship this invaluable machine from its hangar at Orly Field to 
Wright Field, and late in the month a B-17 was made available for the 
purpose. The Swiss wind tunnel, the interviews with the European scien- 
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tists, the boxes of documents and laboratory equipment, and the technical 
intelligence reports assembled by the SAG group, all added luster to the 
miss ion’ s reputation. 

The next portion of the Hungarian’s odyssey took him to the U.S.S.R. 
Invited to attend the 220th anniversary of the founding of the Soviet 
Academy of Sciences, General Arnold urged him to “look around and let 
us know what you see.” The departure occurred in mid June 1945 thanks 
to the efforts of Ambassador Averell Harriman, who secured the neces- 
sary clearances. Kiirmiin arrived in Moscow aboard a lend-lease DC-3 
dispatched by the Soviets to pick him up. On landing, he found the Rus- 
sian capital alive with victory, and to his delight, received an invitation to 
share the reviewing stand at Red Square with Premier Josef Stalin. There 
he saw a massive military parade, followed later by a sumptuous Kremlin 
banquet hosted by the Soviet Marshal himself. In spite of the elation of 
the moment, the trip revealed more about the manner in which the Rus- 
sians organized science than about Russian science itself. Unlike wartime 
conditions in Germany, Soviet researchers received both ample salaries 
and the highest military honors for their service in the war. Indeed, Kk- 
mLn remarked with approval that several of the leading Soviet professors 
wore generals uniforms and enjoyed direct access to the armed forces 
elite. The Hungarian also admired the extent of the Soviet laboratory sys- 
tem. “The supreme scientific organization,’’ it ranged from the Ural 
Mountains to the eastern Ukraine. He toured laboratories in Moscow and 
Leningrad which specialized in chemistry, propulsion, semiconductors, 
and nuclear research. However, he saw no equipment or installations re- 
lated directly to military technology and found incredible his hosts dis- 
claimers that they had no control over these facilities. “This struck me as 
surprising,” he would later recall, “since they were all in generals uni- 
forms.” More telling, he found it difficult to meet scholars or students in- 
formally to discuss their work since most contacts had been arranged in 
advance. 

Tired by a whirlwind of parties and meetings, he happily journeyed 
back to Paris early in July. As General Arnold had arrived in nearby St. 
Germaine (en route with President Truman to the Potsdam Conference 
for meetings with Stalin and Churchill), KArman visited him and de- 
scribed the bonanza of knowledge yielded by his travels. Arnold ex- 
pressed genuine delight, praised the scientist for persuading many of his 
German counterparts to emigrate to the U.S., and recognized the immense 
value of the documents and equipment retrieved for the Army Air Forces. 
The general asked him to prepare a formal interim report summarizing 
his European experiences. 
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Accordingly, KhmBn returned to the Pentagon and, with the aid of his 
staff, feverishly wrote down his impressions. Six weeks later--on August 
22, 1945-he submitted the product of his labors to Arnold in a seminal 
volume entitled Where We Stand, a summary of the existing state of aero- 
nautical knowledge. In listing eight “fundamental realities” characterizing 
postwar aerial combat, he reached several astonishing conclusions: 

Aircraft, manned or pilotless, will move with speeds far beyond the 
velocity of sound. 

Due to improvements in aerodynamics, propulsion, and electronic 
control, unmanned devices will transport means of destruction to targets 
at distances up to several thousands of miles. 

Small amounts of explosive materials will cause destruction over 
several square miles. 

Defense against present-day aircraft will be perfected by target- 
seeking missiles. 

Only aircraft or missiles moving at extreme speeds will be able to 

A perfect communication system between fighter command and 

Location and observation of targets, take-off, navigation and land- 
ing of aircraft, and communication will be independent of visibility and 
weather. 

Fully equipped airborne task forces will be able to strike at far dis- 

penetrate enemy territory protected by such defenses. 

each individual aircraft will be established. 

tant points and will be supplied by air. 

But Where We Stand provided only a mid-term assessment of the fu- 
ture; much hard work remained on Arnold’s comprehensive report. Kir- 
man realized his investigations of some subjects were not yet complete. 
In particular, he sought more technical data on the German V-2 rocket in 
order to give General Arnold the fullest possible picture of future aerial 
warfare. Questions about supersonic flight also awaited further study. To 
satisfy these and other particulars, he decided to organize a second trip to 
Europe. 

Before embarking, the framework for Arnold’s long-range study had 
to be erected. In an August 1945 SAG meeting, Khrmin exhorted his 
staff and assembled consultants to research and write the study with all 
possible speed. Pressures to complete it had begun to amount. The Japa- 
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nese surrendered in August and the War Department announced plans to 
amalgamate under civilian control all long-range defense research. Hop- 
ing to publish his study in time to thwart the movement towards scientific 
centralization, he persuaded his colleagues to abandon the idea of produc- 
ing a lengthy, textbook-style report organized by academic discipline 
(e.g., physics, chemistry, engineering, etc.). Instead, each agreed to write 
a brief monograph relating his scientific specialty to subjects of specific 
interest to air power-missiles, propulsion, radar, and so on. They set a 
year-end deadline for themselves. While K h a n  prepared for his second 
European sojourn, the SAG members and consultants, led by Deputy Di- 
rector Dryden, gathered their thoughts and began the hard task of com- 
mitting their conclusions to paper. 

As the Hungarian’s September 1945 departure neared, he selected his 
traveling companions: Wattendorf, Tsien, Colonel Glantzberg, Colonel 
McHugh, and Lt. Col. Frank W. Williams of Wright Field. The civilians 
would again enjoy the privileges of temporary military rank. Their pass- 
ports would take them once again to Europe, including the United King- 
dom, France, Holland, Switzerland, Sweden, and Italy. In mid-October 
they would fly to the Pacific Theater, stopping in Australia, India, and 
China. In a verbal directive of August 25, General Arnold also asked the 
group to visit Japan, for which von K h a n  scheduled two weeks at the 
end of the trip. This final leg of the journey did involve some risks; the 
chaotic situation in Japan might “entail delicate involvements,” but Gen- 
eral Arnold nonetheless felt the opportunity to “observe, correlate, and 
draw deductions” from Japanese science had to be seized. These aims 
would be furthered by K h a n ’ s  friendship with several Japanese scien- 
tists, dating back to his prewar lectures at the Imperial University of Ja- 
pan. Placing General Arnold’s own C-54 transport at the group’s disposal 
for the duration of the trip, Lt. Gen. Ira C. Eaker asked officials of the Far 
East Air Forces to organize first-hand inspections of research centers for 
the Khrmiin party in order for them to exercise “imagination and scien- 
tific acuity in recognizing important scientific trends.” 

The European portion of the journey enjoyed mixed success. Late in 
September K h a n  held useful discussions with Professor Jacob Ackeret 
of Zurich on new techniques in laminar flow control. Back in Germany, 
he attended to a number of problems. He negotiated with British repre- 
sentatives to avoid an unseemly competition for German scientists. He 
discussed with Colonels Glantzberg and McHugh the format of the long- 
range study summary volume, which he himself would write for General 
Arnold. But privately, K h a n  agonized over the report. In what direction 
should it go? Should he suggest a total restructuring of air forces re- 
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search, or emphasize just one or two aspects of R&D? Nothing seemed to 
jell in his mind. 

Misfortune suggested his course of action. In mid-October General Ar- 
nold suffered a serious heart attack and from his sickbed in Washington, 
D.C., called Kiirman, urging him to hasten the drafting of his report. 
When the scientist offered to have it finished on New Years 1946, Arnold 
said he would “greatly appreciate” an earlier completion. The general 
wanted to devote his full prestige to Kiirmin’s study, but knew his time 
was limited due to ill-health. A December 15 deadline was agreed upon. 
Facing a short schedule and exhausted after months of traveling, inter- 
viewing, and writing, K h a n  now rearranged his schedule. He cabled 
Arnold on October 29 saying he was “much worried” about concluding 
his work on time, especially in light of the upcoming trip to Japan. He de- 
cided to send his group to the Orient immediately, while he remained in 
Paris “about twenty days . . . using the time for writing up my ideas con- 
ceived in recent months. I feel this is the best way to accomplish the job,” 
he told the general, and “am very anxious not to disappoint you.” Work- 
ing undisturbed, he hoped for mental concentration and physical rest. 

During the whole of November 1945, K h h  concentrated exclu- 
sively on this crucial project. Comfortably lodged at the Prince of Wales 
Hotel in Paris with excellent secretarial assistance and the Sorbonne’s 
fine scientific library close at hand, he wrote the first draft of the sum- 
mary volume, expecting to polish it between his return to Washington on 
November 28 and the mid-December deadline. Meanwhile, Hugh Dryden 
acted as his Pentagon surrogate. As K h B n  finished portions of the text, 
he cabled them to Dryden for review. Indeed, Dryden bore the heaviest 
load, not only editing K h % n ’ s  copy, but sending his chief a number of 
collateral studies, writing sections on guided missiles, and shepherding 
production of all the technical volumes. Despite the crush, K h a n  in- 
sisted the present undertaking be equal in stature to Where We Stand, 
which had been “very well received.” By the third week in November his 
report was well in hand and the others were taking form. The Hungarian 
then added a discussion on the air forces and the atomic bomb. Finally, he 
scrutinized each draft volume himself, but relied heavily on the judge- 
ment of Dryden, DuBridge, and Wattendorf. At the end of November 
K h a n  arrived in Washington, in time to help integrate the findings on 
the returning Tokyo group. 

Just days before the deadline a draft lay on the table. What should it be 
called? An officer suggested “Toward New Horizons.” Some on the SAG 
criticized the title, arguing it implied the present scientific horizons 
lacked vision. But the weary K h a n ,  in no mood for debate, insisted that 
they had, in fact, looked “at the basic scientific potential which could 
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change the future. The name remained.” His introductory essay, entitled 
Science, the Key to Air Supremacy, arrived on General Arnold’s desk as 
promised, on December 15. The remaining twelve volumes (which in- 
cluded Where We Stand) were distributed on a limited basis to the Air 
Staff and to Wright Field. A truly comprehensive work, its twenty-five 
authors produced thirty-two separate monographs grouped by subject 
matter in these volumes: Technical Intelligence; Aerodynamics and Air- 
craft Design; Future Airborne Armies; Aircraft Power Plants; Aircraft 
Fuels and Propellants; Guided Missiles and Pilotless Aircraft; Guidance 
and Homing of Missiles and Pilotless Aircraft; Explosives and Terminal 
Ballistics; Radar; Communications; Weather; and Aviation Medicine and 
Psychology. 

When he presented Science, the Key to Air Supremacy to General Ar- 
nold, the Hungarian attached a memorandum in which he summarized the 
essential findings of the entire study. He emphasized in particular a ques- 
tion posed by Arnold in his November 7, 1944, letter empowering the 
study: “What proportion of available money should be allocated to re- 
search and development?” To answer it, he consulted American industry 
for a model. U.S. corporations invested roughly five percent of annual 
profits in research. Hence, he proposed peacetime air forces budgets 
equal to five percent of the recent annual wartime budgets. If outlays after 
1945 declined 80 percent, K h h n ’ s  formula actually yielded R&D sup- 
port of one-quarter to one-third of total expenditures. 

A share of such size exceeded the wildest expectations of all but a few. 
How could von Kirmhn justify it? He argued that in an age of atomic 
weaponry, the security of the nation demanded a powerful Air Force for 
offensive and defensive purposes. He proposed a large proportion of the 
increased R&D funding be invested in a ten-year program of scientific 
exploration leading to supersonic flight, pilotless aircraft, all-weather fly- 
ing, perfected navigation and communication, remote controlled fighter 
and bomber forces, and air transport capable of moving whole armies. All 
research, he warned, must be directed toward these goals, not diverted to- 
ward abstract inquiry for its own sake, The establishment of interdiscipli- 
nary development centers, rather than laboratories, would help scientists 
focus on the practical solutions. 

To complement the sharp upswing in R&D expenditures, Army Air 
Forces personnel, training, and organizational practices had to undergo 
significant change. K h h n  suggested the service develop a global strat- 
egy for applying such new technologies as pilotless aircraft, and institute 
a three-tiered typology of weaponry: human directed, electronically as- 
sisted, and purely automatic. Finally, the scientist asked Arnold to always 
keep an open mind toward potential scientific breakthroughs. “Problems 
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never have final or universal solutions,” he wrote, “and only a constant 
inquisitive attitude toward science and a ceaseless and swift adaptation to 
new developments can maintain the security of this nation . . . .” 

He based these conclusions partly on the experiences of the two world 
wars, and partly on the global review he had just completed of science 
and aerial warfare. The twentieth century transformed war from a drama 
of human endurance to a technological contest for control of the air. 
Aided as never before by scientists in the last war, military leaders 
needed to realize that the future hinged on cultivating the closest coopera- 
tion with the nation’s laboratories and researchers. His first-hand obser- 
vations of Communism in World War I and Nazism before World War 11 
taught that acts of international aggression could never again be dis- 
missed. Atomic explosives only heightened the danger of and under- 
scored the crucial role of air power in modern warfare. Surprise attacks 
using such weapons were not unthinkable, and science offered no sure 
umbrella against this eventuality; the impact of even a single nuclear war- 
head threatened immense destruction. K k m h  found the answer in a 
powerful offense to deter aggression. Only offensive aerial systems pro- 
vided the capacity to reach remote targets quickly and strike them with 
maximum impact; attain air superiority over any region of the world; and 
land large contingents of men and equipment wherever required. In addi- 
tion, Kkman urged that America establish total air superiority over its 
own territory by erecting a network of highly sophisticated warning and 
homing devices to detect incoming enemy forces. To achieve these objec- 
tives, “only an Air Force which fully exploits all the knowledge . . .sci- 
ence has available now and . . . in the future, will have a chance of 
accomplishing these tasks.” 

The science of aircraft design and construction progressed immeasur- 
ably during the war, and pointed toward continued improvements in the 
decades ahead. Since 1939 a string of breakthroughs in aerodynamics 
brought the velocity of aircraft nearer and nearer the speed of sound. Fly- 
ing wing shapes and laminar flow devices on wings greatly reduced drag, 
leaving engineers on the threshold of aircraft designs capable of piercing 
the sonic barrier. New propulsion systems, particularly jets, had the po- 
tential for very high speed because of their light weight and their ten- 
dency to become more efficient with greater velocity. Improvements in 
reciprocating engine design also resulted in spectacular increases in the 
economy, range, and cargo capacity of transport aircraft. K h B n  be- 
lieved nuclear power offered the potential for continuous flight over im- 
mense distances, eliminating the problems typically encountered with the 
more combustible fuels. 
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Great progress had also taken place in navigation and instrument fly- 
ing. Radio transmissions, as well as pulse and echo radars, had begun to 
penetrate weather, clouds, and darkness, the main inhibitors of aviation. 
In the years ahead, developments in communications and electronics 
would result in highly accurate blind bombing and landing, location of re- 
mote and invisible objects, pinpoint ground control of tactical aircraft, 
and the conquest of night and inclement weather. Likewise, Kirrnhn pre- 
dicted great strides in gyroscopic and servo-motor devices, whose main 
impact would be on automatic piloting and remote control mechanisms 
for pilotless aircraft and guided missiles. Electromagnetic radiation tech- 
niques+specially infrared, radio, and radar-would make “possible and 
effective” automatic bomb target seeking and fire control. By combining 
automatic and remote control systems with homing apparatuses, drone 
aircraft would be developed with “tremendous speed, extraordinary 
range, and ability to hit targets accurately.” As such, they would augment 
manned forces in appropriate missions. 

A major portion of Science, the Key to Air Supremacy addressed itself 
to organizational changes to ensure the preeminence of science in the fu- 
ture Army Air Forces. K h a n  insisted upon an institutional alignment in 
which science permeated the entire military structure. “Scientific results,” 
he observed, “cannot be used efficiently by soldiers who have no under- 
standing of them, and scientists cannot produce results useful for warfare 
without an understanding of the operations.’’ How did he suggest bringing 
about this revolution? First, person to person contacts between scientists 
and the uniformed leadership needed to be strengthened. The Hungarian 
wished to encourage this atmosphere by exchanges of personnel among 
military officers and civilian laboratories, employment of scientific con- 
sultants, and the establishment at major universities of laboratories dedi- 
cated to research facilities in fields related to air power. Second, industry 
and the air forces required greater unity of effort. This Kkman would un- 
dertake by separating the management of R&D from weapons procure- 
ment, opening large applied research centers at which industries would 
work on a contract basis on large projects, and underwriting pilot pro- 
grams at aerospace plants with an option to expand to full production 
should the products prove useful. 

Karmhn’s organizational reforms also included a reorientation of the 
R&D structure to combine complementary technologies in unified re- 
search centers. He proposed separate facilities for supersonic and pilot- 
less aircraft, operational aircraft, nuclear aircraft, a conventional 
armament center at Eglin Field, and a new site at which aerodynamics, 
propulsion, control, and electronics would be studied on an integrated ba- 
sis. K h a n  also addressed himself to the complicated question of infus- 
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ing scientific ideas and methods into command and staff work. He of- 
fered Arnold a number of alternatives, including the permanent estab- 
lishment of the Scientific Advisory Group on the Air Staff; the creation 
of liaison offices on the Air Staff to coordinate air power science with 
other government agencies; the inclusion of scientific personnel in intelli- 
gence services; and the peacetime employment of scientists for opera- 
tional analyses and target studies.. Moreover, officers commanding 
laboratories required long tenure without jeopardy to promotion, and rank 
commensurate with the importance of their research, not the size of their 
organizations. To obtain for government service the finest scientists 
available, K h B n  urged their salaries and conditions of work be ex- 
empted from civil service regulations. 

Finally, there remained the vital question of providing scientific and 
technical education for Army Air Forces personnel. K h B n  recom- 
mended special training at technical institutes for young officers and 
broad scientific schooling at the master’s degree level for those recruited 
through the ROTC. He even proposed that twenty percent of officers with 
baccalaureates in the sciences undertake doctorates in their chosen disci- 
plines. 

Science, the Key to Air Supremacy-indeed, the whole of Toward New 
Horizons-received an enthusiastic reception. This resulted, in part, from 
months of discussion among K h a n  and Arnold’s staff prior to the pub- 
lication of the report. Indeed, as early as November 1944, K h B n  and his 
colleagues had drafted an outline similar to that adopted in Toward New 
Horizons. By spring 1945, K h B n  told Arnold that to flourish, air power 
science must have its own facilities, staff, and funding; hence his plea to 
the general to continue the research laboratories established during the 
war. Staffed by civilian scientists, these labs represented the germ of the 
research center concept found in Science, the Key to Air Supremacy. In- 
deed, almost as soon as the German experimental facilities had been ex- 
amined, SAG members reported that the foreign labs were “more 
ambitious and forward looking than our own,’’ and asked Army Air 
Forces leaders to consider construction of a development complex featur- 
ing a cluster of large wind tunnels for aeronautical research. Thus, the cir- 
culation of many of the ideas in Science, the Key to Air Supremacy during 
the months of its gestation prepared the ground for its eventual accep- 
tance. 

No one praised the report more vigorously than General Arnold. He 
called it “the first of its kind ever produced” and a boon to research and 
development planning in the years ahead. Lt. Gen. Nathan F. Twining, 
Commander of the Air Materiel Command, endorsed its recommenda- 
tions and said the implementation of the first volume alone would pro- 
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vide a sound foundation for the future of the Army Air Forces. Years 
later, Gen. Jimmy Doolittle-Chairman of the SAG’S successor, the Sci- 
entific Advisory Board (SAB)-described Toward New Horizons as “the 
most important thing” the group ever accomplished. In later years, even 
the modest K h B n  admitted the report did make a significant contribu- 
tion to U.S. air power. 

Science, the Key to Air Supremacy and the other volumes of Toward 
New Horizons represented the first exhaustive review of science as it re- 
lated to the military services. Both made plain the preeminence of air 
power in protecting the nation and asserted that its success rested in large 
part on technological progress. Both influenced profoundly the approach 
and content of all future military aviation forecasts. Most important, 
Theodore von K h B n  won the point that long-range science research 
must not become the captive of civilian or military control. It must, he ar- 
gued, be “dispersed among all the people and their institutions.” 
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Where We Stand 

Supersonic Flight 

Supersonic flight appeared before 1940 as a remote possibility. Super- 
sonic motion was considered as characteristic of artillery shells; level 
flight supported by wings was thought to be confined to the subsonic 
speed range. Some people talked of the stone wall against which we were 
running by trying to fly faster than sound. 

One of the main results of bolder and more accurate thinking, and 
more experimentation in the last few years, is the fact that this stone wall 
disappeared, at least in our planning, and will disappear in actual practice 
if efforts are continued. 

I believe the first engineering analysis presented in this country was 
contained in a report by myself and my collaborators early in 1944. It was 
shown in this report that an airplane of 10,000 lb gross weight, and 80 
lb/sq ft wing loading, can climb to 40,000 ft altitude, reach a speed of 
1000 mph, and fly at this speed for five minutes. As the propulsion de- 
vice, a ramjet was considered. 

The two main requisites of supersonic flight are the development of air 
frames which are aerodynamically efficient in the supersonic range and 
the development of lightweight efficient propulsion units. 

The German contribution to the problem of supersonic flight is mainly 
on the aerodynamic side. No particular advance has been made by them 
in power plants such as the ramjet and turbojet for extremely high speeds. 
The Germans tested these power plants only at subsonic speeds Their 
main contributions to aerodynamics were as follows: 

1. By wind-tunnel testing and by firing of winged missiles, it was 
shown that the passing of sonic velocity does not entail any stability diffi- 
culties if the transition is made in a relatively short time by rapid accel- 
eration. 
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2. By wind-tunnel testing, it was found that efficient wing forms 
with high lift over drag ratio and effective control surfaces could be de- 
signed for supersonic flight. 

These German achievements are not the result of any superiority in 
their technical and scientific personnel, however, but rather due to the 
very substantial support enjoyed by their research institutions in obtain- 
ing expensive research equipment, such as large supersonic wind tunnels, 
many years before such equipment was planned in this country. 

Supersonic Wind Tunnels 

There is no doubt that we were slow in recognizing the necessity of su- 
personic wind-tunnel research. I myself tried to persuade the Chief of 
Ordnance, after my return from a trip to Europe in 1937, to install a su- 
personic tunnel at Pasadena. General Barnes decided in 1942 to build 
such a tunnel at Aberdeen Proving Ground. The design was based on 
model studies carried out between 1940 and 1942 at the California Insti- 
tute of Technology. Wright Field and NACA are building supersonic 
wind tunnels but until recently only one small tunnel with a cross section 
of 7.5 x 7.5 in was available. As the missile program made the need for 
supersonic aerodynamic data urgent, the Budget Bureau of the Govem- 
ment ordered hearings with the idea rather of restricting than encouraging 
the construction of such vital instruments of research under the slogan of 
“avoid duplications.” 

The picture of the situation on the other side is given by Figs. 1 and 2, 
which cover German supersonic wind tunnels in operation and under con- 
struction. 

It seems to me that the Air Forces have to recognize the fact that the 
science of supersonic aerodynamics is no longer a part of exterior ballis- 
tics but represents the basic knowledge necessary for design of manned 
and unmanned supersonic aircraft. The Air Forces have to provide facili- 
ties and include this field in their research, development, and training pro- 
grams. 

Arrowhead Wing 

The main difficulty of flying at speeds near and beyond the velocity of 
sound is, of course, the extremely low lift-drag ratio of the airplane due to 
excessive drag. The range of an airplane, for example, is directly propor- 
tional to this ratio. Wing theory and wing design for subsonic airplanes 
were worked out with rather surprising success in this country and we 



Figure I-Germun Supersonic W i d  Tunnels (operution 1945) 



Figure 2-German Supersonic Wind Tunnels (Construction 1945) 
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were ahead of the Germans in this field. However, in the field of tran- 
sonic and supersonic wing design, the Germans developed to the point of 
practical application ideas which were only in the discussion stage here. 

The optimum lift-drag ratio of the wing of a very well designed sub- 
sonic airplane, the Mustang, is shown in Fig. 3. It is seen from the same 
figure that the lift-drag ratio for a rectangular supersonic wing at a Mach 
number of 2 is less than that of an old-fashioned biplane cell. This is the 
point where new ideas must step in. 

One such idea is that of the arrowhead wing (Pfeilflugel), first sug- 
gested in a scientific paper by A. Busemann in 1935. This was a dormant 
idea until revived with success by German scientists and designers in the 
period 1942- 1945. 

The arrowhead wing is based on the thought that sweeping back the 
wings reduces considerably the effective Mach number of the wing and 
so lowers the resistance. As a matter of fact, if the sweepback is suffi- 
ciently large, the shock wave can be eliminated even at supersonic speeds 
over the greater part of the wing. I include here two photographs (Fig. 4) 
which belong to a series of experiments carried out at my suggestion in 
the Aberdeen supersonic wind tunnel in April, 1945, before I went 
abroad. These experiments were made at a Mach number of 1.72. It is 
seen that the straight wing produces a strong shock wave at the leading 
edge which fails to appear in the case of the swept-back wing. Robert 
Jones of the NACA announced similar suggestions in a report in June, 
1945. The German scientists carried out comprehensive investigations on 
the problem. The two longer illustrations in Fig. 3 show the improve- 
ments of lift-drag ratio which can be realized by proper wing shapes. The 
Germans found that the reduction of the effective Mach number by 
sweepback applies also to the transonic range. They found that the critical 
Mach number at which the compressibility effects increase the drag and 
cause stability troubles, can be pushed to higher values by large sweep- 
back of the wings. This result was utilized in several of their last air- 
planes, for example, the Messerschmitt-Lippisch design of their rocket 
interceptor, the e- 163. 

Suggestions for Research 

I believe that for the realization of supersonic flight the following engi- 
neering researches are indicated: 

1. Complete airplane models with actual operating power plant 
should be tested for performance and detailed improvements in super- 
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sonic wind tunnels at supersonic speeds. For this purpose supersonic 
wind tunnels of large test sections are necessary so that not only the com- 
ponents, such as wing and fuselage, but a whole airplane as well can be 
studied for optimum design. 

2. Since wind-tunnel testing in the speed range in the immediate 
neighborhood of the sonic velocity is unreliable, research in this speed 
range: should be supplemented by special flying research airplanes in or- 
der to obtain performance data as well as flow mechanics data at high 
speeds. For the success of these tests, a complete, careful instrumentation 
and flight-testing technique has to be developed so that accurate and de- 
tailed flow information can be obtained. 

3. Methods of launching the airplane by various auxiliary power 
plants such as rockets, should be investigated. One promising means of 
launching is to combine the take-off and climb into one single step by 
rockets as shown in Fig. 5. The transition through the velocity of sound 
will be then very fast and the rockets can be dropped when spent. No long 
runways will be necessary and the main power plant, turbojet, or ramjet, 
can be designed most efficiently for supersonic operation only. 

4. Landing is facilitated by the fact that the fuel consumed is a large 
percentage of the initial weight. However, to enable landing at a safe low 
speed, deceleration and lift increase by appropriately directed rocket 
thrust during the last few seconds of descent may be necessary, as shown 
in Fig,. 5. This method of landing has to be studied. 

Only through such a program of research can the problem of super- 
sonic flight be satisfactorily solved. Of course, from the point of view of 
tactical usage of supersonic aircraft, the result of this research program is 
only the first step. There still remains the question of working out the best 
ways of using an aircraft of supersonic speed for the different situations. 
However, the very new horizon opened up by a velocity higher than 
sound justifies the intensive research indicated. We cannot hope to secure 
air superiority in any future conflict without entering the supersonic 
speed range. 





Pi lot less Aircraft 

German Development of 
Guided Missiles and Pilotless Aircraft 

The German effort on guided missiles and pilotless aircraft was aimed 
at thee tactical problems: ( 1 )  the bombing of Allied ships, both naval and 
merchant vessels; (2) long-range strategic bombing of England; and (3) 
defense against Allied bombers. Some thought and effort had also been 
given to the problem of the long-range strategic bombing of America by 
unmanned missiles. 

Development of high-angle and glide bombs to answer the first prob- 
lem was started about the end of 1939 or the beginning of 1940 and re- 
sulted in the PC-1400-FX and Hs-293 missiles, first used in August and 
October, 1943. Both missiles were direct-sight radio-controlled and be- 
came unusable as soon as air superiority was lost. 

The well-known V-1 and V-2 were used to meet the second problem, 
which arose after the failure of the attempt to bomb England by conven- 
tional aircraft because of the efficient British air defense. Although the 
fundamental scientific research and development work on these missiles 
had its root in projects initiated for other purposes early as 1935, the fo- 
cusing of effort on the tactical problem of long-range bombing of Eng- 
land iippars to have started in 1941. 

The history of development of the buzz-bomb (V-1) is quite interest- 
ing. An inventor, Paul Schmidt, had a development contract from the Air 
Ministry for an intermittent jet motor in 1935. The work proceeded 
slowly. About November, 1939, Diedrich, of the Argus Motor Company, 
who had been working for the Air Ministry on exhaust pipe jet-propul- 
sion nozzles, began work on intermittent combustion in an open pipe. In 
1940, the Air Ministry brought Schmidt to the Argus Company and com- 
bined the developments. The first successful motor was completed in 
1941. This motor development itself was intended for use in aircraft. 
About that time the ground forces development of the large V-2 rocket, 
which was started at a very early date, was delayed. Since this weapon 
was considered extremely important for the outcome of the war, an offi- 
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cia1 of the Air Ministry proposed the use of a combination of small air- 
plane with intermittent jet motor as a substitute for the same purpose. The 
V-1 was thus conceived and became a development of the air forces. Its 
code name was originally Kirschkern (cherry pit) because it was merely 
to be spit out against England. 

Fieseler Aircraft Company was selected to build the air frame. The de- 
velopment tests were made at the Air Ministry laboratory at the Luft- 
fahrtforschungsanstalt Hermann Goring, Braunschweig, in the 2.8-m 
high-speed wind tunnel. The original model of the V-1 was not very 
good, the net thrust of the motor being zero at 380 mph. About 60% of 
the operating time of this wind tunnel was needed for nearly a year to 
bring the development to its present stage. 

The first reconnaissance photograph of the V-1 was taken by the Brit- 
ish at Peenemunde in April, 1943, and bombing made Peenemunde unin- 
habitable by August, 1943. The first operational use of the V-1 was on 12 
June 1944. 

The V-2 or long-range rocket was known as A-4 or Apparat 4. The 
first of the series, A-1, was fired in 1935 at Kummersdorf. It was a small 
rocket of aluminum construction, 100-kg thrust, intended for use on air- 
craft. 

Dr. von Braun, leader of the Peenemunde group which developed the 
V-2, was a student of Professor Hermann Oberth, a well-known inventor 
and writer in the field of rockets, who had published books on interplane- 
tary rocket travel. A group of Oberth’s students became interested in 
rockets and organized an amateur rocket group. All were well-trained sci- 
entists. In 1935, Dr. von Braun was employed by the German War De- 
partment and sent to Peenemunde. In 1941, von Braun brought Oberth 
there as head of the Patent Section. By 1941, Peenemunde was an active 
test station. The Me-163 was brought there in September, 1941 and in 
October, 1941 flew at a speed of 1,003 km hr (about 623 mph). In Octo- 
ber, 1941, the first supersonic wind-tunnel tests were made on a projectile 
at a Mach number of 4.4. After the bombing of Peenemunde in August, 
1943, the activities were decentralized. The wind-tunnel group went to 
Kochel, where it was in operation in January, 1944. The first use of the 
V-2 was on 8 September 1944. 

Development of guided missile defense against bombers began early in 
1943. The missiles were all rocket-propelled and, in their final develop- 
ment, many were to be automatically controlled with homing devices and 
equipped with proximity fuses. Many of these missiles (X-4, Hs-298, 
Schmetterling, Rheintochter, Enzian, and Wasserfall) reached their final 
testing and early production stage but with direct-sight radiocontrol only. 
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The electronic developments, homing devices, and proximity fuses 
lagged behind the vehicle and propulsion unit developments. The X-4 air- 
to-air missile was provided with an interesting direct wire control to 
avoid the possibility of jamming, present with radio control. Two of the 
wings carry at the tips spools of fine wire long enough to permit a range 
of three miles while maintaining direct wire connection between the mis- 
sile and the control aircraft. The wires can be fed out at speeds of more 
than 400 mph. None of these missiles were used against our bombers. 
The German situation became so critical indeed that development of 
complicated guided rockets was stopped in February, 1945, in favor of 
concentrating on small, unguided rockets to be used in large numbers. 

Thle German military agencies, research institutions, and industrial de- 
signers devoted a large effort to guided missiles and considered them 
very promising weapons. In August, 1944, there were some 25 projects 
for homing devices under developments. The major research laboratories 
of thle air and ground forces made many wind-tunnel and flight tests, 
some at high supersonic speeds, and made many theoretical studies of 
problems related to guided missiles and pilotless aircraft. 

Perhaps the most important result of the German effort in this field 
was to show that winged missiles are superior in performance to finned 
missiles. Thus, the next stage in the development of the V-2 rocket was to 
have been the addition of wing. The necessary wind-tunnel tests had been 
made in connection with the development of the winged ground-to air 
rocket Wasserfall and ballistic computations had shown that this change 
alone would increase the range of the V-2 rocket from about 250 to about 
400 miles. Wind-tunnel models of the winged V-2, known as A-9, are 
shown in Fig. 7. 

The German scientists believed, although some German engineers in 
industry disagreed, that the ultimate guided missile would be completely 
automatic in its operation. Although for quick development and for test 
purposes they favored the use of manual radio control, their long-range 
plans contemplated first automatic blind tracking of the missile and tar- 
get, then the connection of the two tracking devices through a computer 
to the radio control channels, and finally the use of a homing device for 
the last part of the trajectory and a proximity fuse. 

Looking over the great variety of projects one finds that the V-2 rocket 
was the most outstanding technical achievement and that the Peenemunde 
group of scientists, working for the ground forces, was the most capable 
missille research group in Germany. It is important for us to note that one 
element in their success was the fact that they had under a single leader- 
ship in one organization, experts in aerodynamics, structural design, elec- 
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tronics. servomechanisms, gyros and control devices, and propulsion; in 
fact, every group required for the development of a complete missile. The 
letters and papers in the files of industrial groups, like Messerschmitt, 
show rapid progress in the field of vehicle and propulsion, the fields in 
which the firm itself had qualified people, but delay after delay on con- 
trols and electronic devices which had to be secured elsewhere. The Luft- 
waffe research laboratories made little progress in the actual development 
of specific weapons, largely because of the absence of electronics experts 
and their lack of facilities for the construction of experimental missiles. 

In addition to the German view that the final guided missile would be 
completelyautomatic in operation, the possibilities of long-range strategic 
bombing were fully understood. There is no question but that the diver- 
sion of the efforts of the Peenemiinde scientists in 1943 to the develop- 
ment of an antiaircraft guided rocket delayed the introduction of the 
winged V-2 rocket (A-9) and its successor, the transoceanic rocket (A-9 
plus A-10. Drawings and computations had been completed for the A-10, 
a rocket weighing 85 T with a thrust of 200 T to be used as a launching 
rocket for the A-9, accelerating it to a speed of 3,600 ft/sec. The motor of 
the A-9 would accelerate it further to a speed of 8,600 ft/sec, giving it a 
range of about 3,000 miles. Some consideration was given to the design 
of one version of the A-9 carrying a pilot. The Scientific Advisory Group 
agrees that the German results of wind-tunnel tests, ballistic computation, 
and experience with the V-2 justify the conclusion that a transoceanic 
rocket can be developed. 

The principal German advantage in the field of guided missiles was the 
lead in time in the development of rockets. which were considered to 
have serious military applications as early as 1935. Much effort was put 
into this field and as a result the supporting industrial developments were 
ready as a foundation for missile designers. They could buy rocket mo- 
tors and rocket fuels from commercial sources. In this respect they lead 
us. The V-2 development was successful not so much because of striking 
scientific developments as because of an early start, military support, and 
a boldness of execution. In the electronic field, radar in particular, we are 
definitely one or two years in the lead, although we have not put as much 
effort in the experimental determination of the limits of application of 
acoustic and infrared devices. 

Pilotless Aircraft from Viewpoint of the Air Forces 

The Air Forces have rather thoroughly explored the field of guided 
high-angle and glide bombs released from aircraft. This program is un- 
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doubtedly well known to the Commanding General through the AMC 
progress reports It includes preset glide bombs controlled by an automatic 
pilot, high-angle and glide bombs remotely controlled by radio with and 
without television repeat-back equipment, and high-angle and glide 
bombs homing by light, heat, and radar. During the war period there were 
many projects and the number tended to grow continually. In this early 
stage of development there was not much possibility for real systematic 
planning. It should be possible now to reduce the number of projects to 
those meeting definite military requirements and to standardize on a 
small number of missiles. These standardized missiles should be used to 
continue research and development on homing devices. 

Our endeavors in pilotless aircraft in the proper sense include, in addi- 
tion to the successful reproductions of the V-1 type, a few promising be- 
ginnings. However, the Air Forces should realize that the task is far 
beyond the scope of inventing gadgets and trying to make them work. 
There is urgent need of a systematic analysis of the various tasks which 
manned airplanes equipped with bombs, guns, and rockets perform, and 
which now may be performed by pilotless craft. 

In other words, two developments have to meet for successful solu- 
tions of the problems: The tactical viewpoint must lead to the choice of 
the types of pilotless aircraft; on the other hand, physical science will 
proceed to offer more and more extended ranges and improved accuracy. 

However, beyond that the implications of the accomplishments of the 
German Pennemunde group and of the recent development of the atomic 
bomb by United States and British scientists, future methods of aerial 
warfare call for a reconsideration of all present plans. A part, if not all, of 
the functions of the manned strategic bomber in destroying the key indus- 
tries, the communication and transportation systems, and military instal- 
lations at ranges of from l ,OOO to 10,000 miles will be taken over by the 
pilotless aircraft of extreme velocity. The use of supersonic speeds 
greatly reduces errors due to wind drift and other atmospheric conditions 
and the tremendous zone of damage of the atomic bomb diminishes the 
required precision. Hence, the difficult control problem is made easier. 

For the future long-range strategic bomber, the Scientific Advisory 
Group foresees two types of pilotless aircraft, both with wings, one with a 
high trajectory reaching far into the outer atmosphere, and the other de- 
signed for level flight at high altitudes. The first one can be considered as 
a further development of the V-2 rocket. In fact, this was planned by the 
German scientists. By using two or more step-rockets for the accelera- 
tion, a very high speed is imparted to a missile, perhaps as high as 17,000 
mph or more, to give ranges of several thousand miles. In this case, the 
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wings are required mainly for control purposes, but they also serve to ex- 
tend the glide path in the lower atmosphere. The German scientists have 
suggested a second type of trajectory requiring less initial energy, in 
which the wings are caused to curve the path of the missile when it re- 
turns to the region of increasing air density so that it rebounds to great 
heights. After a number of rebounds the winged missile settles down to a 
steady glide. Such a trajectory would seem difficult to control accurately. 

The second future strategic bomber is a supersonic pilotless aircraft, 
flying at altitudes of from 20,000 to say, 60,000 ft. It appears to us now 
that the speed will be about twice the speed of sound and that the aircraft 
will be powered by a turbojet motor. An intermediate step might be a pi- 
lotless aircraft traveling at high subsonic speeds with a Mach number of 
about 0.9 about 600 mph at 40,OOO ft. 

For the future defense against hostile aircraft, it seems clear that super- 
sonic guided missiles will be used, propelled either by rockets or more 
probably by a ramjet. The fully automatic radar beam guiding methods of 
control of the type suggested but not experimentally tried, by the Ger- 
mans will probably be used for guiding, supplemented by simplified 
heat-homing devices and proximity fuses. 

The present facilities and organization for research and development of 
pilotless aircraft appear inadequate. It cannot be expected that such com- 
plex problems can be successfully solved by any group which is special- 
ized in only one of the several fields which are involved. 

Leadership in the development of these new weapons of the future can 
be assured only by uniting experts in aerodynamics, structural design, 
electronics, servomechanisms, gyros, control devices, propulsion, and 
warhead under one leadership, and providing them with facilities for 
laboratory and model shop production in their specialties and with facili- 
ties for field tests. Such a center must be adequately supported by the 
highest ranking military and civilian leadership and must be adequately 
financed, including the support of related work on special aspects of vari- 
ous problems at other laboratories and the support of special industrial 
developments. It seems to us that this is the lesson to be learned from the 
activities of the German Peenemunde group. 



PROPULSION METHODS IN THE MAKING 

Introduction 

The following classification embraces the most important novel meth- 
ods of propulsion emerging from the war years, utilizing atmospheric 
oxygen: 

Reciprocating 
engine + ducted fan 

Gas turbine + 
propeller 

Gas turbine + 
ducted fan 

Gas turbine +jet 
Continuous jet, 

compression by 
aerodynamic ram 

Intermittent jet 

Suggested 
Designations 

Motorjet 

Turboprop 

Turbofan 

Turbojet 
Ramjet 

Pulsojet 

German 
Designations 

ML 

FTL 

ZTL 

TL 
L 

IL 

These systems are shown schematically in Figs. 1 Oa and 1 Ob. 
The motorjet is widely known as the Campini system. As a matter of 

fact such a propulsion system was used in the first jet-propelled airplane 
which was flown in Italy a few years before the war. Probably it will be 
found heavier and less efficient than some other systems. All elements of 
the various systems were known long before the war in the patent litera- 
ture. The fact that they succeeded in becoming practical realities is due to 
several causes: 

1. Fast airplanes and missiles required propulsion systems inde- 
pendent of the use of propellers. 

2. Military use justified the design of engines with relatively poor 
fuel economy, if they are lighter and less bulky than conventional recip- 
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rocating engines and/or could offer themselves to simpler manufacturing 
methods. 

3. The science of aerothermodynamics, especially research on com- 
bustion in high-speed airflow made great progress in the war years. 

4. Metallurgy found new high-temperature-resisting materials. 

5. Bold and progressive designers created prototypes of turbines and 
compressors which conventional engineering considered impossible. 

The progress made in combustion technique, lightweight construction, 
and materials is here to stay and development will continue. In addition, 
proper scientific study and further research will make at least some of the 
new propulsion systems equally or more economical than the conven- 
tional engines are now. On the other hand it may also happen that the 
competition of the novel ideas will induce designers of reciprocating en- 
gines to produce some radical improvements in their own field. In the 
following pages, Allied and German developments in the new propulsive 
devices are compared in some detail. Before discussing the most impor- 
tant types, I include here as a matter of interest a 12-year plan for the pe- 
riod 1938-1950, which the man responsible for engine research in the 
German Air Ministry published in a secret document in July, 1943, al- 
though it does not appear to me as a very well-balanced and far-seeing 
project. 

First 4-Year Program (1938-1942). The aim of the first 4-year pro- 
gram was the development of simple turbojet engines for mass produc- 
tion, without particular regard for quality, utilizing readily available 
material, simple manufacturing methods, and generous tolerances. At the 
same time studies were to be initiated in preparation for the second pe- 
riod. Results of the first period are shown in mass production of turbojets 
such as the BMW 003, the Jumo 004, and the Heinkel-Hirth 01 1. 

Second 4-Year Program (1942-1946). This period had the objective 
of developing the following items: 

1. Improved turbojets of higher power, capable of operation at 
higher altitudes. (Example: BMW 018 for 7700-lb thrust.) 

2. Gas turbine + ducted fan units. 

3. Gas turbine + propeller combination. (Example: BMW 028 for 

4. Ramjet. 

12,000 hp at 500 mph at sea level.) 
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5. Research and design studies on a gas turbine with heat exchanger 

6. Reciprocating engine + ducted fan units. 

7. Research and development on the explosion-type gas turbine. 
One of the ideas on this subject was the use of a pulsojet, such as the V-1 
motor, as a source of gas for operating a turbine. 

Third 4-Year Program (1946-1950). Development to a working state 
of the following items was visualized for this period: 

for long distance flights. This has the German designation GTW. 

1. Gas turbine with heat exchanger (GTW system). 

2. Reciprocating engine + ducted fan units. 

3. The intermittent or explosion-type gas turbine. 

TURBOPROPELLER AND TURBOFAN 

It is general opinion that simultaneously with the development of the 
jet reaction principle for fast airplanes the gas turbine with propeller or 
fan drive will have wide applications for airplanes of moderate speed. Jet 
propulsion has intrinsically low efficiency at low and moderate speeds so 
that the propeller is superior. On the other hand, it is expected that further 
research will help the gas turbine attain at least the same efficiency as re- 
ciprocating engines now have. It will then have the additional advantages 
of lighter weight, simpler construction, and absence of the vibrations in- 
herent in reciprocating engines. 

The thermal efficiency of existing gas turbines is still considerably 
lower than that of reciprocating engines at their optimum operating con- 
ditions. However, many methods not yet completely developed are avail- 
able for improvement of the efficiency and associated reduction of fuel 
consumption of the gas turbine. Heat exchangers help to recover the en- 
ergy of hot exhaust gases; intercooling between compressor stages and 
reheating between turbine stages increase the cycle efficiency. Finally, 
the replacement of the rotating compressor and combustion chamber by a 
reciprocating system, for example, a free-piston gas generator, allows the 
use of high pressures and materially lowers the fuel consumption. It is ex- 
tremely desirable that all of these avenues of further development be 
thoroughly investigated. An interesting German suggestion, a free-piston 
gas generator with doughnut-shaped housing for the pistons, is shown in 
Fig. 11. The arrowhead wing principle applied to the design of high- 
speed propellers for reducing compressibility effects and increasing effi- 
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ciency is also shown in Fig. 1 1. Table I outlines German and Allied turbo- 
prop and turbofan, and high-speed propeller developments. 

Turbojet 

The principles and main design characteristics of turbojet engines for 
airplanes were known before the war in all countries. Endeavors in pri- 
vate industry in England and Germany started at about the same time, in 
1935. Our own industry was somewhat discouraged by official studies 
which were certainly much too conservative, especially concerning the 
weight of gas turbines and compressors. The German government was 
perhaps more alert in subsidizing this development than was the English 
government. The American development started with directives from 
General Arnold. As far as the centrifugal type of compressor is con- 
cerned, the U.S. units were based on Whittle’s design, utilizing our own 
experience with turbosuperchargers. The independent development of the 
axial-type compressor started about the same time. In the German de- 
signs, both centrifugal and axial types are used; with emphasis on the ax- 
ial. The progress of the actual prototypes in Germany is illustrated by a 
timetable taken from a German report, dated 2 November 1944, shown in 
Fig. 12. 

The comparative merits of Allied and German turbojet units are shown 
in Fig. 13. It is seen that the Germans of were ahead as far as the sizes of 
units are concerned; but they were trailing slightly both in specific weight 
of the engine and in its specific fuel consumption. 

In Table 11, I am including a list of detailed research problems which 
may be helpful for planning future research in the field of gas-turbine and 
jet engines, as well as in the field of turbojets. None of these problems 
was solved in Germany with decisive success; but most of them were 
carefully studied in German laboratories. The status of German research 
is indicated with some remarks concerning the outlook and recommenda- 
tions. 

The present application of turbojet engines is for propelling airplanes 
at the upper end of the subsonic range. Although the propulsion effi- 
ciency of the jet is relatively low at such flying speeds, its application is 
justified by lightness of weight and simplicity of construction of the jet 
engine in comparison with reciprocating engines, and because the effi- 
ciency of propeller drive decreases somewhat at flight speeds approach- 
ing sonic velocity. On the other hand, the propulsive efficiency of jet 
drive is increasing with increasing velocity; hence, we have to consider 



TABLE I 
Turbopropeller and Turbofan Development 

NOTE No dctailcd list ol allied projccts is prcsentcd sincc most or h c  activc projccts arc Classified. 

Item German Projects Remarks 

Turboprop BMW 028; Adaptation of BMW 018, 
12,000 hp at 500 rnph at sea Icvcl, wt 

7700 Ib. Dcsign stagc. 

Jumo 022; Adaptation of 012, 8000 
hp at sea lcvcl. Preliminary design 
only. 

Daimlcr - Bcnz 02 1 : Adaptation of 
Hcinkcl-Hi& 011,4000 hp at 500 
mph at 25,000 ft. Design stage only. 

US. leads Germany in having a low- 
powcrcd turboprop in cxpcrimcntal 
opcration, namcly, the TG-100. Gcr- 
many leads U.S. in development of 
high-powcrcd unit, namcly the BMW 
028. Rccomrncnd U.S. push dcvclop- 
ment of larger powered units. U.S. 
nccds greater capacity in compressor 
and turbine test facilitics, and wind 
tunnels for testing large gas turbine 
naccilcs. 

High-Spced Tcsts of swcpt-back propeller bladcs Intcnsivc invcstigation of swept-back 
Propellers at DVL, Berlin, and AVA GBttingen, propellers in high-speed wind tunnels 

show improvcd efficiency at high-flight rccommcndcd for U.S., sincc it shows 
speeds. possibility of increasing top spccd of 

p r o p  I ler-driven aircraft. 

Turbofan Design studies by Junkcrs, Hcinkcl, Rccomrncnd immcdiatc cvaluation of 
this drive for application to U.S. air- 
craft. 

BMW. 

Free-Piston Rotating free piston shows promise of 
Gas Gcncra- dccrcascd wcight and s i x  over re- 
tor ciprocating frce piston. Rccommcnd 

German development be evaluated 
whcthcr advantagcous for applications 
in U.S. 

Junkers reciprocating free piston and 
LFA rotating frce piston. 
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TABLE II 

Gas Turbine Propulsion Research Problems 

Problem German Projects Remarks, Outlook 
and Recommendations 

Hjgher Temperatures 

High Tcmp. DVL and Jndustry 
Alloys 

Ceramic LFA and AVA. 
Blades 

U.S. matcrials supcrior, but wc should 
push research on fatigue improvement. 

U.S. not behind, but rcscarch on im- 
proving brittleness needed. 

Coolcd Tur- Air-coolcd; BMW et al. Evaluation of German watcr-cooled 
bine Blades Water-cooled; Schmidt, LFA. and sodium-cooled technique recom- 

Sodium-cooled; Rietz, AVA. mended. 

Higher Takeoff Thrust 

Tail Pipe 
Burning 

Used in Jumo 004. Increased take-off thrust important for 
turbojets. 

Liquid 
Injection increase needed. 

Experiments with H,O, HNO,, N20 Results promising but more thrust 

Overspeed at Not much done. 
Take-off 

German units hmdicapped by mater- 
ials. 

Variahle- 
Area Nozzles able tail cones. justable stator vanes. 

Most German jet engines have adjust- Development should also include ad- 

Aerodynamic Improvements 

Compressor 
Blading 

Research at Giittingen, Stuttgart. Little 
research on increasing stage pressure 
rise by slots, flaps, and boundary laycr 
suction. Extensive plans for test equip- 
ment at Braunschweig, Giittingen, 
30,OOO-hp acrodynamic components 
laboratory planned at Otztai. 

Germany slightly ahead due to earlier 
start. German's 30,000-hp Otztal com- 
ponents laboratory cxcccds in scopc 
all U.S. plans. Recommend a full-scale 
AAF components test laboratory to 
supplcmcnt basic research of NACA, 
which should also be expedited. 



TABLE I I  - Continued 

Gas Turbine Propulsion Research Problems - Continued 

Problem German Projects Remurks, Outlook 
and Recommendations 

Aerodynamic Improvements (Continued) 

Naccllc Wind-tunncl tests on jct-cnginc 
Aerodynamics nacelles at Braunschweig, Stuttgart. 

Otztal100,000-hp, 2 7 4  d i m ,  M=1.0 
wind tunncl for tcsting full-scalc jct 
nacelles (80% complete). 

Cycle Improvement 

Intcrcooling Dcsign studics by industry. 
and Reheat 

Regeneration Design studies by industry; AVA 
ceramic hcat cxchangcr 

Closed Cycle No evidence of serious consideration. 

Application to Missiles 

Subsonic 
Missiles 

Design studies of expendable turbojets 
to replace Argus tubc of V-I. 

Supersonic 
Missilcs 

No indication of German thought on 
supersonic turbojct application. 

Prcscnt Gcrman and U.S. wind 
tunnels inadequate in size and speed 
for je t  nacelle tests. Germans had 
100,000-hp tunncl undcr construction, 
Recommend large high-speed tunnel 
of similar size be included in plans for 
AAF cquipmcnt. 

Gcrman cmphasis on mass production 
of turbojets postponed applied work 
on cycle improvement. U.S. work 
should be cncouraged. 

Recommend systematic research on 
eflicicnt, light wcight, hcat exchangers. 

Recommend Ackeret-Keller system at 
Eschcr Wyss, Zurich, be evaluated in 
terms of aircraft application, especially 
with use of helium. 

Recommend development of expend- 
able, simply constructcd turbojet for 
missilc application. 

Recornmend furthcr studics of supcr- 
sonic turbojct and construction of 
experimental model. Supersonic wind- 
tunncl facilitics for tcsting propulsion 
units at supersonic speeds urgently 
needed. 
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the possibility of using the turbojet as a propulsion unit for very high 
speeds, for example, speeds well beyond the velocity of sound. 

Due to the importance of this subject, I initiated a Scientific Advisory 
Group study of estimated turbojet performance at speeds extending be- 
yond the speed of sound. The results showed that even with the present- 
day limitations of operating temperatures imposed by materials, the 
turbojet should outperform the ramjet up to a speed of 1.5 times the speed 
of sound, and that with increased temperatures still better performance 
would be obtained. This is in direct contradiction to a widespread belief 
existing at the present time that a compressor is useless for supersonic 
speeds, and that the simple ramjet becomes the logical propulsion system. 
Many other engineers seem to believe that neither the turbojet nor the 
ramjet is capable of functioning above the speed of sound, and that rocket 
propulsion is the only possible drive for supersonic flight. We do not be- 
lieve that this is correct. Our analysis has definitely shown the feasibility 
of using turbojets for supersonic flying speeds. If the turbojet should be 
used for supersonic missiles, an expendable type turbojet must be de- 
signed in such a way that the manufacturing costs do not become prohibi- 
tive. The Scientific Advisory Group several times emphasized the 
importance of a study of expendable turbojet designs. German reports 
also include suggestions for the same type of development and at least 
one project was under way. 

The divergence of opinions among various experts on this subject 
shows the necessity of further fundamental investigations which best can 
be done in supersonic wind tunnels. 

It is our belief that the use of higher speeds will also affect the aerody- 
namic design of turbines and compressors. The rotational speed of tur- 
bomachines is today often restricted by our lack of knowledge of 
supersonic flow patterns. The development of supersonic turbomachinery 
may lead to further reduction of the weight and frontal area of jet propul- 
sion units, and materially improve the performance of manned and un- 
manned airplanes. 

Ramjet 

Ramjets and rodsets are the simplest and lightest propulsive devices 
for aircraft and missiles. The fuel consumption of the ramjet is rather 
high and, therefore, in the whole field of jet propulsion, it occupies a 
place between the rocket and the turbojet. Unlike the turbojet, it does not 
use any mechanical compressor, the compression being obtained only by 
ram. Therefore, it is indeed a pure aerothermodynamic engine, without 
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mechanical moving parts. Its maximum efficiency occurs naturally at 
very high flight speed. Hence, it is most suitable for propulsion of aircraft 
and missiles at transonic and supersonic speeds, especially for short flight 
durations. This is the reason why the idea of using ramjets, although it 
was suggested decades ago, lay undeveloped until today, the age of high- 
speed flight. 

For maximum ram efficiency, the design of the entrance diffusers for 
transonic and for supersonic speeds is somewhat different as shown in 
Fig. 14. 

Due to its promising future, the ramjet is being intensively developed 
by the Allies; it was earlier developed by the Germans. The situation is 
outlined in Table 111. 

A comparison of efforts shows that, although the Germans have run 
some wind-tunnel tests on their designs, we are not far behind in this in- 
itial phase of ramjet development. In fact, part of our effort is wisely di- 
rected toward the basic problem of combustion, thus insuring rapid future 
progress. 

Pu lsojet 

The engine used for the German V-1 flying bombs was the first suc- 
cessful example of a pulsojet. The difference between the pulsojet and the 
ramjet is that the former utilizes the resonance effect of the duct to obtain 
higher combustion pressures; therefore, a better fuel economy is realized 
in the pulsojet than in the ramjet, which operates without resonance effect 
and depends on ram compression only. Also, due to this difference in op- 
erating principle, the pulsojet can produce a static thrust while the ramjet 
cannot. However, it is the general belief, substantiated by theoretical 
analysis, that the advantages of a pulsojet over a ramjet gradually disap- 
pear as the speed of flight increases. For supersonic speeds, the ramjet 
may be the lighter power plant, with the possible further advantage of 
smooth thrust. However, it seems to me that it is too early to say which 
power plant is the better one, and this decision should be postponed until 
more test data on both types of engine are available. 

German development of the pulsojet was started by Paul Schmidt, the 
inventor, as early as 1935. As previously mentioned, its application to the 
flying bomb, V-1, must be considered as a temporary expedient, used 
only when the development of the V-2 rocket missile was delayed. The 
history of the pulsojet is shown schematically in Table IV. It is seen that, 
although the Germans were the first to have a working pulsojet, their 
more recent efforts have produced only limited success. The development 
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TABLE 111 

Ramjet Development 

___ ~~ 

Germany 
~~ 

Allies 

1943 Fa. Walter Co. of Kiel designed a ramjet 1943 Combustion research was started at 
National Bur. of Standards and MIT. which was tested at the LFA up to M= 

0.85. Fuel consumption 7 Ib/hr/lb of 
thNSt. 

1944 Focke-Wulf Co. designed a short ramjet 
which was tested at the LFA up to M= 
0.90. The fucl was first vaporized before 
burning. Fuel consumption lower than 
Walter ramjet. 

1944 W. Trommsdorf designed a ramjet pro- 
jectile stabilized by spin. Few initial 
lrials not successful. 

1944 E. Sanger and A. Lippisch suggested use 
of coal in ramjct as fucl. Combustion re- 
search done at Gottingen. 

Further Allied development data classified 
CONFIDENTIAL 

1944 Supcrsonic diffuscr for ramjct was 
studied both at GOttingen and LFA. 



TABLE IV 

Pulsojet Development 

Germuny United States 

1935 P. Schmidt started to develop the pulsojet 
under the auspiccs of GAF. Pcrfcctcd an 
ignition device for 50 cyckec but found 
ignition unnecessary once engine was 
running. Complicatcd fuel injcction. 

U.S. projects still classified SECRET 

1939 Argus Motor Co., Berlin, also started to 
work on thc pulsojct. They had a cum- 
bersome intake valve shaped like a 
spiral, but simple fuel injection. 

1940 The simple injection system of Argus 
was combined with the Schmidt spring 
air valve. Flight tcsts madc. 

1941 Decision made to apply the Argus 
cnginc to V- 1. 

1941 Continued research to increase the 
to thrust of V-1 enginc, both by static and 

1944 wind-tunnel tests. By removing part of 
the obstruction to the air flow, DFS 
Group has increased the thrust from 660 
to 880 Ib. A conical inlet for more air 
flow by P. Schmidt increased the static 
thrust to 1500 Ib. 
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program in the U.S., while started late, is more thorough and should yield 
reliable data for judging the comparative merits of the pulsojet and the 
ramjet in the near future. 

Rocket propulsion differs from the jet-propulsion devices hitherto 
mentioned in that the rocket does not utilize atmospheric oxygen. Its per- 
formance is, therefore, practically independent of altitude; in fact, the 
thrust produced increases somewhat when the outside pressure decreases. 
It functions best outside of the dense part of the atmosphere. As a matter 
of fact, it is the only propulsion device for the upper stratosphere and the 
stellar interspace. 

Rocket propellants are either liquids or solid mixtures with moderate 
or slow rates of burning. Gaseous propellants require bulky containers 
and are, therefore, impractical. One class of the liquid propellants is 
called monopropellants; i.e., liquids which under action of igniters or 
catalyzers decompose and generate a large volume of hot gases. The ex- 
pansion of the hot gas through the rocket nozzle accelerates the gas and 
generates the thrust. The bipropellants or the multipropellants are propel- 
lants consisting of two or more components. One component is the oxi- 
dizer which, when brought together with the other components in the 
rocket motor, sustains a vigorous combustion reaction and generates a 
large quantity of hot gas. The hot gas, in turn, produces the thrust by ex- 
pansion through the nozzle. The combustion for some propellants has to 
be started by igniters or catalyzers. But there is a class of bipropellants, 
such as the combination of nitric acid and aniline, which is spontaneously 
inflammable when the components are brought into contact in the rocket 
motor. 

One of the important findings of the study on rockets carried out by the 
Scientific Advisory Group is the fact that, barring the use of atomic en- 
ergy, the optimum performance of all possible combinations of chemicals 
used as rocket propellants is not greatly different. Two methods of com- 
parison can be used; comparison can be made on a constant weight-of- 
propellant basis or on a constant volume-of propellant basis. The 
propellant which has the highest impulse per unit weight is the liquid 
oxygen and liquid hydrogen combination. But the propellant which has 
the highest impulse per unit volume is the nitric acid and aniline combi- 
nation. The extremely low density of liquid hydrogen makes very large 
tanks necessary for its storage and, thus, practically rules out its use in the 
liquid oxygen and liquid hydrogen propellant. High impulse per unit vol- 
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ume (and, hence, small body and low drag) is very important in guided 
antiaircraft missiles which have to travel at high speeds in relatively 
dense atmosphere. The German choice of a nitric acid propellant for such 
missiles is believed to have been prompted by this advantage. 

As a matter of interest, I shall include here the definitions of a few 
novel terms in German rocket engineering. 

Monergol: Monopropellant 
Hypergol: 

Ergol: 

Initiator: 

Katagol: 

Bipropellant or multipropellant that is spontaneously inflammable 
when the components are brought together in the motor. 
The inert part of the fuel component in the “Hypergol.” For instance, 
the aromatic gasoline in the mixture with aniline for nitric acid. 
The active pan of the fuel component of the “Hypergol.” For instance, 
the aniline in the mixture with aromatic gasoline for nitric acid. 
Monopropellant which is decomposed by catalyzer charged in the 
motor. 

Liquid propellants are generally stored in tanks in the body of a mis- 
sile and have to be forced into the rocket motor by one of the following 
methods: 

1. Gas, under pressure, acting on the liquid surface in the propellant 
tanks. The gas can be obtained either from high-pressure storage tanks or 
from a gas generator, using part of the main propellant itself or a separate 
solid propellant for this purpose. 

2. Liquid pumps. The pump has to be driven by a gas turbine using 
hot gas from a small combustion “pot” fed by a part of the main propel- 
lant supply or by an auxiliary propellant. 

At present, the gas-fed systems are generally heavier than the pump- 
fed systems for durations longer than 30 sec and thrusts larger than 4,000 
lb. The gas generator system is, of course, lighter than the gas-under- 
pressure system due to the saving of the gas-bottle weight. On the other 
hand, the simplicity of the gas-fed system over the turbine-pump system 
has many advantages when really large-scale production for expendable 
weapons is considered. 

Rockets as means of propulsion have been developed in the United 
States with two main applications in mind. The first application is the ar- 
tillery rocket and the second application is the assisted take-off of heavily 
loaded airplanes from small airfields and possible short-duration boost to 
achieve high performance. As actual operational experience was accumu- 
lated, it became evident that the requirement for large airfields, for land- 
ings by battle-weary pilots, and the power boost of conventional engines 
by water injection, practically eliminated the necessity for assisted take- 
off as far as land based bombers are concerned. However, some recent 
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developments indicate a renewed interest in rockets. These developments 
are: 

1. Long-range winged missiles, rising to extreme heights where the 
rocket is the only power plant which can operate without the assistance of 
atmospheric oxygen. 

2. Guided antiaircraft missiles with a rocket as the main propulsive 
unit or (as the launching device. 

3. Launching of supersonic, long-range, pilotless or manned air- 
planes. 

The task of the rocket in launching and take-off of supersonic airplanes 
and winged missiles is not fully covered by the term assisted take-off. In 
fact, the rocket will in many cases be the main source of power for take- 
off of such aircraft. 

Both1 in the U.S. and in Germany, after rocket engineers had succeeded 
in constructing liquid-fuel rocket motors of several minutes endurance, 
the idea came up to use rockets as sole power plants on manned airplanes 
capable of short duration flights. In Germany, such an airplane (the Me- 
163B) actually was used in combat as an interceptor. However, it is 
doubtful whether such an airplane will be justified after power plants of 
almost similar light weight as the rocket motor but with much lower fuel 
consumption, like the ramjet, become available, and after perfected tar- 
get-seelking missiles have taken over the task of short duration manned 
interceptors. 

The historical development of rockets by the Germans is summarized 
in Table V. It is seen that the Germans were forced by the requirements 
of the war to develop cheap and easily manufactured propellants and to 
accept ithe difficulties of handling such propellants as nitric acid and hy- 
drogen peroxide. 

There is no doubt that the various applications for rocket motors men- 
tioned above fully justify the statement that rocket research and develop- 
ment have become one of the most important responsibilities of the Air 
Forces for the future. It is true, of course, that many applications of the 
rocket concern the ground and naval forces. However, the Air Forces 
should maintain leadership in rocket development as a main and an auxil- 
iary source of power for manned and pilotless aircraft; they should de- 
velop their own facilities for testing rocket propulsion devices; and they 
should secure a free hand in maintaining the collaboration of the best sci- 
entific personnel and the best equipped laboratories in the Nation. Our 
early perfection of long-duration solid-propellant rockets, and the promis- 



TABLE V 

Development of Rockets 

- 
Germuny United States 

1. The German solid propellant for artillery rockets has a wide operating 
temperature range of from -40' to 140°F. 

U.S. projects still 
classified SECRET 

2. To obtain smooth burning at pressures below the critical pressure of 
the solid propellant, a spring-loaded regulator valve is fittcd to the 
motor. 

3. Thc handling of 80% concentration of H,O, was made relatively safe. 
Long duration H,O, and methyl alcohol and hydrozine hydrate rocket 
was perfected for Me-1 638. Turbine-pump system functioned well. 

4. The difficulty of producing enough H,O, and the advantage of high 
density of nitric acid-aniline propellant for guided missile application 
forces the Germans to use the latter. Improvcments are made to shorten 
ignition lag, even after the addition of inert component to the fuel. 

5.  Film cooling and evaporative cooling was developed, particularly for 
high performance propellants such as liquid oxygen and alcohol. 

6.  Early trial on monopropellant not successful. The Sehmidding propcl- 
lant, a mixture of methyl nitrate and methyl alcohol, was not reliable. 

ing results obtained with nitric-acid aniline and nitro-methane liquid pro- 
pellants should be further exploited. The propulsion of long-range winged 
missiles and antiaircraft missiles, and the take-off of supersonic aircraft 
are important Air Forces applications which call for powerful progress in 
rocket engineering. 



ATOMIC ENERGY FOR JET PROPULSION 

Based upon the published values of the measured heat of fission of 
, it is calculated that the available energy of this material is 3.120 x 

10" BTU per pound. This is more than 1,500,000 times the lower heat 
value of gasoline, the most powerful fuel generally used today. The study 
of chemicals suitable for fuels or rocket propellants indicates that no re- 
ally radical improvements in the BTU per pound ratio can be expected 
within the frontiers of molecular reaction. It will be possible to produce 
fuels arid propellants more suitable for certain types of engines, increase 
their safety, improve their handling quality, and lower their costs of pro- 
duction. Nevertheless, no hope for spectacular improvements in range 
and speed performance of aircraft can be derived from further develop- 
ment of conventional fuels. Use of atomic energy as fuel, however, will 
radically change this situation. 

The question of whether or not and how atomic power can be produced 
continuously and at a constant rate suitable for propulsion cannot be dis- 
cussed in this report. Let us transfer our thoughts to an era in which the 
fundamental aspect of the problem already has been solved. 

It appears to me that the application of atomic, energy to transportation 
will probably precede the application to power generation for stationary 
purposes. In the latter case the cost is the governing factor; in transporta- 
tion, it is the cost and the weight of the fuel to be carried. In high-speed 
aerial transportation the importance of weight transcends the importance 
of cost. Hence, it may be concluded that the extremely expensive atomic 
agent, riow having been developed as an explosive, will be used for pro- 
pulsion and probably jet propulsion. 

In speculating on the possible use of atomic energy for this purpose we 
have to change our usual concepts. For example, the weight of the fuel 
proper ILS certainly negligible. In other words, the available energy is al- 
most unilimited. The problem is how much of this energy we shall be able 
to utilize in an engine of limited size and limited weight, where the 
weight of the engine includes all materials which have to be carried in the 
vehicle besides the atomic fuel proper. 

u235 
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Let us consider, for example, the case of rockets. We shall exclude the 
use of the disintegration products as working fluid for the rocket. The 
temperature of the disintegration products alone without dilution would 
be tolo high for any known or possible engineering materials to resist. 
Since: temperature is the limit, the most efficient expansion process for 
the fluid is the isothermal expansion, with the temperature of the gas kept 
at the maximum allowable value by constant reheating. Inasmuch as one 
obtains the highest exhaust velocity by using a working fluid with the 
least possible molecular weight, hydrogen should be used. Then assuming 
a maximum temperature of 8,00OoF, which would require cooling, of 
course, and a chamber pressure of 100 times atmospheric pressure, we 
can obtain a specific impulse of 1,365 lb-sec/lb of hydrogen carried in the 
vehicle. This means that the specific propellant consumption of rockets 
would be reduced from the present day value of 18 lb/hr/lb of thrust to 
2.6 Ikdhr/lb of thrust. This is a great reduction, even though the ratio is far 
below the spectacular figures for the ratio of the effectiveness of atomic 
and conventional bombs. However, the use of atomic energy would cer- 
tainly allow the construction of rocket-driven pilotless aircraft which 
could reach any point of the globe without stop. Even interstellar naviga- 
tion appears feasible. 

As to jet-propulsion devices using atomic energy with atmospheric air 
as working fluid, the fuel consumption itself again would be negligible. 
The size and performance of the craft driven by atomic power would de- 
pend mainly on the weight of the auxiliary materials like moderators, and 
devices for cooling and for controlling the rate of energy production. Of 
coursi: it is difficult today to make any estimate of the bulk and weight of 
such equipment. 

The most interesting feature of such a propulsion system is that the 
overwhelming part of the weight to be carried by the vehicle is inde- 
pendent of the endurance and only a very small portion of the weight is 
proportional to the flying time or the range desired. In other words, if one 
succeeds in reducing the engine weight to the limiting value which makes 
flight at a certain speed possible, very small further reduction of the 
weighit would increase the range almost without limit. 

It seems to me that there are possibilities in the development of nuclear 
energy for jet propulsion which deserve immediate attention of the Air 
Forces. To be sure there are problems still to be solved requiring inven- 
tive activity of specialists in nuclear physics. However, the main prob- 
lems are engineering problems requiring inventive genius of the same 
order but different kind. We have to convert the energy liberated by the 
nuclear reaction into heat of such temperatures as needed for our propul- 



WHERE WE STAND 61 

sive devices. Important problems to be solved are in the nature of heat 
transfer., resistance of materials to heat, corrosion, etc. It appears neces- 
sary to find a way, within the limits of necessary security, for engineering 
talent which could be used to accelerate the progress in the field of pro- 
pulsion. It would secure us the conquest of the air over the entire globe 
without range limitations. 

It is tny feeling that the Air Forces should, as soon as possible, take the 
lead in investigating the possibilities of using nuclear energy for jet pro- 
pulsion. 
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JET PROPELLED AIRCRAFT 

Of the novel power plants mentioned in this report, only the turbojet 
and the liquid-fuel rocket motor have been successfully used on aircraft. 

Our Bell P-59 (turbojet), Lockheed P-80 (turbojet), and Ryan FR-1 
(reciprocating engine and propeller plus turbojet) are all well known to 
the Commanding General. 

The Germans had developed and used some jet-propelled aircraft in 
comblat and had others under development. This is shown in Table VI. 

For future fundamental planning, a very careful choice of propulsion 
systems is necessary. It is possible to make a basic analysis, computing 
for various systems the sum of the specific weight of power plant and fuel 
requiired to travel at a given speed for a certain endurance. Then the opti- 
mum power plant is the one for which this sum has a minimum value. 
However, it is impossible to decide rigidly from such a simple study 
which type of propulsive system is best for a certain purpose. Beside the 
minimum specific weight of the power plant and fuel, many other aspects 
enter the picture. One important factor is the frontal area of the engine. 
Then also the structural weight of the airplane is influenced by the choice 
of power plant. The jet-propelled airplane has the advantages of not re- 
quiring a minimum ground clearance for the propeller, and of being com- 
paratively easy to maintain. On the other hand, jet propulsion introduces 
aerodynamically difficult problems such as the intake and ducting of very 
large quantities of air. 

No one has doubts about the great future propulsion in military air- 
craft. However, such general statements as “one or two years from now 
all fighters and bombers will be jet propelled” should be replaced by 
careful, scientific analysis which secures jet propulsion its proper place, 
but does not exclude other combinations such as the turboprop or, in the 
case of extreme ranges, the reciprocating engine and propeller. The 
choice of the most efficient power plant must nor be influenced by any 
general feeling that the propeller appears obsolete. 

I believe that German high-speed wind-tunnel results will prove to be 
very helpful in our designs in connection with aerodynamic and vibration 
problems originating from interference between the jet system and the air 
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frame. However, the Air Forces should, in cooperation with aircraft de- 
signers, initiate a comprehensive high-speed wind-tunnel test program in 
order to obtain further information in this field. The ATSC took the first 
step in such a program by holding a meeting between NACA, industry, 
the Navy and the ATSC in late summer, 1945. However, any program 
whiclh is undertaken will be severely restricted and handicapped for a 
long time by the lack of high-speed wind tunnels of sufficiently large 
size. 

Thie two rocket airplanes mentioned in Table VI, the Me-l63B and the 
Natter, are of special interest because pure rocket motors were their sole 
source of power. The Me-l63B was more or less conventional in that 
take-off and climb were accomplished under its own power. However, 
the Natter was intended to be launched nearly vertically by means of two 
or foilr solid-propellant launching rockets. It was to be aimed at a point 2 
km behind the point of collision so that attack on a bomber could be 
made from the rear. This rocket-propelled interceptor was armed with 24 
rockets of 7.3-cm caliber. After the rocket ammunition is exhausted, the 
airplane is caused to disintegrate; the nose section is allowed to fall freely 
and be expended but the air frame with rocket propulsion motor and the 
pilot are saved by parachutes. A former Luftwaffe pilot, who had been 
convicted of some crime. acted as test pilot in the first flight of the Natter 
and was killed. 

Racket airplanes have, at the present time, intrinsically, only a few 
minutes of endurance. Their use as interceptors in the future may be made 
unnecessary by the development of more economical propulsive devices 
of light weight, and perfection of target-seeking electronic or heat devices 
which would eliminate the need for a pilot. However, I highly recom- 
mend that the rocket-type of airplane be developed at the present time for 
research purposes. One advantage of rocket drive in this case is the possi- 
bility of exact thrust measurement, which is extremely difficult for any 
other propulsive system. These research airplanes would be very useful 
for studying performance, flow conditions. and flight mechanics. 



TAILLESS Al RCRAFT 

In G;ermany, tailless aircraft were intensively developed by A. Lip- 
pisch and by the Horten brothers. The Junkers’ designers did a consider- 
able amount of engineering study on large tailless airplanes but none 
were actually constructed. 

Lippisch worked on the design of tailless airplanes at DFS beginning 
in 19361. He designed a series of about eight aircraft, before the time when 
he came in contact with Messerschmitt and developed the Me-l63A and 
Me-1 63B. Stability problems were encountered at high speeds and the 
Me-163B was “redlined” at a Mach number of 0.80 (590 mph at 25,000 
ft). Satisfactory stalling characteristics were obtained by a special low- 
drag fixed slot at the wing tips. A vertical tail was found necessary for 
satisfactory directional stability. Lippisch’s latest design was the P-1 1 , a 
tailless aircraft with two turbojet engines. The critical Mach number was 
estimated to be 0.92 (about 680 mph at 25,000 ft); wind-tunnel tests indi- 
cated a drag coefficient as low as 0.0063. 

The Horten brothers flew their first tailless aircraft in 1935. They re- 
ceived no support from the Air Ministry until February, 1945, following 
the publication of a photograph of a Northrop tailless airplane in “In- 
teravia.” Their design was to be powered with two Jumo 004 turbojet en- 
gines. Computed high speed was about 600 mph. 

The development program for tailless aircraft has been more extensive 
in the lJnited States than any place abroad. 

The Northrop XP-56 was a pusher-type, flying-wing fighter. This air- 
plane was flown only a few times and indications were, from these tests, 
that the performance was short of expectations and that difficulties in 
control were encountered. Unfortunately, wind-tunnel tests necessary to 
trace the basic reasons for these difficulties could not be carried out, be- 
cause nio high priority could be attached to merely experimental projects. 

Theoretical studies here and abroad show significant advantages (for 
example, longer ranges) for tailless aircraft over tailed aircraft. especially 
in the case of gross weights of 150,000 lb and more. Of course it must be 
assumed that the tailless aircraft is made stable and maneuverable without 
measures which would compromise the performance. The recent recogni- 
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tion of the advantage of swept-back wings for very high speeds makes the 
tailless airplane particularly attractive also for transonic airplanes. It is 
the opinion of the Scientific Advisory Group that the development of 
tailless aircraft should be encouraged; however, actual construction 
should be supplemented by extensive wind-tunnel investigations of meth- 
ods for improving stability and control at high speeds. 



AERODYNAMIC MISCELLANEA 

By aerodynamic miscellanea, I mean auxiliary items which contribute 
to the aldvance of the aerodynamic art. The items which I now consider 
are: 

1. Flow Measurement Techniques, 

2. Laminar Flow Wings, and 

3. Boundary Layer Control. 

A di!icussion of these miscellanea follows, with a brief review of Ger- 
man developments and comparison with our own. 

FLOW MEASUREMENT TECHNIQUES 

The average level of German development in wind-tunnel instrumenta- 
tion appeared somewhat below our own, although in some instances they 
had swpassed us especially in fields such as supersonic aerodynamics 
where their basic facilities were more advanced. On the other hand, their 
electronic equipment was generally inferior to ours. 

In high speed air flow, in both the transonic and supersonic range, in- 
strument which project into the air stream cause excessive disturbance of 
the flow. For this reason, both German and Allied aerodynamic instru- 
ment development work was concentrated largely on methods of studying 
air flow by methods which do not disturb the flow pattern. 

Several interesting German developments were: 

1. Combination Schlieren and interference methods which show 
both density gradients and lines of constant density on the same observa- 
tion screen or photo graphic plate, as shown in Fig. 15. 

2. A novel X-ray method of measuring density, which makes use of 
the fact that the absorption of an X-ray beam is dependent on the density 
of the medium through which it passes. 
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3. A corona method of measuring velocity, which utilizes the fact 
that the: potential of a corona discharge varies with the speed of the air 
pas sing by. 

4. A spark method of determining local temperature, by measuring 
the local speed of sound, at which the disturbance, caused by a spark dis- 
charge, travels. 

A brief comparison of German and Allied developments in measure- 
ment technique is given in Table VII. 

LAMINAR FLOW WINGS 

In this field we were far ahead of the Germans. In the following para- 
graphs, the German development status will first be given, followed by 
our own. 

German Developments. 

According to the German dynamicist Schlichting, German work on 
laminar flow airfoils did not start until about the end of 1938. By 1940, 
Schlichting considered that the fundamentals were known. Drag coeffi- 
cients als low as 0.0027 were reached at a Reynolds Number of 5 x lo6, 
but the German scientists were unable to retain the low drag at higher 
Reynolids Numbers. They were handicapped by lack of suitable low-tur- 
bulence: wind tunnels. On one occasion, Prandtl reported: “Suitable wind 
tunnels for the conduct of airfoil investigations at sufficiently high 
Reynollds Number and at low turbulence are lacking in Germany. On the 
other hand, it is known that in the U.S.A. particular installations created 
for this purpose are working exceptionally vigorously in this field.” 

Tests were made on a Japanese laminar flow airfoil, on three airfoils 
derived from one member of an obsolete NACA Series 27215 (which 
was described in a captured French secret report), and on a few airfoils 
designed by Schlichting. The Germans also had some information on a 
Russian laminar flow airfoil obtained from a captured report. 

The Germans never used laminar flow airfoils on aircraft. They were 
astonished and mystified by the performance of the Mustang and made 
many wind-tunnel and flight tests. They gave the following tabulation of 
wing profile drag coefficients (obtained by momentum method) for a 
number of airplanes at lift coefficient of 0.2: 

He-1’77 0.0109 Ju-288 0.0102 Me-109B 0.0101 

FW-190 0.0089 Mustang 0.0072 



TABLE VII 

Flow Measurement Techniques 

Itern German Development Allied Development 

Interfero- 
mctcr 

X-Ray IMethod 

Schlieren 
Method 

Spark 
Method 

Ultrasoniic 
Waves 

Hot Win: 

Corona 

Extensive development at LFA, AVA, U.S. development by Ladenburg, 
WVA for mcasuring dcnsity in high- Princcton. Also small projcct by Dr. 
spced air flow; nothing ncw in prin- Williams, Pasadcna. U.S. application 
ciple but considerable development of lagging German. 
details. LFA has system whereby simul- 
taneous Schlieren and interfence 
picturcs arc recorded on thc samc 
photographic platc. 

This method used at Kochel utilizes 
principle that absorption of X-ray 
beam is a funciton of density of the 
medium through which it passcs. 
Ionization mctcr is calibratcd in tcrms 
of density. 

All supersonic wind tunnels have 
associated Schlieren equipment. Larg- 
cst mirrors arc 1.2 m in diam, undcr 
construction lor Kochcl 1 m by 1 m 
Mach numbcr 7.0 tunnel. 

A spark creates a disturbance travel- 
ling at the speed of sound. Measure- 
mcnt of thc local spccd of sound de- 
tcrmincs the local tcmpcraturc. de- 
vclopcd for WVA. 

Generation of high-frequency waves 
affords another method of determining 
tempcraturc by means of mcasuring 
thc local velocity of sound. 

Some work at Giittingen but not very 
advanced. 

Aachen development of corona for 
velocity measurement. 

Unkown to Allies. 

Used in the few existing Allied super- 
sonic wind tunnels. 

Application to temperature determina- 
tion unknown to Allies. 

Application to temperature determina- 
tion unknown to Allies. 

U.S. developments, especially by 
Dryden, Bur. of Standards; also by 
Liepmann, CIT; superior to Germans. 
British work also more advanced than 
Gcmans. 

Experimental development by Lindvall, 
CIT, in 1935. Not continued. Some 
work at MIT. 



TABLE VII - Continued 

Flow Measurement Techniques - Continued 

Item German Development Allied Development 

Doppler 
Mcthod 

Elcctro- 
Magnetic 
Balanccs 

Piczo Elcc:. 
Capsules 

Half 
Models 

Cavitation 

Simulatcd 
Turbojets 

Flexible 
Walls 

Half-Open 
Jets 

Method developed at Fdssberg for 
mcasuring spccd in thc jet of rockct 
by means of the Doppler effect. 

Uscd in many of the intcrmittcnt wind 
tunnels, such as LFA, AVA, WVA, to 
mcasurc transient forccs. 

Uscd at LFA for mcasuring transicnt 
forces. 

This technique used at WVA; conven- 
ient for meauring pressures, hinge 
momcnts, etc. 

Similarity between cavitation and corn- 
pressibility phenomena used for quali- 
tativc work in water channels on simu- 
lated critical compressibility condi- 
tions. 

For wind-tunncl modcls, small high- 
speed compressors arc used to simu- 
late internal flow, and alcohol is 
burncd to introducc hcat. 

In some supersonic wind tunncls, 
continuous flexible walls of the test 
section arc uscd to change Mach 
number. Some tunnels used fixed 
nozzlcs and variable diffuscr. 

In some supersonic tunnels the test 
section is partly closed and partly 
open. This is said to decrease wall in- 
tcrfcrcncc, cspccially through tran- 
sonic range. 

This method not used by Allies for 
mcasuring spccd of rockct discharge. 

In common use in U.S. wind tunncls. 
Electronic technique in general super- 
ior to German. 

This mcthod is also in use by Allies 
for special purposes. 

This technique also used at CIT. 

Water channcls not uscd by Allies for 
simulated compressibility effects. 

Not uscd as yct by Allics for wind- 
tunncl modcls of jct aircraft. 

Flexible walls have been ordcrcd for 
Aberdeen, Wright Field, and Ames 
supcrsonic wind tunnels. Flcxiblc 
walls have been in use for several years 
by NACA and in England. 

This technique not as yet used by the 
thc Allics for supersonic flow. 
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The German comment is: “The drag of this only foreign original airfoil 
tested up till now is far below the drag of all German wings tested in 
which it should be remembered that it was tested without any smoothing 
layer.” 

Another writer says: “A comparison of flight measurements shows 
quite unmistakably that the Mustang is far superior aerodynamically to all 
other airplanes and that it maintains this superiority in spite of its consid- 
erably greater wing area.” 

Allied Developments 

The NACA began investigations of laminar flow airfoils in a low-tur- 
bulence wind tunnel in the spring of 1938, and the encouraging nature of 
the results obtained (without details) were described in the Wilbur Wright 
Lecture of the Royal Aeronautical Society on 25 May 1939, and in the 
NACA Annual Report for 1939. In June, 1939, an advance confidential 
report by Jacobs was released. A summary was published in March, 1942 
in confidential form. The most recent summary was released in March, 
1945, and this summary has been kept up to date by supplementary 
sheets. 

As indicated in the summary of German developments, the Allies are 
far ahead in low-turbulence wind-tunnel equipment and in knowledge of 
laminar flow airfoils and their application to aircraft. Drag coefficients as 
low a:; 0.003 at a Reynolds Number of 20 x 1 O6 have been obtained. 

A summary of the present state of knowledge is given in the NACA re- 
stricted report L5C05, “Summary of Airfoil Data,” by Abbott, von Doen- 
hoff, and Stivers, March, 1945. 

BOUNDARY LAYER CONTROL 

In this field the Germans had an advanced start and had just about 
reached a practical state. A discussion of German and Allied develop- 
ments follows. 

Geirman Developments. Considerable work was done on boundary 
layer (control at AVA, Gottingen, starting in 1925. The first airplane with 
boundary layer control was built and flown in 1932. 

From about 1942 on, work was intensified. Schwier obtained a maxi- 
mum lift coefficient of 4.3. using pressure jet boundary layer control in 
wind tunnel tests. In July, 1943, Stuper obtained a maximum lift coeffi- 
cient :3.8 in full-scale flight tests with boundary layer control by suction. 
The maximum lift coefficient on his airplane without boundary layer con- 
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trol wa!; 1.9. About the same time, a maximum lift coefficient of 3.4 with 
boundary layer control was reported in wind-tunnel tests of a four-mo- 
tored airplane which was to be developed by Junkers. A unique suction 
and pressure-jet boundary layer control system was used. Air was sucked 
in over the inboard portion of the wing, just ahead of the flaps, and blown 
out over the outboard portion of the wing, just ahead of the ailerons. In 
November, 1943, Wagner outlined work which was done at Arado, shov- 
ing a maximum lift coefficient of 4.0 to be possible. 

All German investigators noted that the internal wing ducting required 
and the power required to drive the boundary layer control equipment 
constituted serious obstacles to the successful, practical application of 
boundary layer control. However, it was felt that these obstacles could be 
successfully met. At the end of the war, an Arado transport airplane, hav- 
ing low landing and take-off speeds because of boundary layer control, 
was in service in the German Air Force. 

United States Developments. 

An 1,-1 airplane was equipped with boundary layer control by suction. 
The maximum lift coefficient was 3.5 without boundary layer control and 
3.6 witlh boundary layer control. The landing speed of the modified L-1 
was considerably higher than that of the original airplane due to the 
weight of the boundary layer control equipment. 

Boundary layer control has an important application in making low 
landing speeds possible on high-speed aircraft. It also appears that the po- 
tentialities of boundary layer control in the transonic speed range have 
never been systematically evaluated. We found that some interesting 
work was done by Ackeret at the Institute of Technology in Zurich, Swit- 
zerland. The Scientific Advisory Group recommends that an intensive re- 
search program on boundary layer control be undertaken by the Army Air 
Forces. 



THE ART OF RADAR 

INTRODUCTION 

The last four years of war-stimulated research have resulted in the de- 
velopiment of equipment and techniques in the radar and electronics field 
which offer possibilities of profoundly affecting the whole concept of fu- 
ture air force operations. These devices have already passed the labora- 
tory stage, and nearly $3,000,000,000 worth of radar equipment is now in 
actual combat use in the Army, the Navy, and the Air Forces. Thus, the 
fundamental ideas in the field have been thoroughly proven and are defi- 
nitely here to stay. 

In spite of the rapid progress made in a relatively short time, the tech- 
nique in this field is still in its infancy. Enormous possibilities lie ahead, 
and additional research, both on the technical and on the operational side, 
will pay huge dividends in more effective air force operations. 

At the same time, the rapid introduction of new and miraculous de- 
vices has led to the feeling among the uninitiated that anything is possible 
by the: use of electronics. It is, therefore, of greatest importance to under- 
stand thoroughly the limitations as well as the possibilities of radio, radar, 
and electronic equipment in order to avoid raising impossible hopes and 
in order to eliminate unnecessary and ill-conceived research and develop- 
ment programs. 

Fundamentally, radar is a device which enormously extends the range, 
power, capabilities, and accuracy of human vision. For example: 

1. The human eye cannot see in darkness or through fog, clouds, and 
rain. Radar is not at all limited by darkness or by fog, and to only a slight 
extent by heavy clouds and rain. 

2. The human eye determines only roughly and with difficulty the 
distance to an object which it sees. Radar determines the distance rapidly, 
accurately, and continuously. 

3. The human eye can pick up or see objects such as airplanes only 
at distances of a few miles. Suitable radar can see airplanes at distances 
up to 200 miles. 
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4. The human eye, aided by optical instruments, can get accurate 
data on bearing, elevation, and range of only one distant object at a time, 
and corisiderable time is required for such determinations. Radar can de- 
termine and display these data within a few seconds for all objects in 
view over an enormous area, in the best cases up to a radius of 200 miles. 

These features of radar open up many possibilities, such as: all- 
weather day and night air operations; an increase in accuracy and versatil- 
ity of bombing, gunfire, and navigation; the control from the ground or 
from the air of major air force operations; provision of information and 
controls to relieve the overburdened pilot, both in navigation and in com- 
bat; and, the accurate remote control of pilotless aircraft. 

Furthermore, it must be realized that radar is not a facility or attach- 
ment which will occasionally be used under bad conditions. Rather, the 
air force of the future will be operated so that radar is the primary facility, 
and visual methods will be only occasionally used. Bad weather or dark- 
ness are normally prevalent from 60 to 90% of the time, and predictions 
of good weather at remote points fail to be realized from about 25 to 50% 
of the time. Hence, in an all-weather air force, radar must be the univer- 
sally used tool for bombing, gunfire, navigation, landing, and control. 
The whole structure of the air force, the planning of its operations, its 
training program, and its organization must be based on this premise. The 
development and perfection of radar and the techniques for using it effec- 
tively are as important as the development of the jet-propelled plane. 

GERMAN RADAR DEVELOPMENTS 

Broadly speaking, the radar art in Germany at the end of the war was 
in about the same state as it was in this country and England in early 
1942. The Germans did not realize the possibilities of microwave radar, 
for example, until they inspected equipment shot down in British and 
American airplanes. Furthermore, they were forced, during the latter 
years off the war to concentrate their efforts on defensive measures and 
hence, never developed a concept of the offensive use of radar. Finally, 
the British and American jamming and countermeasures techniques were 
so effective that over half of the German radar development talent was 
forced into the task of developing antijamming measures, to protect their 
own existing radar equipment. This did much to stop progress in the de- 
velopment of new radar techniques. 

The beginnings of German radar took place at as early a date (1 936) as 
the corresponding developments in the United States and England. By the 
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beginning of the war the Germans had an early warning system of good 
design and were making progress on equipment for control of fighter air- 
craft ,and for antiaircraft artillery. The German scientists felt that 50 to 60 
cm was about the shortest wavelength that could be practically employed 
in radar and concentrated very considerable engineering talent on the de- 
velopment of a variety of equipments at this wavelength. Their engineers 
consildered the development of microwave techniques, but discarded this 
possilbility as impractical because no adequate transmitter at such fre- 
quencies was known to them. The equipment they had in use at 50 to 60- 
cm wavelengths, however, was excellent in its engineering design and 
very llarge quantities were in actual use. 

Germany suffered seriously through the lack of a good organization of 
their radar and electronics development effort. Most of the development 
took place in industrial laboratories such as those of Teietunken, but the 
very brilliant group of German physicists in universities were never 
called in to participate. Consequently, while engineering design was 
good, imaginative thinking was lacking. The industrial engineers com- 
plained that they received no intelligent and understanding cooperation 
from any of the military agencies. They believed that the top military 
cornniands had no conception of the importance of radar and electronic 
equipment. On the other hand, the university scientists did not take the in- 
itiative to mobilize their efforts themselves as was done in the United 
States and England. The close coordination which existed in this country 
between both technical and operational military officers, the industrial 
laboratories, and the university scientists was completely lacking in Ger- 
many. Some attempt to remedy this situation was made in late 1944, but 
the effort never got going before the end of the war. The development 
work was scattered widely throughout the country, largely due to the dis- 
ruptive effects of Allied bombing, and the various agencies and laborato- 
ries worked independently and without adequate coordination. 

The only German radar put into extensive tactical use was that de- 
signed for air warning and air defense. Early warning stations, ground- 
controlled interception stations, antiaircraft fire control equipment, and 
airborne aircraft interception equipment were all in effective use. The 
techniques used by the Germans for navigational assistance to bombers 
on offensive missions during the Battle of Britain did not utilize radar, 
but employed elaborations of the United States airway navigational aids. 
Ingenious radio beam techniques were employed and in some cases these 
were made to operate bomb computing devices in the aircraft. However, 
the British jamming of these radio beams was very effective, in spite of 
strenuous efforts continuously made by the Germans to change frequen- 
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cies and otherwise altw their techniques to avoid jamming. The concept 
of using, microwave airborne radar for bombing and attack on shipping 
apparently did not come until British and American planes carrying such 
equipment were shot down over German-occupied territory. The capture 
of this equipment created a considerable sensation among German scien- 
tists and military experts. A large effort was immediately undertaken to 
copy this equipment. However, no sooner had a start been made on copy- 
ing 10-cm equipment than 3-cm equipment appeared in American planes. 
Rumors that even shorter wavelengths were being developed by the Al- 
lies caused the Germans to start work on l-cm and shorter wavelength de- 
vices. Their efforts became so scattered thereby that apparently no 
microwave equipment at all was ever put into production. In addition, the 
efforts of the engineers were also diverted to improving their air-defense 
equipment and to finding methods of avoiding Allied countermeasures, 
so that the positive efforts to develop radar for new offensive uses were 
greatly retarded. The concept of using radar for the ground control of tac- 
tical and strategic air operations, so successfully employed by the U. S .  
8th and 9th Air Forces, apparently never occurred to the Germans, even 
though !some of their ground equipment could have been adapted to this 
purpose. 

The development of rockets and other unmanned missiles was far 
more actively pursued in Germany than the development of electronic 
equipment. As a result, apparently no advanced electronic or radio con- 
trol methods for their missiles comparable with Allied developments ever 
got beyond the paper or laboratory stage. Had the Germans had an active 
coordinated electronic development program comparable to that built up 
by the Allies and had this been combined with their missile work, some 
dangerous weapons might have resulted. Various ideas were reported by 
individual workers for the control of missiles but the aerodynamics labo- 
ratories apparently did not have adequate electronic talent and the elec- 
tronic engineers were largely cut off from contact with the aerodynamic 
work. Only the most successful missile development organization, the 
Peenemunde group, had a qualified electronic engineering section. 

RADAR FROM THE VIEWPOINT OF THE AIR FORCES 

The ability to achieve air force operations under all conditions of dark- 
ness and weather contributes more than any other single factor to increas- 
ing the military effectiveness of the air forces. Hence, any research 
program designed to overcome the limitations to flight at night and in bad 
weather will pay big dividends. 
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Raldar has already done much to overcome visibility limitations, and is 
of the greatest importance in the problems of traffic control in and near 
airports and of landing under conditions of bad or zero visibility. Al- 
though there is room for great technical development of the radio and ra- 
dar aids to landing and traffic control, one of the chief problems is the 
development of a system in which all conceivable aids will be properly 
integirated and used together. This can only come as a result of extensive 
experience and a comprehensive program of trials. 

Radar has revolutionized methods of air navigation. The development 
of microwave radar, which permits the use of narrow beams, enables the 
contiinuous presentation to the navigator of a more or less recognizable 
map of the surrounding country. In its earliest and crude form little more 
than cities, towns, and coastlines could be distinguished; but modern de- 
velopments give sufficient resolution to identify many features of the 
landslcape such as rivers, streams, bridges, and rail lines and make feasi- 
ble th,e use of ordinary maps. In addition, heavy storm clouds make them- 
selves evident on the radar screen. Over the sea, radar contact flying is 
restricted to areas within sight of identifiable land, but radar “sees” at dis- 
tances up to 50 or 100 miles. 

The possibilities of direct radar navigation are greatly extended by the 
use of strong, readily identifiable, artificial echoes provided by radar bea- 
cons, the radar equivalent of optical beacons or lighthouses. Radar per- 
mits the measurement of distance to the beacon and its bearing within the 
inherent accuracy of the radar equipment carried on the aircraft. By meas- 
urements on two beacons, the position of the aircraft can be determined. 

Microwave systems give essentially short-range navigation. For long 
ranges the pulse techniques of radar are applied to longer waves, for ex- 
ample, in the Loran system. Here two pairs of ground stations emit syn- 
chronized pulses. In the aircraft the pulses are received and the time 
difference between the arrival of the pulses from the members of a pair is 
measured. This locates the aircraft on a hyperbolic line of position and 
two such lines give a fix. The airplane carries only a receiver and the traf- 
fic capacity is unlimited. 

The use of radar in strategic bombing operations has proven itself in 
this war. Suitable radar equipment can allow the carrying on of such op- 
erations under the many conditions where visual bombing is not possible. 
Only a beginning has been made in the development of radar bombsights 
and much remains to be done to improve their precision, their versatility, 
and over-all operational usefulness. 

Tremendous improvement in the control and marshalling of air forces 
appears possible through the medium of airborne radar. Control of air op- 
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erations includes military functions, involving radar surveillance of 
movements of friendly and enemy aircraft, and the guidance of our own 
planes on their missions. 

The future development of control radar falls into two categories: radar 
for the defense of this country, and radar for attack. It is not necessary to 
say more about the defensive possibilities of ground control radar. The 
problem of the future is chiefly an economic one; to install sufficient sta- 
tions to surround the country completely is possible and necessary. Since 
these st(ations can be easily integrated into the airlines navigational net, 
the investment will be of great peacetime value. While in peacetime the 
network will be extremely valuable, in war it will be our protection 
against sneak attacks and against air raids of all descriptions. Control ra- 
dar for (offensive warfare will undoubtedly develop to the point where a 
unified command of air operations is possible throughout the whole op- 
eration. The commanding general will see the disposition of his own and 
enemy forces, whether piloted or pilotless, and be able to instantly mod- 
ify his plans. 

Radar also has been used in aerial fighting for aircraft interception, for 
range fiinding, for tail warning, and for fire control, particularly in the de- 
fense off heavy bombers. Future developments of radar equipment for 
fighters are largely dependent on the extent to which it is found desirable 
to control fighters by ground equipment of increased range and resolving 
power. Fire control and associated radar equipment for heavy bombers 
can be made indefinitely more and more complex. An analysis to deter- 
mine whether one should abandon such air battleships seems in order, be- 
fore developing more complicated equipment which may only slow down 
the airplane to the point where still more and more complexity and fire 
power is needed. 

The radically altered military situation produced by the development 
of guided missiles has been discussed previously. The development of ra- 
dar and other detection and navigation devices has provided a wealth of 
technicail means for locating and guiding missiles. The essential problems 
which radar can solve are those of locating the missile, locating the tar- 
get, and transferring intelligence to and from the missile. The present fun- 
damental limitation is that the missile cannot be followed over the 
horizon. This limitation has to be circumvented by providing one or more 
relay stations, putting the controlling radar in an aircraft, or by shifting 
the location problem to the missile itself. Long-range guidance will be 
combined with homing devices for attack against certain targets, for ex- 
ample, ships. 
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The application of radar to guided missiles brings in new problems be- 
cause of the large scale on which missile warfare must be planned. Radar 
components of much simpler design must be developed. 

Most of the problems mentioned above require, before all, engineering 
skill and talents for clever adaptation and combination of recently devel- 
oped principles and methods. However, the art of radar is so new that 
limitations which appear today may soon disappear because of novel dis- 
coveries. The Air Forces must be alert in swiftly utilizing any new devel- 
opments. 



INFRARED DEVELOPMENTS 

The military applications of infrared and heat radiation are for (1 )  sig- 
nalling, (2) identification, 3 )  detection, (4) communication, and (5) guid- 
ing of heat-homing missiles. 

GERMAN DEVELOPMENTS 

At the onset of the war, the Germans assumed that the Allies would 
employ infrared equipment and consequently produced in limited quan- 
tity a simple phosphor infrared detector as a countermeasure. These in- 
struments were very insensitive compared with the U.S. phosphor 
developed somewhat later in the war. Although work continued in Ger- 
many, apparently it did not lead to improved instruments. 

Very intensive work was done in Germany on the development of 
electron image tubes. However, this work was not unified and there ap- 
pears to have been considerable duplication of effort and lost motion due 
to a lack: of full interchange of information. The performance of the tubes 
was quite good but none of the designs was suitable for large quantity 
production. Furthermore, instead of concentrating on the manufacture of 
one type:, they attempted to produce four or five different types. The tele- 
scopes used with the image tubes were elaborate and complex in the ex- 
treme; for example, one driving and gunsighting telescope had 17 glass 
elements mounted in a structure weighing more than 25 pounds. Because 
of this, German production was only just getting started at the close of the 
war. A total of 1,000 to 3,000 units was built, but almost none of these 
ever saw combat duty. 

The Germans appeared not to have developed a signalling and identifi- 
cation system using tholofode cells. In the field of infrared communica- 
tion equipment (optiphones), the Germans were somewhat ahead of the 
Allies in that they had at least 3,000 units in field service. These units are 
not technically superior to the developmental model built in the United 
States. 
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The German work in the far-infrared field (heat) was not very exten- 
sive, the only work reported so far being a number of ship-detecting units 
for d'etecting and determining the range of ships off shore. 

ALLJED DEVELOPMENTS 

The British concentrated work on a simple electron image tube suited 
primarily for signaling and identification, although it was used experi- 
mentally for such purposes as driving, gun aiming, etc. Production started 
about 1941 and the instruments were used on the British Isles throughout 
the war. For security reasons, few were used on the Continent but some, 
together with a few U.S. instruments, were used in North Africa. 

U S .  production of image tubes and telescopes was not started until 
1942 and they were not produced in quantity until a year later. Their first 
use in large numbers was by the Navy for signal communications. Later 
the Army put into the field a gun-sighting and reconnaissance unit. These 
were used almost exclusively in the Pacific. 

Airborne applications have been found practical but the various techni- 
cal difficulties were overcome too late for field use. Detection of aircraft 
by inifrared telescopes was found not to be feasible. 

NIO communication systems for speech transmission were put into pro- 
duction. 

Very intensive work has been done on heat sensitive elements for 
guided missiles, the production in some instances running into fairly 
large: figures. Recent tests of the VB6, a heat-homing missile developed 
by NDRC Division 5 in collaboration with ATSC, have been very suc- 
cessful. 

The possibilities of infrared and heat-seeking devices are certainly not 
yet fully explored. It will be one of the important research fields of the 
Air Forces. The importance of this branch of physical research will be en- 
hanced by the fact that many industrial and military establishments still 
try to obtain relative safety by going under ground. 
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HEADQUARTERS, ARMY AIR FORCES 

WASHINGTON 

7 November 1944 

MEMORANDUM FOR DR.VON KARMAN: 

Subject: AAF Long Range Development Program 

1. I believe the security of the United States of America will continue to 
rest in part in developments instituted by our educational and profes- 
sional scientists. I am anxious that Air Forces postwar and next-war re- 
search arid development programs be placed on a sound and continuing 
basis. In addition, I am desirous that these programs be in such form and 
contain such well thought out, long range thinking that, in addition to 
guaranteeing the security of our nation and serving as a guide for the 
next 10-20 year period, that the recommended programs can be used as a 
basis for adequate Congressional appropriations. 

2. To iissist you and your associates in our current concepts of war, 
may I review our principles. The object of total war is to destroy the en- 
emy’s will to resist, thereby enabling us to force our will on him. The at- 
tainment of war’s objective divides itself into three phases: political, 
strategic and tactical. Political action is directed against the enemy’s gov- 
erning power, strategic action against his economic resources, and tacti- 
cal action against his armed forces. Strategical and tactical actions are 
our main concern and are governed by the principles of objective, sur- 
prise, simplicity, mass, offensive, movement, economy of forces, coop- 
eration and security. 

3. I believe it is axiomatic that: 

a. We as a nation are now one of the predominant powers. 

b. We will no doubt have potential enemies that will constitute a con- 
tinuing threat to the nation. While major wars will continue to be fought 
principally between the 30th and 60th parallels, north, global war must 
be contemplated. 



d. Our prewar research and development has often been inferior to our 
enemies. 

e. Offensive, not defensive, weapons win wars. Counter-measures are 
of secondary importance. 

f. Our country will not support a large standing army. 

g. Peace time economy requirements indicate that, while the AAF 
now receives 43% of current War Department appropriations, this allot- 
ment or this proportion may not continue. 

h. Obsolete equipment, now available in large quantities, may stale- 
mate: development and give Congress a false sense of security. 

i. While our scientists do not necessarily have the questionable advan- 
tage of basic military training, conversely our AAF officers cannot by ne- 
cessi.ty be professional scientists. 

j. Human-sighted (and perhaps radar or television assisted) weapons 
have more potential efficiency and flexibility than mechanically assisted 
weapons. 

k. It is a fundamental principle of American democracy that personnel 
casualties are distasteful. We will continue to fight mechanical rather 
than manpower wars. 

1. As yet we have not overcome the problems of great distances, 
weather and darkness. 

m. More potent explosives, supersonic speed, greater mass offensive 
efficiency, increased weapon flexibility and control, are requirements. 

n. The present trend toward terror weapons such as buzz bombs, phos- 
phorous and napalm may further continue toward gas and bacteriological 
warf'are. 

4. The possibility of future major wars cannot be overlooked. We, as a 
nation, may not always have friendly major powers or great oceanic dis- 
tances as barriers. Likewise, I presume methods of stopping aircraft 
power plants may soon be available to our enemies. Is it not now possi- 



ble to determine if another totally different weapon will replace the air- 
plane? Are manless remote-controlled radar or television assisted preci- 
sion military rockets or multiple purpose seekers a possibility? Is atomic 
propulsion a thought for consideration in future warfare? 

5. Except perhaps to review current techniques and research trends, I 
am asking you and your associates to divorce yourselves from the pre- 
sent war in order to investigate all the possibilities and desirabilities for 
postwar and future war’s development as respects the AAF. Upon com- 
pletion of your studies, please then give me a report or guide for recom- 
mended .future A M  research and development programs. May I ask that 
your final report also include recommendations to the following ques- 
tions: 

a. What assistance should we give or ask from our educational and 
commercial scientific organizations during peacetime? 

b. Is the time approaching when all our scientists and their organiza- 
tions must give a small portion of their time and resources to assist in 
avoiding future national peril and winning the next war? 

c. What are the best methods of instituting the pilot production of re- 
quited nonrevenue equipments of no commercial value developed exclu- 
sively for the postwar period? 

d. What proportion of available money should be allocated to research 
and development? 

6. Pending completion of your final report, may I ask that you give me 
a short monthly written progress report. Meanwhile, I have specifically 
directed. the AC/AS, OC&R (General Wilson) to be responsible for your 
direct administrative and staff needs. Also, as I have already told you, I 
welcome you and your associates into my Headquarters. May I again say 
that the services of the A M  are at your disposal to assist in solving these 
difficult problems. 

Signed 

H. H. Arnold 



Director of the Army Air Forces Scientific Advisory Group 
Dr. Theodore von Karrnan 



HEADQUARTERS, ARMY AIR FORCES 

WASHINGTON 
IN REPLY REFER TO 

15 December 1945 

General of the Army H. H. Arnold 
Commanding General, Army Air Forces 
Washington 25, D. C. 

Dear General Arnold: 

In your basic memorandum of the seventh of November 1944, you di- 
rected me to prepare a report as a guide for recommended future Army 
Air Forces research and development progress. 

In cooperation with a group of selected associates, experts in various 
branches of the sciences involved, I have tried to review the scientific re- 
quirements involved in the functions of the future Air Forces, and I sub- 
mit herewith the results of our study. 

The first volume contains a discussion of the relation between science 
and aerial warfare; an analysis of the main research problems of the air 
forces, from the point of view of its functions; and recommendations on 
organization of research. The twelve volumes which follow contain 
thirty-two scientific monographs, with detailed research programs in spe- 
cific fields. 

The general conclusions of this study may be summarized as follows: 

1. The discovery of atomic means of destruction makes a powerful Air 
Forces even more imperative than before. This subject is discussed in 
Chapter I of the first volume. 

2. The scientific discoveries in aerodynamics, propulsion, electronics, 
and nuclear physics, open new horizons for the use of air power. 

3. The next ten years should be a period of systematic, vigorous de- 
velopment, devoted to the realization of the potentialities of scientific 
progress', with the following principal goals: supersonic flight, pilotless 



aircraft, all-weather flying, perfected navigation and communication, re- 
mote-controlled and automatic fighter and bomber forces, and aerial 
transportation of entire armies. 

4. 'The research problems, as analyzed in Chapter I of the first volume, 
should be considered in their relation to the functions of the Air Forces, 
rather than as isolated scientific problems. 

5. Therefore, development center's should be established for new 
types of equipment and for making novel methods suggested by scien- 
tific discoveries practical. Such development centers for definite tasks 
are more efficient than separate laboratories for certain branches of sci- 
ence. 

6. 'The use of scientific means and equipment requires the infiltration 
of scientific thought and knowledge throughout the Air Forces and, there- 
fore, (certain organizatory changes in recruiting personnel, in training, 
and in staff work. Pertinent suggestions are made in Chapter I11 of the 
first volume of this report. 

7. .A global strategy for the application of novel equipment and meth- 
ods, especially pilotless aircraft, should be studied and worked out. full 
application of air power requires a properly distributed network of bases 
within and beyond the limits of the continental United States. 

8. ,4s new equipment becomes available, experimental pilotless air- 
craft iinits should be formed and personnel systematically trained for op- 
eration of the new devices. 

9. ,4ccording to the outcome of a practical testing period, a proper bal- 
ance between weapons directed by humans, assisted by electronic de- 
vices, and purely automatic weapons should be established. 

10. The men in charge of the future Air Forces should always remem- 
ber that problems never have final or universal solutions, and only a con- 
stant inquisitive attitude toward science and a ceaseless and swift 
adaptation to new developments can maintain the security of this nation 
through world air supremacy. 

In :your basic memorandum, you also desired recommendations on the 
following questions: 



“a. What assistance should be given or ask from our educational and 
commercial scientific organizations during peacetime? 

“b. Is; the time approaching when all our scientists and their organiza- 
tions must give a small portion of their time and resources to assist in 
avoiding future national peril and winning the next war? 

“c. What are the best methods of instituting the pilot production of re- 
quired rionrevenue equipments of no commercial value developed exclu- 
sively for the post war period? 

“d. What proportion of available money should be allocated to re- 
search a.nd development?” 

Recommendations on the first three points are included in the sections 
of the report dealing with cooperation between science, industry, and the 
Air Forces. I am somewhat reluctant to give a definite answer to your 
fourth question. I prefer to submit the following consideration. The 
money 1.0 be allocated for research and development should be related to 
the cost of one year’s aerial warfare. It appears that spending for research 
in peacetime five percent of one war year’s expenditures, in order to be 
prepared for or avoid a future war, is not an exaggerated drain on the na- 
tion’s pocketbook. A quick inquiry showed that our large industrial con- 
cerns spend a percentage of this order of the total sum involved in their 
year’s business for research. If in peacetime 15-20 percent of the sum 
spent in a war year were allowed for total expenditures of the Air Forces, 
the amount required for research and development should constitute 25- 
33 percent of the total Air Forces budget. 

Respectfully yours, 

TH. VON KARMAN 
Director 
AAF Scientific Advisory Group 



AAF Scientific Advisory Group 

The AAF Scientific Advisory Group was activated late in 1944 by General of 
the Army H. H. Arnold. He secured the services of Dr. Theodore von K h h ,  
renowned scientist and consultant in aeronautics, who agreed to organize and di- 
rect the group. 

Dr. von K h h  gathered about him a group of American scientists from 
every field of research having a bearing on air power. These men then analyzed 
important developments in the basic sciences, both here and abroad, and at- 
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Chapter I 

Science and 
Aerial Warfare 

I ntrodiuction 

1.1 There have been two wars on a world scale in our time, in which the 
pendulum of victory seemed at first to swing far out in the direction of 
our enemies before indicating the final decision. In the First World War, 
victory lor defeat was decided mainly by human endurance. Science and 
technology played an important but to some extent a secondary role. It is 
true, of course, that the superiority of the Allies in the design and produc- 
tion of tanks, as well as the paralyzing effect of the complete blockade on 
all branches of German industrial production, contributed very essentially 
to Germany’s defeat in 1918. However, the complete exhaustion of hu- 
man endurance on the German side was the main factor in the decision. 
The second war had, from the beginning, a technological character. The 
overwhelming technological preparation of Germany secured her first 
brilliant successes on the European continent. The shortcomings of the 
Luftwaffe in strategic bombing and the lack of experience of the German 
Army and its consequent poor preparation for amphibious operations, 
caused the attack against England to be stillborn. The mounting tide of 
Allied, especially American, air power became finally the main factor in 
Germany’s defeat. Even in the East, although the bravery and endurance 
of the Russians were perhaps the most important factors in stopping the 
German Army, the Russian march of victory to the West could not have 
been achieved without technological superiority, due partly to Russian 
and partly to American production. An interesting sign of the technologi- 
cal character of this war is the fact that the time in which superiority in 
aircraft could be achieved was predicted, based on figures of industrial 
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potential, at the beginning of the war. The predictions were fairly well 
verified by the actual events. 

1.2 In addition to the technological character of this war, a new aspect 
became evident, which did not appar so obviously in the war of 1914- 
1918. This new element was the decisive contribution of organized sci- 
ence to effective weapons. Of course, scientific discoveries have been 
used in all wars since ancient times; it is related, for example, that Ar- 
chimedes concentrated the heat of the sun by means of large mirrors to 
destroy enemy ships. However, never before have such large numbers of 
scientific workers been united for planned evaluation and utilization of 
scien,tific ideas for military purposes. Outstanding results of such planned 
cooperative research are, on our side, radar and atomic bombs, and on the 
German side, jet-propelled missiles. 

1.3 The recognition of the growing technological character of modem 
war partly emerged from the experiences of the First World War, and the 
scientific character of any future warfare becomes obvious in the light of 
the war which has just ended. In this report an attempt is made to formu- 
late some of the consequences of this conception for the program of the 
Air Fyorces. 

The Position of the Air Forces in a Scientific Warfare 

1.4 Until recently it was not generally recognized that destruction from 
the air is the most efficient method for defeating an enemy. This fact has 
now been proved by the results obtained in Germany and Japan. How- 
ever, after the use of the atomic bomb, a strange change of opinion took 
place. Many leaders of public opinion seem to believe that destruction by 
meanls of a few airplanes or missiles carrying atomic bombs is the only 
methlod of future warfare, making a strong air force superfluous. Others 
say that international control of atomic energy will make war impossible 
for time to come. 

1.5 ‘We believe that all possible aspects of the complex problem intro- 
duced by this new scientific achievement must be considered: 

First, we must consider the possibility that international control of 
atomic energy cannot be achieved in such a manner that the use of atomic 
destruction by potential enemies is impossible. 

Second, the case has to be considered that international control of 
atomic energy will be achieved by agreement; it must be recognized, 
however, that such control will probably have to be supported by force. 
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Finally, we must also assume that, in spite of the international control 
of atomic energy and the outlawing of war by international organizations, 
the possibility of desperate attacks against the United States or its vital in- 
terests somewhere on the globe cannot be excluded. 

1.6 The first assumption (international control of atomic energy cannot 
be achieved) means total war, with full use of atomic energy on both 
sides. A.tomic energy will be used in the form of explosives, and, in all 
probabillity, as a means for jet propulsion. Atomic engineering and atomic 
industry will be simply a part of the war-making potential of a nation, 
perhaps the most important one. Consequently, one of the first aims of 
warfare will be the destruction of this potential. Fortunately, at least at 
present, production of atomic energy requires rather extensive plants, 
which can hardly be completely hidden and made safe against destruc- 
tion. Of course, great effort will be expended upon keeping secret the 
places of research, development, and production. Hence, it will be one of 
the fundamental problems of the intelligence service to gather the most 
accurate: information possible concerning these potential targets and 
evaluate it from the scientific, technological, and military points of view. 

1.7 It can be assumed that the first attack in any war will be against tar- 
gets connected with the production of atomic devices for destruction and 
propulsion. It is evident that such an attack will be the primary responsi- 
bility of the Air Forces. The places of research and production will cer- 
tainly be removed as far as possible from the land and sea frontiers. An 
attempt will be made, of course, to annihilate the enemy’s installations by 
bombs carried by piloted and pilotless airplanes. However, because of in- 
tricate dlefense measures by the enemy, who will probably put the most 
important installations underground, it may be necessary to land troops 
and to occupy certain territories. Thus, all aspects of modem aerial war- 
fare may enter into the picture; strategic bombing, air superiority, and air- 
borne armies. 

1.8 It is; evident that preparations must be made for strategic bombing of 
enemy targets involved in atomic work, by proper location of bases, espe- 
cially bases for pilotless airplanes. In the past, systems of fortification, 
communication lines, and transportation facilities were built according to 
the strategic requirements of warfare on land and on sea. Today’s strate- 
gic considerations refer to the three-dimensional space surrounding the 
globe. They must bc worked out with the same imagination and thor- 
oughness displayed by old-time strategists in solving the problems of at- 
tacking and defending certain lines extending on the surface of the earth, 
or certain points which controlled traffic on the seas. 
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1.9 It may be argued that the devastation and loss of life caused by 
atomiic bombs is so tremendous that total atomic warfare will never oc- 
cur. I believe the answer is the following; No man is the past centuries 
could, by any stretch of the imagination, foresee the devastation and loss 
of life produced by two consecutive wars in our time. Humans adjust 
themselves rapidly to new concepts. What is considered an incredibly 
large loss of life today may appear inevitable in years to come. I believe 
we must agree with Dr. Einstein’s view that, even in case of total atomic 
warfare, humanity and human civilization will not disappear. The number 
of lives lost in the two wars, which were separated by a relatively short 
interval, appears to us certainly disastrous. However, there is no proof 
that economic pressure and human passion cannot produce conflicts 
which lead to the annihilation of one-half or two-thirds of the population 
of a country. Preparedness certainly has to make provisions for such pos- 
sibilities. 

1.10 The second assumption (that international control of atomic energy 
will be achieved but will require support by force) seems to be the most 
probable solution of the atomic problem within the next decades. Then, 
the main responsibility of the Armed Forces will be the enforcement of 
international agreements. Here again the nation must rely on a powerful 
air force. It will be necessary to strike at any arbitrary point of the globe, 
to strike swiftly and forcefully. History shows that international agree- 
ments have not protected the signatories and have not prevented wars, 
either because there were no means available for swift and forceful ac- 
tion, or because political reasons prevented their use. No branch of the 
Armed Forces except the Air Forces can perform the required action in 
time tlo be effective. 

1.1 1 The same requirements as in the second case apply to the third as- 
sumption (unexpected treacherous attacks cannot be excluded in spite of 
intern(ationa1 agreement). However, in the latter case the matter of effi- 
cient defense must be emphasized. It must be realized that a one hundred 
percent safe defense is impossible. It is easier to make offensive action 
efficient by scientific means that defensive action. The high speed of pi- 
lotless, airplanes and missiles makes them almost safe against a hit; no ef- 
fective means is yet known for stopping such missiles, once they are 
launched, and, the fact that one single airplane or missile is able to drop a 
bomb of immense destructive power puts an almost impossible task on 
the air defense. All that we can hope is that absolute air superiority, com- 
bined with highly developed and specialized warning and homing de- 
vices, will help us to erect an impregnable aeroelectronic wall, which will 
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reduce to a minimum the possibility of any enemy device slipping 
through undetected and undestroyed. 

The rnain conclusion of these considerations is the necessity for a pow- 
erful air force, which is capable of: 

a. Reaching remote targets swiftly and hitting them with great de- 
structive power. 

b. Securing air superiority over any region of the globe. 

c. Landing, in a short time, powerful forces, men and firepower, at 

d. Defending our own territory and bases in the most efficient way. 

any point on the globe. 

1.1 3 It iis evident that only an air force which fully exploits all the knowl- 
edge and skill which science has available now and will have available in 
the future, will have a chance of accomplishing these tasks. Aerodynam- 
ics, thermodynamics, electronics, nuclear physics, and chemistry must re- 
unite their efforts. In the following section, a short review is given of the 
most important scientific facts. These facts are important elements to be 
considered in selecting and training personnel and developing equipment 
for the future Air Forces. 

Science’s Main Contributions 

1.14 The development of aviation is a struggle against the limitations im- 
posed by nature upon man, created to live on the ground, but nevertheless 
endeavoring to move in the unlimited space surrounding our globe. 

1.15 As the problem of heavier-than-air locomotion was solved in princi- 
ple by the discovery of the airplane, speed and range were confined to 
narrow limits. Weather and night appeared as insurmountable obstacles, 
and human skill seemed to be an indispensable element for diverse uses 
of the airplane in peace and war. 

1.16 Science has already removed many of these limitations: 

a. By gradual improvement in aerodynamic design, the velocity and 
econom:y of the airplane have been greatly increased. Airplane designers 
have continuously endeavored to eliminate all possible drag which im- 
pairs economy: i.e., the parasite drag, by attempting to make the aircraft 
essentially into a flying wing; the turbulent friction of the air by creating 
laminar flow around the wing. In recent years our knowledge of super- 
sonic phenomena has increased the velocity of the airplane and brought it 
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closer and closer to the speed of sound, which for a long time appeared as 
a natural upper limit. This knowledge has opened the door for winged air- 
craft, both piloted and pilotless, to the threshold of velocities faster than 
sound. Until now only unmanned ballistic devices have attained such 
speeds. 

1). Novel propulsive systems, using the reaction or jet principle, 
have facilitated the reaching of high speeds, because of their reduced 
weight and increasing efficiency with increasing speed. These systems re- 
place the conventional engine and propeller at high speeds because the ef- 
ficiency of a propeller decreases greatly when very high speeds are 
attained. The rocket principle makes propulsion independent of the use of 
the atmospheric air and rocket-driven aircraft are able to reach extraordi- 
nary attitudes in an extremely short time. 

c. By gradual improvement, both in aerodynamic design and in en- 
gine construction, the performance and economy of airplane transporta- 
tion have been tremendously increased. The spectacular increase in the 
range of our military aircraft and in the carrying capacity of our cargo air- 
craft is an indication of improved economy. Although essential improve- 
ments in aerodynamic and engine design can be expetted to increase 
airplane economy further, the amount of heat which can be released by 
combustion of our most efficient fuels per unit weight or per unit volume, 
imposes a serious limitation on any large increase in range with conven- 
tional fuels. The use of nuclear energy, however, may radically change 
this situation and help to reach almost unlimited ranges, at least in the 
case of aircraft which do not carry human beings. 

d. Navigation and instrument flying were greatly aided by use of the 
radio even in its early stages of development. The recent extension of the 
spectrum of radiation down to centimeter and millimeter wavelengths, 
and the application of the pulse and echo principles of radar, opened fun- 
damentally new possibilities in the struggle of aviation against weather, 
clouds, and darkness. Blind landing, blind bombing and location of re- 
mote and invisible objects (aircraft or targets) are paramount examples of 
the cclntributions of radar technique. Seeing through darkness by night 
and se:eing through clouds by day became routine facts in military avia- 
tion. Fighter control from the ground became an important element in 
warfare. It appears that a wide-open field exists for progress in communi- 
cation and other applications of radio and electronics which are discussed 
at length in Radar and Communications, by other members of the AAF 
Scientific Advisory Group. 

e:. Gradual improvements in gyroscopic devices led to the automatic 
pilot, .which materially relieves the human pilot. In addition, the develop- 
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ment of gyro and servomotor devices made possible a great variety of re- 
mote control systems. Since we are able to transfer optical impressions by 
television devices, aircraft or missiles can be piloted to distant points 
from the ground or from the air by remote control. Radar location devices 
similarly can be applied to the remote control of aircraft. 

f. The progress in electromagnetic radiation techniques made auto- 
matic hioming (target seeking) possible and effective. A radar homing 
bomb was in use by the U.S. Navy in the Pacific at the close of the war. 
Infrared (heat) radiation proved to be one of the most promising methods. 
Radio, infrared, and radar have been applied to the problem extremely 
useful in automatic fire control. Along with automatic homing, the design 
of automatic computers became a great practical domain of military engi- 
neering.. 

g. Combination of methods of automatic and remote control with 
homing devices will lead to a complete solution of the problem of pilot- 
less aircraft, having tremendous speed, extraordinary range and ability to 
hit targets accurately. Although pilotless aircraft will never completely 
eliminate manned aircraft, they obviously will take over certain missions. 
Both in the German and in the Japanese theaters, our strategic bombing 
forces brought utter destruction to our enemies with the clocklike accu- 
racy of a great machine. The future aim is to build up, for this purpose, a 
war machine in the proper sense of the word, consisting of technical de- 
vices only, and yet directed in all details by the mind and staff of some 
master strategist of the air. 

Plan of Analysis 

1.17 The abundance and variety of applications of scientific ideas and de- 
vices in aerial warfare, sketched very briefly above, put a tremendous 
task before the men responsible for the future Air Forces. For the most 
part the scientific foundation of the applications mentioned has already 
been laid, and other applications will emerge as scientific research con- 
tinues to be productive of new knowledge. 

1 .I 8 The scientific-technological questions are a only small part of the 
whole problem. We are fully aware that a report prepared by men of sci- 
ence car1 contribute only a small part of the solution. 

1.19 Chapter I1 of this volume analyzes the problem of research and de- 
velopment from the point of view of the technical requirements which the 
Air Forces must meet in order to be able to carry out its task, securing the 
safety of the nation. It appears that the main requirements in which scien- 
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tific methods, scientific research and development play an important role, 
may te listed as the abilities to: 

il. Move swiftly and transport loads through the air. 

11 Locate targets and recognize them. 

c. Hit targets accurately. 

tl. Cause destruction. 

e. Function independently of weather and darkness. 

1F. Defeat enemy interference. 

1;. Perfect communications from ground to air and from air to air. 

11. Defend home territory. 

1.20 Chapter 111 contains recommendations of an organizatory character 
as follows: 

a. Fundamental principles for organization of research. 

b. Cooperation between science and the Air Forces. 

c. Cooperation between industry and the Air Forces. 

d. Adequate facilities in the Air Forces for research and develop- 

e.  Induction of scientific ideas into command and staff work. 

f. Scientific and technological training of Air Forces personnel. 

ment. 

1.21 Further volumes of this general report contain individual studies 
prepared by members and collaborators of the Scientific Advisory Group 
on the: main scientific topics. They may be used as a kind of guide for the 
direction of future research, starting from the present state of the art to- 
ward Ithe realm of the unknown to be revealed in the years to come. 



Chapter II 

Analysis of Research Problem 

Move! Swiftly and 
Transport Loads through the Air 

2.1 This fundamental problem can also be described as the problem of 
the aerial vehicle, It includes the design and construction of manned and 
unmanned aircraft, subsonic and supersonic. 

2.2 Looking back to the past, the aeronautical engineer certainly can be 
proud of the performance of the present day airplane. Speed, rate of 
climb, and range have been multiplied by factors of considerable magni- 
tude in the twenty-seven years since the end of the First World War. A 
great portion of the progress was achieved during the last decade in the 
six years of conscious preparation by the Army Air Forces and in the four 
years of actual warfare. However, if the problem of war in the future is 
considered, we conclude that our best present type airplanes are still far 
from doling the job which they will have to achieve. 

Range! vs. Speed 

2.3 The two great problems of aerial locomotion are range and speed. 
The ideial solution is a combination of both. 

2.4 Range is imperative because of the global character of aerial warfare. 
We have to reach enormous ranges, distances as great as half of the 
length of the equator, in order to be able to attack and occupy points lo- 
cated anywhere on the globe. With the possible exception of an airplane 
driven by atomic energy, the design of aircraft to carry very heavy loads 
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to shorter ranges is essentially the same problem, because of the inter- 
changeability of fuel and pay load. 

2.5 S’peed is imperative for effective action, safety against enemy coun- 
terme.asures from the ground, and superiority over enemy aircraft. 

2.6 Hence, it appears that for the crystallization of our ideas concerning 
the desired performance of future aircraft, we have to see clearly the fun- 
damental relations between range and speed. The range of an airplane de- 
pends on three factors: (1) ratio between drag and lift, (2) fuel 
consumption per unit thrust horsepower, and (3) ratio between the weight 
of the fuel and the total weight of the airplane, at the beginning of the 
flight. The first factor is determined by aerodynamics of the airplane, the 
second, by aerothermodynamics of the propulsive system, and the third, 
by construction and material. 

2.7 The critical factor is the lift-drag ratio, which decreases abruptly at 
the approach to sonic velocity and in the supersonic range never again at- 
tains the favorable values realized in the subsonic regime. Even if we are 
very optimistic as to the future developments of our supersonic aerody- 
namics, it is improbable that the extreme ranges possible for subsonic air- 
planes can be realized for supersonic planes. On the other hand, the belief 
that siipersonic flight is restricted to extremely short ranges is too pes- 
simistic. For instance, if atomic energy can be used for propulsion, the 
range of jet and rocket planes will increase to unprecedented values. 
However, even with present fuels, improvements can be expected in the 
design of jet propulsion units which would bring the range of supersonic 
planes, to 1,500-2,000 miles in the substratosphere and 3,000-3,500 miles 
in the stratosphere. 

2.8 In the example represented by the diagram, the ranges are shown for- 
two viilues of the ratio between fuel and initial weight, 0.5 and 0.7. For 
the lifit-drag ratio and the thermal propulsive efficiency of the propulsive 
efficiency of the propulsive system, best current values are used, and the 
flight is assumed to be carried out at the optimum values. The ranges 
given for level flight at 20,000 ft altitude; fuel for take-off and climb is 
not considered. 

2.9 The ranges realized or realizable with present engineering methods 
are discussed in detail in the report, “The Airplane-Prospects and Prob- 
lems” by W. R. Sears and I. L. Ashkenas, in the SAG report Aerodynam- 
ics and Aircraft Design. The attainment of the values shown in the 
diagram, page 15, necessitates considerable improvements in aerodynam- 
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ics, both in the subsonic and supersonic ranges, and radical changes in the 
propulsion units used in the supersonic range. At supersonic speeds the 
frontal area of the engine required for given thrust is the greatest impedi- 
ment arid must be greatly reduced. The ranges given in the diagram 
should be considered as goals of a systematic effort of the next decade to 
be achieved by close cooperation between airplane and engine research 
groups. 

Air Plane Types 

2.10 No attempt is made to write the specifications for the aircraft 1965; 
however, it appears possible to indicate certain general functional re- 
quirements of future aircraft. The following classification is based on the 
analysis of the functions of the Air Forces given in paragraph 1.12. 

2.1 1 The first function of the Air Forces is to reach swiftly, and hit with 
great destructive power, remote targets. Two classes of aircraft will be 
used for this function: 

a. An aircraft which carries the means of destruction to the target 
and returns to its base or lands at some other predetermined base, This is 
the bomber in the proper sense of the word. 

b. An aircraft which is expendable and hits the target by means of 
remote control or automatic homing, i.e., a pilotless bomber. 

2.12 The development of bomber aircraft, in the proper sense of the 
word, will probably continue for a few years the trend followed in recent 
years. However, it is not envisioned that bombers will continue to grow 
in size. Increase of size cannot continue to increase speed and range in- 
definitely, but may be necessary to permit carrying sufficient defensive 
armameint. Such armament in the future would include radio-controlled 
high-spe:ed missiles, launched from the bomber, which would serve as 
fighter cover in case of necessity. The greatest increase of speed and 
range must be accomplished by improvements in aerodynamics and pro- 
pulsive methods. 

2.13 In the field of pilotless bombers the goal is the intercontinental mis- 
sile. We assume a system of bases distributed in such a way that all possi- 
ble target areas in the world can be reached by such missiles. Two types 
of pilotless bombers should be developed for this purpose. The first type 
should t~ a high-altitude, pilotless, jet-propelled bomber, with a speed 
equal to about twice the velocity of sound. This pilotless bomber will 
carry either atomic or conventional bombs. Launched by rockets or lifted 
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to high attitude by piloted airplanes, it will be capable of level flight up to 
a range of 2,500 to 3,000 miles. The second type aimed for should be an 
ultrastratospheric pilotless bomber, equipped with wings, but not de- 
signed for level flight in the atmosphere. It should be endowed with ex- 
treme velocity during the acceleration period, The wings will be used for 
two purposes: (1)  to increase the length of the trajectory, and (2) to secure 
a controllability which is not possible with the pure V-2 type projectile. 
The propulsion of this type of pilotless bomber will be accomplished by 
the rocket principle. 

2.14 Atomic energy may be used for propulsion in both types of pilotless 
bombers,thus increasing their ranges to an unprecedented extent. (Cf. 
2.5 1 to 2.56) 

2.15 To secure air superiority various types of combat aircraft will be 
needed. Tactical requirements will determine their design. The two prin- 
cipal categories will always be bombers and fighters, although there will 
be overlapping of the duties of these, as at present, and some bombers 
and fighters will also be developed for highly specialized auxiliary tasks, 
such .as photoreconnaissance. The very large battleship of the air, bris- 
tling with defensive armament, seems destined to give way ultimately to 
smaller bombers having superior performance, fighter control, etc. 

2.16 An important problem is the development of special aircraft for air- 
borne armies. These aircraft must be capable of cruising at comparatively 
high speeds, while still retaining the ability to land and take off at safe, 
low speeds from small fields. Vigorous application of jet-assisted take- 
off, boundary layer control, high-lift devices, and deceleration devices on 
troop-carrier aircraft can make this possible. Troop-carrier airplanes must 
also be specially designed for rapid and easy loading and unloading of 
bulky items of ground equipment. 

2.17 Every item of equipment in the Army (naturally, with the exception 
of railway guns, heavy seacoast defense guns, and the like) must be air- 
transportable. However, the number of different types and sizes of troop- 
carrier airplanes developed must be kept down to a practical minimum. 
There is immediate need for an over-all study of the weight and dimen- 
sional characteristics of every item of equipment in the Army. Only a 
complete study can show what types and sizes of future troop-carrier air- 
craft are required to move the Army by air with greatest possible effi- 
ciency. However, the entire burden of making the Army air-transportable 
must not be allowed to fall solely on the aircraft designer. There must be 
established a means of control over the weights and dimensions of Army 
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A prime example of an aircraft which could swiftly, and with great destructive 
power, hit remote targets was the 8-52 Stratofortress, which wasd designed and 
tested during the period following this study. 

equipment to insure that future equipment will be capable of being car- 
ried in future aircraft. This can be done and must be done without com- 
promising battlefield requirements in any way. The cargo airplane and 
ground equipment development programs must be coordinated at fre- 
quent intervals by an agency charged with the specific responsibility of 
making the Army capable of movement by air. 

2.18 Gliders were used on a large scale (and with great effectiveness) for 
the first time in the airborne operations of World War 11. The develop- 
ment of gliders and glider techniques must be continued since, at the pre- 
sent time, this is the safest, Fheapest, most acceptable method of landing 
heavy equipment during the assault phase of an airborne operation. New 
glider developments should stress the following: adequate crash protec- 
tion for crew and cargo; low landing speeds and use of deceleration de- 
vices for shortening the length of landing ground roll; rapid unloading 
through wide, rear-loading doors; adequate protection against small-arms 
fire for pilot and copilot; greater aerodynamic and structural efficiencies 
through the use of high-lift devices and metal construction; and the use of 
assisted takeoff techniques for decreasing the length of take-off run re- 
quired by glider-towplane combinations. New gliders (towed-aircraft) 
must be and can be easily designed for rapid conversion to low-powered 
transports. This will eliminate some of the major shortcomings of gliders 
because ferrying to combat theaters and use as short-haul transports be- 
tween airborne missions will be possible. The advantage of having such a 
transport, which can be easily and rapidly loaded and unloaded, for short- 
haul work immediately behind the lines cannot be overemphasized. 
Promising new techniques for the assault landing of heavy equipment 
must be developed and evaluated tactically. Important among these are 
the assault transport, the method of dropping heavy equipment by means 
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of parachutes and decelerating rockets, aircraft with jettisonable cargo 
compartments, and rotary-wing aircraft. Stable (nonoscillating) para- 
chute,s with lower opening-loads must be developed for paratroopers. 

2.19 The possibility of attacks by single aircraft with disastrous effects 
makes the defense of our frontiers, industrial equipment, and bases one of 
the most important tasks of the Air Forces. Piloted and pilotless intercep- 
tors are envisaged as the main instruments of defense. Speed and control- 
lability are the main requirements for this type of aircraft. 

Aerodynamic Problems 

2.20 Improvements in the lift-drag ratio proportionately increase the 
range of an airplane. Therefore, efforts should be concentrated to attain 
such improvements. In 1935, an eminent American aerodynamicist, who, 
ironically enough, later became instrumental in the development of the 
laminar wing, declared that in his opinion no more major progress can be 
expected in aerodynamic science. He referred to the fact that with the dis- 
covery of the wing theory, lift and drag became calculable quantities, and 
the performance of the airplane could be fairly exactly predicted. Also, 
the designer learned the rules of streamlining and methods of eliminating 
superfluous drag by “cleaning up” the airplane. By use of systematic and 
detailled wind-tunnel tests, this cleaning up process became almost per- 
fect, so that further improvements can be expected only in exceptional 
cases. However, even in the fairly well explored subsonic speed range, 
new possibilities appeared with the discovery of the laminar wing section 
and the efforts to design an efficient flying wing. 

2.21 The concept of the laminar wing is based on the fundamental fact 
that when the flow in the boundary layer of a surface moving in air is 
laminar, the surface friction is very much less than in the case when tur- 
bulent motion takes place in the same layer. The laminar wing sections 
which we are using in the present-day design, endeavor to keep the 
boundary layer laminar over a portion of the wing surface by means of an 
appropriate shape of the section. This method was applied in the design 
of quite a few of our modern airplanes, with considerable success. The 
proposal was first received with skepticism. Several objections were 
raised; that the expected effects of drag reduction could only be obtained 
if the wing surface is extremely smooth, and that the beneficial effect 
could only be attained for small values of the lift coefficient, thus restrict- 
ing the benefit of the reduced friction to certain flight attitudes. Neverthe- 
less, it appears that the initial successes of the laminar wing are so 
encouraging that in future research we should strive to go the whole way, 



Examples of pilotless bombers envisioned by Karman and developed dur- 
ing lthe 1950s were the Matador (above) and Snark missile (below). 
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Long-range intercontinental ballistic missile development was predicted for the fu- 
ture in Toward New Horizons. Here, Gen. Bernard A. Schriever, Commander, Air 
Force Systems Command, is shown with models of the many missiles developed 
by AFSC and predecessor organizations during the twenty years following Kar- 
man’s report. 

i.e., to try to secure laminar flow in the boundary layer by positive meas- 
ures along the entire wing and in a large range of angles of attack. It is 
known that theoretically this aim can be attained by the so-called bound- 
ary layer control. Results along this line are already available, for exam- 
ple, in the tests carried out by Professor J. Ackeret and his collaborators 
at the Technical University at Zurich. It is true that the process requires 
extremely smooth surfaces with relatively narrow slots extending span- 
wise along the wing. This might cause practical difficulties (for example, 
in the case of icing). However, looking into the future, extreme smooth- 
ness might be realized by materials now in the making, and it will cer- 
tainly be worth-while to put in a great amount of research work to 
eliminate other possible practical obstacles. There is even the possibility 
of eventual elimination of conventional movable control surfaces, by use 
of boundary layer control to effect changes in lift and moment. 

2.22 The same principle can be applied also to reductions of the drag of 
airplme for example, bodies with circular cross sections. In the case of 
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wings, it will be necessary to subdivide the wing into a number of com- 
partment s with individually regulated boundary laycr control. In the case 
of bodies, it might be sufficient to apply the control at a few critical cross 
sections. 

2.23 Thie fundamental idea of the flying wing is the elimination of the 
parasite ‘drag contributed by such parts of the airplane as do not produce 
lift. The tailless airplane is an even more controversial subject than the 
laminar wing. As does every unorthodox type, it introduces some new 
problems. The fact that the longitudinal control is placed in the wing in- 
volves control force characteristics w hich are different from those occur 
ring in conventional airplanes. Much discussed problems are the proper 
method of securing directional stability, and the best arrangement for 
sweepback. As a matter of fact, the designs which have been produced up 
to now have not yet brought a final decision concerning the relative ad- 
vantages and disadvantages of the flying wing and the tailless airplane. 
However, as the global character of aerial transportation, and especially 
aerial wiarfare, becomes more and more evident, it is apparent that our 
present aiirplanes are inadequate to meet the demand for range. Therefore, 
the two methods promising essential aerodynamic progress, namely 
boundyy layer control and tailless design, should be explored with ade- 
quate facilities. 

2.24 The large decrease in the value of the lift-drag ratio at the Mach 
number of about 0.8 is due to the rather sudden increase of the drag of the 
airplane. This increase is essentially due to the fact that the relative veloc- 
ity of the air locally becomes larger than the velocity of sound. Simulta- 
neously with the increase of the drag, difficulties are encountered, in most 
cases, in the stability and control of the airplane. Generally these phe- 
nomena are designated as compressibility effects; we prefer to use the 
designation “transonic problem.” Obviously, in order to extend the speed 
limit of lhighspeed airplanes, a thorough investigation of the aerodynamic 
phenomena in the transonic range is needed. As a matter of fact, the aero- 
dynamics of both the subsonic and supersonic ranges are better known 
than that of the transonic range, which extends approximately between 
the Mach numbers of 0.8 and 1.2. One reason is that the mathematical 
analysis is extremely difficult, since the flow around the airplane is partly 
subsonic: and partly supersonic. Another great difficulty is caused by the 
unreliability of wind-tunnel tests in this range. Flight tests, dropping tests, 
and measurements on models carried by rockets are the main sources for 
experimental information. 
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2.25 Fighters and interceptors now in the making operate actually at the 
border of the transonic range. Hence, every method which is able to raise 
the limit of the rapid drag increase is of great importance. German scien- 
tists observed that increase of drag of the wing can be postponed to 
higher Mach numbers by sufficient sweepback. This method is generally 
used now in the design of fast fighters and interceptors. Designers are 
seeking means to reduce the excess weight and the difficulties in stability 
and contirol connected with the swept-back wing shape. However, this so- 
lution is not necessarily a final one. When our knowledge of aerodynamic 
phenomena in the transonic range has been more firmly established, we 
may final methods for eliminating the separation of the flow behind the 
shock wave, and the fundamental trouble, namely the occurrence of 
shock waves. In the subsonic range aerodynamic research brought rich re- 
turns. It (can be expected that the same process will repeat itself and will 
lead to the solution of the transonic problem. 

2.26 On'e of the main questions in the supersonic speed range is the feasi- 
bility of long-range flight. The supersonic airplane necessitates very high 
wing loading with small size of the wing. Hence, in most cases, the vol- 
ume available in the wing for fuel or pay load is very small, and a dispro- 
portion appears between the sizes of the wing and the fuselage. In other 
words, the resistance of the body in comparison with the resistance of the 
wing is much greater than in the case of the conventional subsonic air- 
plane. It appears that the best solution is offered by a fuselage of large 
fineness ratio. A rather thorough investigation of the problem was made 
by the Scientific Advisory Group on this question. These investigations 
suggest that, assuming a given ratio between fuel and total weight and a 
certain space required in the fuselage, the range is essentially a function 
of the altitude at which the supersonic flight takes place. The preceding 
diagram:, page 112, shows an example of the variation of range with alti- 
tude. The ideal application of such a supersonic airplane is the pilotless 
bomber l(Cf. 2.13). Similar types of supersonic airplanes will serve as pi- 
lotless interceptors (Cf. 2.19). The best speed range for the latter device 
may be between 1.2 and 1.5 times sound velocity. 

2.27 The fact that in the case of the supersonic airplane, the body resis- 
tance contributes a relatively larger portion to the total drag than in the 
case of :subsonic planes calls for study of an all-wing design. However, 
supersonic flight requires wings with small thickness-chord ratio. Hence, 
one can create sufficient space only by using a wing shape of very small 
aspect ratio. It is fortunate that, in the supersonic range, triangular-shaped 
wings give relatively high lift-drag ratios in comparison with other plan 
forms. Hence, for manned interceptors a series of all-wing airplanes 



One aerodynamic concept addressed by Karmiin concerned development of the 
larminar wing. The Northrop X-21 (above) used this concept. 

Developing wind tunnels and testing aircraft design models was important to Kar- 
miin’s vision of aircraft development and testing methods. Above is an E3A Air- 
borne Warning and Control (AWAC) model undergoing wind tests at the Arnold 
Engineering and development Center (AEDC), Tullahoma, Tennessee. 
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should be tried, eventually with a small cockpit for a pilot. Such a series 
should extend from a tailless airplane similar to the Me-163 to pure trian- 
gular-shaped airplanes. 

2.28 Besides the lift and drag properties, the questions of stability and 
control are the most important. The change of the flow regime introduces 
difficulties in the transonic range. But also in the pure supersonic range, 
very little is known about the efficiency of aerodynamic control surfaces 
and contirol forces. This field needs thorough exploration by all means 
available, starting with wind-tunnel tests and ending with flight tests. 
Possibly in addition to conventional means, displacements of weights or 
direct coiitrol of the pressure distribution by modification of the flow, as 
in the case of boundary layer control, are necessary. 

2.29 The difficulties of landing are much more serious for supersonic 
than for subsonic airplanes because of their high-wing loading. The wing 
loading decreases with altitude and supersonic airplanes designed for 
stratospheric flight may land without special devices. However, system- 
atic investigations are necessary of high-lift devices suitable for use on 
the thin, sharp-nosed airfoils that are desirable for supersonic flight. This 
must include the problem of raising the maximum lift of triangular, low- 
aspect-ratio wings, and particularly of reducing the extremely large an- 
gles at which such wings now attain their maximum lift. In addition, 
devices :such as rockets, which produce simultaneously deceleratory 
thrust and increase of lift for the short period of landing should be stud- 
ied. 

Propu I!jive Problems 

2.30 All our airplanes actually used in the war were propelled by propel- 
lers drivem by reciprocating engines. However, the progress made in the 
field of jet propulsion and gas turbines and the experience gathered in 
Great Brntain and Germany, and also with our own experimental jet-pro- 
pelled airplanes, enable us to choose the best propulsion system for any 
future prloject. In broad lines, the merit of a propulsive system is deter- 
mined by two figures: the weight which has to be installed in the airplane 
for unit thrust-horsepower, and the fuel consumption per thrust-horse- 
power-hour. It is evident that for flight of short duration, small engine 
weight has the determining influence; for long duration flight, low fuel 
consumption is more essential. Fuel consumption per thrust-horsepower 
is determined by the efficiency of the engine and the propulsive effi- 
ciency of the system. At the present moment the reciprocating engine is 
still more economical than the gas turbine, and at subsonic speeds the 
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propeller has higher propulsive efficiency than the jet. However, looking 
into the future, the following considerations appear important. 

2.31 It appears to be rather difficult to attain radical improvements in the 
efficiency of reciprocating engines, whereas a wide open field is avail- 
able for improvements in the case of the gas turbine. Hence, efforts 
should certainly be concentrated on developing the gas turbine for propel- 
ler drive, in order to secure the advantages of light weight, freedom from 
vibration, and reduction of nacelle drag connected with this system. Be- 
tween the various engine systems, an intensive competition can be ex- 
pected, to reach the best fuel economy at the lightest possible weight and 
the smallest space requirement. 

2.32 The pure gas turbine has the advantage of simplicity, light weight 
and small dimensions. The reciprocating engine has at present an advan- 
tage lover the simple gas turbine chiefly due to its utilization of higher 
pressures. However, it should be pointed out that the advantage of the re- 
ciprolcating engine holds for the cruising condition only, but maximum 
power output the gas turbine equals or surpasses the reciprocating engine 
in fuel economy. 

2.33 There are many ways of improving the performance of the pure gas 
turbine, for instance: 

a. Higher combustion temperature. 

b. Higher pressure ratio. 

c. Improving the aerodynamic efficiency. 

d. Intercooling between compressor stages. 

e. Reheating the air between turbine stages. 

f. Use of separate turbine for propeller drive. 

g. Regeneration by the use of a heat exchanger to extract heat from 
the turbine exhaust, and utilize this heat to warm the air entering the com- 
bustion chamber. 

These improvements involve partly metallurgical problems in search 
of better materials, partly aerodynamic problems, finally design problems 
to avoid undue penalties in size, weight, and complexity. 

2.34 Improvement of reciprocating engines appears possible by utiliza- 
tion of somewhat higher pressure ratios, but in the pure reciprocating en- 
gine this tends to be offset by loss of heat in the exhaust. A promising 
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development is the so-called compound engine in which the exhaust of a 
reciprocating engine drives a gas turbine which feeds back into the drive 
shaft. In this way the pistons of a reciprocating engine are used partly to 
drive a crankshaft and partly to serve as a gas generator for driving a gas 
turbine. The free piston-type of engine represents the extreme in this 
compounding principle. In this system the pistons are used solely as gas 
generators, and the products of combustion are used entirely to run a gas 
turbine. 130th the compound engine and the free piston engine have not 
been explored enough to judge their ultimate possibilities. 

2.35 With the practical realization of the gas turbine, the entire field of 
propulsioa, aerial, maritime, and ground transportation came into a revo- 
lutionary stage. Science and industry are feverishly working on the analy- 
sis of related aerodynamic and thermodynamic phenomena, improvement 
of materials and construction. Undoubtedly in this field the Air Forces 
will receive in the next decade the benefit of many developments initiated 
by others;. However, it will be necessary to give industry orientation in 
the direction of requirements of the Air Forces. Many of these require- 
ments involve special problems in which industry in any case might not 
be primarily interested, for example, performance at extreme altitude and 
large excless power for short duration. 

2.36 Jet propulsion will be generally used for transonic and supersonic 
speeds, ie., in the speed range where the propulsive efficiency of the jet is 
superior )to that of the propeller. However, the light weight of jet devices 
may justify their use also at lower speeds. For example, combined propel- 
ler and jet drive enables an airplane to cruise economically with the pro- 
peller drive at lower speed and reach high speeds for short duration by 
means of additional jet propulsion. 

2.37 The various jet-propulsion systems utilizing hydrocarbon fuels in 
the atmo,sphere are listed in the SAG report Where We Stand, Theodore 
by von K h a n ,  as follows: 

Reciprocating engine + ducted fan +jet Motorjet 

Gas turbine + ducted fan +jet Turbofan 

Gas turbine +jet Turbojet 

Continuous jet, compression by aerodynamic ram 

Intermittent jet Pulsojet 

Ramjet 

2.38 The chief limitations of the motorjet are those associated with the re- 
ciprocating engine. Since the reciprocating engine has a large frontal area 
in comparison with the gas turbine, units of large power become difficult 
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This seminal study also highlights the need for aircraft propulsion and engine de- 
sign testing and development. Above, AEDC engineers check on a General Elec- 
tric engine undergoing testing at the Tullhoma facility. 

to accommodate in the duct. The motorjet is considered a transition stage 
between the conventional engine-propeller combination and the turbofan. 
It is not considered, therefore, an important item in a long-range propul- 
sion program. It is interesting to note that the Japanese also had a motor- 
jet which they considered an interim jet motor pending development of 
the gas turbine. 

2.39 In the turbofan the gas turbine drives, besides its own compressor, a 
larger compressor or fan in a duct. It appears to be a promising develop- 
ment for filling the speed range between the tmbopropeller and turbojet. 
It has the advantage of greater efficiency over the turbojet in the high 
subsonic or transonic speed range because it moves a larger mass of air. 
It also has the advantage over the turbopropeller in the same range be- 
cause the use of shrouded fans avoids the tip losses which propellers have 
at high Mach number. There has been very little development on this sys- 
tem up to the present, and much applied research is needed; for example, 
wind-tunnel testing at transonic speeds on gas turbine-ducted fan combi- 
nations in various duct arrangements. 
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2.40 The turbojet development of the last five years proved the practica- 
bility of the system beyond doubt, and realized considerable progress 
both in the size of units and in fuel economy. On the other hand, many 
problems are unsolved and call for intensive research. In addition to the 
problems related generally to gas turbines and discussed above, two 
methods of producing excess thrust are under investigation: afterburning 
in the tail pipe, and fluid injection. At present requirements of high thrust 
for a given frontal area and of fuel economy are conflicting, which consti- 
tutes a difficulty for the application of current turbojets to supersonic air- 
craft. However, possibilities for further improvement show definite 
promise of eliminating this difficulty and should make future turbojets 
applicable to supersonic flight provided sufficient development is con- 
centrated on the subject. Since turbojets have an excellent propulsion ef- 
ficiency at supersonic speeds, the effort of adapting them to this speed 
range should bring valuable returns. Supersonic aerodynamics applied to 
the blade design of compressors and gas turbines also should bring worth- 
while gains. For use in pilotless airplanes, expendable turbojets should be 
developed to have an endurance only slightly greater than that required 
by their mission. 

2.41 With increasing flight velocity, the inlet air pressure to a turbojet 
compressor increases due to ram compression. When the aircraft is flying 
at sonic velocity, the ram pressure is approximately twice the atmos- 
pheric pressure and an efficient duct design is able to utilize a high per- 
centage of this pressure. For supersonic velocities beyond Mach number 
2, the air pressure due to ram compression can be many times the astro- 
spheric pressure and we can well dispense with the mechanical compres- 
sor and hence the turbine of the turbojet. The unit will then consist of an 
entrance air diffusor, the combustion chamber, and the exit nozzle. This 
is the ramjet. The ramjet is thus essentially a supersonic propulsive power 
plant. Its practicability at supersonic velocities is already demonstrated. 
The present theoretical calculation shows that for flight Mach numbers 
exceeding 2, the specific fuel consumption of the ramjet could be as low 
as two pounds per hour per pound-thrust. This is comparable with the 
specific fuel consumption of the turbojet. However, the ramjet has the 
further advantage of light weight due to much simpler construction and 
higher thrust per unit frontal area due to the higher combustion tempera- 
ture permitted by the absence of highly stressed moving parts. 

2.42 It seems then that the ramjet is the logical power plant for super- 
sonic flight with speeds greater than twice the speed of sound. Of course 
for short duration boost, even applications at subsonic or transonic speeds 
may be considered. However, here the fuel consumption of the ramjet is 
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high. Furthermore, the drag of the duct when not in use is very large. 
Therefore, if a turbojet or turbofan is the main power plant of the aircraft, 
then a wiser plan is perhaps to inject fuel into the tail pipe of the main en- 
gine for obtaining a short burst of large thrust. 

2.43 Flor supersonic application, it is essential to reduce the frontal area 
of the duct for low drag. This means a small combustion chamber cross 
section and high flow velocity. Efficient and intense heat release at high 
flow velocity is one of the most urgent problems in ramjet development. 
This problem and the problem of efficient diffusor and exit nozzle design 
have to be solved by concentrated efforts with the help of high speed 
wind tunnels. 

2.44 The high fuel consumption of ramjets at subsonic velocities is due 
to the low pressure in the combustion chamber obtainable by ram. By car- 
rying out the combustion in a confined chamber, like an explosion, the 
pressure at the end of combustion can be raised. This is the pulsojet. Its 
feasibility was first demonstrated by the engine of the German V-1 flying 
bomb. ‘his type of engine in its present form has a fuel consumption be- 
tween the ramjet and the turbojet in the subsonic and transonic range. 
Thus, its advantage in simplicity compared with the turbojet is counter- 
balanced by the high fuel consumption. Therefore, the answer to the 
question of whether it will be used for propelling pilotless aircraft in 
these speed ranges depends on two factors: (1) the development of simple 
expendable turbojet units, and (2) the possibility of improving the fuel 
economy by improved injection and combustion methods. 

2.45 At supersonic speeds, the present type of pulsojet with the spring 
valve is definitely inferior to the ramjet. However, theoretical considera- 
tions shiow the possibility of removing the valve and depending on the in- 
ertia of the air column for valve action. If this could be done, then the 
performance of pulsojet would be comparable with that of the ramjet. 
Here thle choice between pulsojet and ramjet is difficult because of pre- 
sent meager knowledge of these power plants. Only continued experi- 
ments can answer this question. 

2.46 Jet-propulsion devices using chemical propellants without the bene- 
fit of thie atmosphere air are called rockets. The combustion in the rocket 
motor is made possible by having the oxidizer and fuel contained either 
in a sin,gle compound or in separate compounds. In the first case, we have 
the monopropellant; in the second case, the multipropellant. Since the 
oxidizer is carried in the propellant, where as for the thermal jets, the oxi- 
dizer, oxygen, is supplied by the atmosphere, the specific consumption of 
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propellant is much higher for rockets than for thermal jets. For rockets, 
this value is generally 14 to 16 lb/hr/lb-thrust. However, the rockets have 
two distinct advantages when compared with other types of jet-propul- 
sion devices: First, the installed weight per pound of thrust of the power 
plant, excluding the propellant, is extremely small. For instance, the 
power plant weight for the V-2 rocket is only 0.03 Ib/hr/lb of thrust. The 
second advantage is that the thrust of the rocket is independent of the for- 
ward motion and the altitude. In fact, the thrust of the rocket even in- 
creases slightly with increase in altitude. These characteristics of the 
rocket motor immediately indicate that their most efficient applications 
must be either (1) for short operating duration so that the total weight of 
the power plant plus the fuel is small in spite of the heavy consumption, 
or (2) at extremely high altitudes so that no other power plant can pro- 
duce sufficient thrust. 

2.47 As far as chemical energy is concerned, no great advance can be ex- 
pected in increasing the heat value of the propellant so as to reduce spe- 
cific consumption. The future development must rely on detailed 
improvement of the characteristics of the propellant so that a more com- 
pact and efficient power plant can be designed. 

Since gas propellants require bulky containers, they are impractical for 
use in aircraft. Therefore, we are restricted to solid and liquid propellants. 
The solid propellant may be the lightest unit if the application calls for 
very short duration, for example, one to 30 seconds. Such applications 
are: assisted take-off, launching of pilotless aircraft, and boosting of air- 
craft during flight. Such boosting may be necessary when the aircraft has 
to pass through the sonic range of velocity. For short-time solid-propel- 
lant rockets are able to develop a very high thrust. If the application calls 
for somewhat longer duration, the liquid-propellant rocket will be, in gen- 
eral, more desirable. There are three methods of feeding the liquid propel- 
lant into the rocket motor, namely: by use of a pressurized gas, by means 
of a gas generator which produces the necessary gas pressure, and by 
pumping. The first method can be applied only for very short duration. 
For longer duration, one of the two other methods must be applied where 
the gas generator may be simpler in design and construction than the 
Pump. 

2.48 If the rocket is to operate in the dense atmosphere of lower alti- 
tudes, as in the case of antiaircraft missiles, the drag of the missile is of 
primary importance. We wish to reduce the frontal area and, hence, the 
volume of the missile. Then the propellant should have the highest im- 
pulse per unit volume. At present, the best propellant in this respect is the 
nitric acid-aniline combination. If the rocket is to operate in the rare up- 
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per atmlosphere, for example V-2 rockets, the drag of the missile is of sec- 
ondary importance. Then, the propellant should have the highest impulse 
per unit weight. At present, the best propellant in this respect is the liquid 
oxygen and liquid hydrogen combination. The extremely low temperature 
of the liquid hydrogen may cause difficulties in the design. A more prac- 
tical choice may be the combination of liquid oxygen and liquid hydra- 
zine. 

2.49 For more efficient design of the liquid-propellant rockets, improve- 
ments can be expected when we have a better understanding of the com- 
bustion and the flow in the motor. The cooling of the motor should be 
particuliarly studied for building long-duration rockets. 

2.50 In case of solid propellant rockets, our aim in research and develop- 
ment should be a more versatile propellant or a series of propellants 
which can cover the range of applications as to operating duration and 
operating ambient temperature. Much reduction of the unit weight can be 
achieved by reducing the pressure in the motor during burning without 
causing unstable combustion. 

2.51 Since the end of the war, the importance of atomic energy has be- 
come more and more evident. Without doubt extensive research will be 
done in all countries with the goal of using atomic energy as a source of 
power. IFrom the point of view of aircraft propulsion the problem is cen- 
tered 011 the question: Can we replace the combustion chamber of a 
rocket or a thermal jet by a nuclear reaction chamber? In the case of the 
rocket we have to transfer the heat released by the nuclear reaction to an 
appropriately related working fluid, in the case of the thermal jet, to the 
air. 

2.52 The nuclear process in a system containing fissionable atoms, for 
example, a uranium pile, is characterized by the so-called multiplication 
factor. This factor indicates the increase of the number of neutrons pro- 
duced by nuclear fission for every free neutron present in the system at a 
given time. If the multiplication factor is larger than unity, a chain reac- 
tion occurs. The number of neutrons, the number of atomic fissions, and 
the amount of released energy increase exponentially with time. If the 
multiplication factor is larger than unity, a chain reaction occurs. The 
number of neutrons, the number of atomic fissions, and the amount of re- 
leased energy increase exponentially with time. If the multiplication fac- 
tor is smaller than unity, the process stops. The first case corresponds to 
an explosion in a combustion chamber; the second case is analogous to an 
expiring; flame. Hence, in order to substitute release of atomic energy for 
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steady fuel combustion, one needs a system in which the multiplication 
factor is exactly one. One needs a method which regulates the process in 
such ,a way that the multiplication factor is kept with sufficient accuracy 
at a value equal to unity. 

2.53 As a matter of fact, such systems are already operating, for instance, 
in the manufacturing process of plutonium. However, they operate at the 
preseint time at low temperatures and are relatively heavy. At the level 
they now operate, they would be prohibitive for any aircraft or propulsive 
device. To be sure, the consumption of material per kilowatt hour is neg- 
ligible, practically zero. However, the initial weight is large. By use of 
concentrated fissionable material the weight can certainly be reduced and 
one can imagine that the present difficulties of increasing the temperature 
at which the release of heat takes place will be overcome. However, two 
great impediments would remain: (1) The amount of fissionable material 
required for the process represents a very high cost and investment in 
comparison to the power used in any mission of a pilotless aircraft. (2) 
The strong neutron and gamma radiation makes the application in a pi- 
loted aircraft difficult if not impossible. 

2.54 However, atomic engineering is at the beginning of its history and it 
can b’e expected that if the problems are clearly recognized they will also 
be solved. Evidently the first stage of development is finished: We have 
systems with a tremendous ratio between energy available for release and 
weight. However, we have no possibility, as yet, of releasing energy at 
any reasonable rate without using a minimum amount of material which 
represents an immense reservoir of energy out of all proportion to the en- 
ergy actually needed for one flight, with the exception of the case in 
which the same fissionable matter is used both for propulsion and war- 
head. Assuming that the problem of energy release is solved, the follow- 
ing situation would be realized as far as aircraft propulsion is concerned. 

2.55 In the case of the rocket ship, which does not use air, a working 
fluid has to be carried in the rocket. One will choose the lightest gas, i.e., 
hydrogen, since for the same energy released, hydrogen will give the 
greatest exhaust velocity and, therefore, the greatest thrust per unit weight 
of material consumed. It is estimated that if we are able to produce suffi- 
ciently high temperatures and high pressures, the thrust produced per unit 
weight of consumed material could be made about six times the present 
value. This would increase more than thirty times the range of V-2 type 
rockets using chemical propellants and would make rocket navigation 
possible up to the highest altitude beyond the stratosphere. The “satellite” 
is a definite possibility. 
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2.56 If the substitution of nuclear reaction chambers for fuel combustion 
chambeir in ramjets and turbojets, is feasible, the question of range would 
automatically be solved, In other words, if a jet-propelled aircraft with 
atomic combustion chamber could carry itself in the atmosphere, it would 
have practically infinite range, since its fuel consumption is practically 
zero. For this purpose an atomic engine weighing as much as eight or 
nine pounds per brake-horsepower would be acceptable for use in large 
bomber:; for subsonic flight, but for greater performance, such as super- 
sonic speeds, a better specific engine weight would be necessary. This 
weight inust include all moderators and regulating devices, and radiation 
shielding. 

2.57 The application of atomic energy to the propulsion of manned air- 
planes will probably be out of the question for a very long time because 
of the difficulty of protecting efficiently the personnel from the disastrous 
effects of radiation. The necessary shielding, at least at present, implies 
prohibitive weight. However, for a pilotless airplane there are definite 
possibilities. The problem should be attacked urgently and with adequate 
personnel and means. 

Problems in Materials 

2.58 Aircraft materials have been perfected continuously and new mate- 
rials studied with much promise. Nevertheless, it can be stated that we do 
not yet have the ideal material which would fulfill both the requirements 
for strength and for aerodynamic behavior. Whereas, for slow airplanes it 
was sufficient that the elastic limit of the material be not surpassed, for 
high-speed airplanes it is essential that the aerodynamic shape of wing 
and body be maintained with a minimum of deformation, avoiding any 
local waviness. Also, a perfectly smooth surface is necessary, and the 
possibility of keeping the surface smooth in service. These requirements 
call for improvement in properties of known materials or discovery of 
new materials of low specific weight, as well as development of methods 
of fabrication and production to take full advantage of the material prop- 
erties. 

2.59 Another equally important requirement is the development of high- 
temperalure materials for gas turbines and jet propulsion devices. Great 
advances have been achieved during the past five years. However, the in- 
vestigations were generally made by purely empirical methods, without 
consideration of the fundamental character of the solid state of metals 
from the physicist’s point of view. This more fundamental approach will 
definitely open ways to new horizons in a field where old concepts and 
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methods seem to yield diminishing returns. For application to individual 
design, a closer understanding of the particular requirements in each case 
will also aid greatly in material development. We must choose among the 
multitude of material properties (such as elasticity, plasticity, yield char- 
acteristics, impact strength, fatigue strength, etc.) the most important ones 
for a given design, and not require the optimum in every aspect. This 
means a closer analysis of the stresses of machine parts, especially under 
dynamic and high thermal stress conditions. 

2.60 An entirely new possibility is the introduction of ceramics as a con- 
struclion material. Ceramics are particularly heat resistant, as the melting 
points of these materials are generally much higher than those of the met- 
als. However, the strength of the ceramics now known is usually too low 
to be used for high stressed parts. On the other hand, ceramics have not 
been developed for such purposes before, and much remains to be 
learned. Two points need to be mentioned particularly: (1) The cost per 
pound of the ceramic material for machine parts could be many times that 
of the industrial ceramic materials now used, and thus the possible choice 
of basic components is much wider. (2) The ceramics can be used as a 
coating on metallic parts, and thus the temperature resisting property 
could be combined with the high strength property. 

2.61 A different approach to the problem of increasing the inlet gas tem- 
perature in turbines consists of cooling the parts of the engine exposed to 
high temperatures. The cooling problem brings up new requirements for 
the material. Thermal conductivity and thermal extension may become 
more important than creep at high temperatures. The recently proposed 
method of cooling by injecting the coolant through a porous material will 
promote the development of new alloys. 

2.62 In rocket motors the need for high temperature resisting material has 
grown with the increasing demand for longer duration of operation. In 
view of the very high temperate involved in the combustion of rocket fu- 
els, liquid-cooled chambers and nozzles have been used for long-duration 
units. The erosion of the nozzle has been a very difficult problem from 
the material point of view. It seems, however, that erosion occurs only if 
the temperature of the surface reaches some critical value. Nozzles made 
of very soft material (aluminum) have been used successfully when prop- 
erly cooled. It appears that the conditions the material should satisfy to 
operate properly in a liquid cooled unit are different from those required 
for an uncooled unit, In the first case, metals can be used almost exclu- 
sively. Thermal conductivity, thermal extension, and machinability are 
the essential factors in this case. In the second case, most metals will not 
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stand th.e combustion chamber temperature, and the use of high melting 
point metals (tungsten, molybdenum, tantalum) and of ceramic materials 
seems to be justified. 

2.63 In1 the design of nuclear reaction chambers, quite different charac- 
teristics of the material must be considered, especially the absorption of 
neutrons, alpha particles, and radiation, combined with high temperature. 

Rotary-Wing Aircraft 

2.64 No mention has been made so far of aircraft different from the air- 
plane type. Certainly rotary-wing aircraft, in spite of serious limitations, 
have military applications in airborne operations, as well as a host of spe- 
cial duties such as rescue, liaison, etc. The application of jet propulsion to 
rotary-wing aircraft is worthy of further investigation, and other forms of 
rotary-wing aircraft, such as the cyclogyro and gyrodyne, should be more 
fully exiplored. A somewhat fantastic idea is a helicopter driven b atomic 
energy which could serve as an observation station for a very long period 
of time at considerable altitude, reporting data to the ground or to an air- 
plane. 

Ai rs hi ips 

2.65 The airship is in principle a slow-velocity aerial vehicle, with the 
advantage of large cargo carrying capacity. Aerodynamic development 
and development in propulsion may considerably increase the speed of 
the airship. Since the greatest portion Of the drag of an airship consists of 
skin friction, laminar boundary layer control may cause a very essential 
reduction of the drag. Another less important improvement could be de- 
rived from a rear propeller drive, consisting of shrouded propellers lo- 
cated in the stern of the ship. Boundary layer control, of course, would 
probably require a construction material suitable for forming a smooth 
surface with sufficient local strength. 
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Locate Targets and Recognize Them 

3.1 In order to accomplish its mission the Air Forces must not only be 
able to move swiftly and transport loads through the air but the move- 
ment must be directed to bring the aircraft or missile and its means of de- 
struction from a base to the vicinity of a military target which may be 
anywhere on the globe. The target must then be recognized. The technical 
problem is one of locating two objects, the aircraft or missile, and the tar- 
get, with respect to some frame of reference and of bringing the two loca- 
tions in coincidence by guiding the aircraft or missile. It is convenient to 
consider the problem in three successive phases: (1) reconnaissance, or 
obtaining advance knowledge of where targets are to be found so that an 
attack may be planned; (2) navigation, or guiding the aircraft or missile 
from the base of operations to the vicinity of the target; and (3) recogni- 
tion of the target immediately prior to its attack. 

Reconnaissance 

3.2 The basic frame of reference for locating targets is an accurate and 
precise survey map of the earth’s surface, but before targets can be lo- 
cated on a map, we must first know that they exist. The first procedure 
will undoubtedly be to make factual surveys of enemy industry, transpor- 
tation systems, and military installations by the usual methods involving 
agents traveling within enemy territory, study of prewar economic data, 
and similar methods. The next step is to obtain information by reconnais- 
sance flights of aircraft or missiles using every known method of aiding 
the senses of man, including aerial photographs , radar, heat detectors, de- 
tectors of radioactive materials, etc. The enemy will try to disguise his 
main factories and other installations by camouflage and decoy targets 
and will try to interfere with the operation of our scientific aids, for ex- 
ample, by providing smoke screens and by electronic jamming. We must, 
therefore, employ a variety of means, comparing the results of one 
against the others. This problem of determining precisely where the target 
is located in the first place requires the judgment which can only be sup- 
plied by the human brain, and cannot be entrusted wholly to any single 
mechanism as may perhaps be possible in the navigation and attack prob- 
lems. 

Aerial Photography 

3.3 If accurate maps of the enemy’s territory are not already available 
they must be provided by our own forces and the most feasible method is 
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Five U-2s on the ramp at Edwards AFB. This aircraft was designed and perfected 
for reconnaissance, following the study’s recommendations. 

by means of aerial photography. Methods of aerial photography have 
been highly developed and will continue to be useful even if aircraft fly 
faster and higher. It may happen that difficulty is experienced with clouds 
and haze in which case radar methods can be used as discussed in the 
next section. Maps made from aerial photographs may or may not show 
the actual location of all possible targets but they will show the shape and 
location of cities, important rivers, coastlines, mountains, and other natu- 
ral features and they will serve as the basic frame of reference for loca- 
tion of strategic and other fixed targets. 

3.4 Aerial photography is also used for detailed surveillance of enemy 
territory and for the detection of specific military targets. The long period 
of time which is available for the study of reconnaissance data usually en- 
ables the detection of decoys and camouflage and permits exact location 
of the target. Concealment by camouflage can generally be defeated by 
color photography or stereoscopic photography, both of which have been 
highly developed. Few pigments useful for optical camouflage match the 
colors of the surrounding territory so perfectly that they cannot be de- 
tected by color photography with suitable selected filters. Stereoscopic 
photography enables the detection of the relative heights of objects in the 
field of view which cannot be changed by application of paint. 
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Radar Surveys 

3.5 Useful maps can be made by photographing the indicator scope of an 
airborne radar and the detail is greater the narrower the radar beam, i.e., 
the shorter the wave length for a given antenna size. It is, in fact, desir- 
able to provide special reconnaissance radar equipment in a special air- 
craft whose express function is to provide large and clear map-like 
presentations of the terrain suitable for photographing. Such records are 
useful not only for making the usual line maps but as guides to bom- 
bardiers when radar methods of bombing are used. Radar reconnaissance 
can be made at night and through clouds. It penetrates the nets and cloths 
commonly used as camouflage materials, and may even penetrate natural 
cover like forests under certain conditions. 

3.6 Cities and large industrial installations are usually easily detected in 
radar photographs. Smaller targets can be detected under suitable back- 
ground coordinations. Objects surrounded on one or more sides by water 
such as bridges, piers, ships, etc., are easily detected by modem radar 
equipment. 

Heat Surveys 

3.7 Underground installations cannot be detected either by aerial photog- 
raphy or by radar, and other means must be sought. Any large industrial 
plant uses considerable amounts of power which is eventually turned into 
heat by friction in the machines, losses in electric motors, electric lights, 
air compressors, etc. In an underground plant the heat must be conveyed 
to the surface through a suitable ventilating system except in very unusual 
circumstances. The hot air exhaust pipe may be detected by sensitive heat 
meters carried in reconnaissance aircraft. The same equipment is effec- 
tive in detecting optically camouflaged industrial plants and in differenti- 
ating between real and decoy targets. 

Acoustic Methods 

3.8 The present war saw the development of sonobuoys for detecting the 
presence of submarines. These devices dropped from aircraft into the sea 
contain microphones to pick up underwater noise and a radio transmitter 
to relay the information to the reconnaissance aircraft. It is practicable to 
use similar devices against surface and underground targets which give 
off considerable noise as is the case for many types of industrial plants. 
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Magnetic Methods 

3.9 The present war has also brought the development of magnetic meth- 
ods of detecting submerged submarines. In principle the same methods 
should be applicable to the detection of underground factories. Because 
of their short range of detection these devices are not at present highly 
practicable for this purpose. 

Atomic Power Plants 

3.10 Plants engaged in the manufacture of materials for atomic bombs or 
atomic power plants may be detected not only by the heat given off but 
by the special types of radiation from them which penetrates considerable 
thickness of earth. Suitable airborne equipment can probably be designed 
for the detection of such radiation. 

Navigiation 

3.11 H[aving fixed the geographical location of the enemy targets the 
next step is to bring the aircraft or missile to the vicinity. The central 
problem of navigation is to determine quickly and accurately the geo- 
graphicial position of an aircraft. The ideal situation is to have available 
continuously the position of the aircraft regardless of weather conditions, 
preferably in the form of a plot on a map showing the history of the flight 
up to the present moment. As the speed of the aircraft increases, the time 
required to obtain the position must be reduced. For example, an aircraft 
flying a t  1,200 miles per hour traverses 20 miles in one minute, and it 
would te necessary to reduce the time to less than three seconds if an ac- 
curacy (of one mile were desired. It is obvious that automatic observing 
and computing devices are required. 

Position Finding 

3.12 The methods available for locating the position of an aircraft may 
be classified in various ways. They will be discussed here under the head- 
ings visual methods, dead reckoning, and radio and radar methods, the 
greatest emphasis being placed on the radar methods because they seem 
to offer the greatest possibilities of attaining the ideal. 
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Visual Methods 

3.13 When the ground is visible, the position of the aircraft may be ob- 
tainedl by referring to visible landmarks such as cities, railroads, rivers, 
mountains, lakes, lighthouses, etc., and comparing them with a map. This 
simplest method of navigation, known as air pilotage or piloting, is useful 
primarily over land in clear weather and over territory for which maps are 
available. 

3.14 (Over the oceans, also over land and above clouds when celestial ob- 
jects are visible, the methods of celestial navigation may be used. This 
procedure amounts fundamentally to a determination of the position of 
the aircraft relative to the geographical position of one or more celestial 
bodies which is known if the time is known. Much ingenuity has been ex- 
ercise'd in developing aids for converting the observed data into position 
of the aircraft in the shortest possible time. Attention should be given to 
the prloblem of automatic celestial navigation of pilotless aircraft. 

Dead Reckoning 

3.15 Dead reckoning is the method of estimating position by keeping an 
account, or reckoning, of the course and distance from a previously 
known position. The basic observed data are the air speed and the com- 
pass course, but suitable corrections must be made for air temperature 
and pressure to give true air speed, for declination and deviation to give 
the true heading, and for the wind. 

3.16 Much of the human labor involved in this method has been removed 
by the development of the flux-gate compass and of instruments for 
measuring true air speed in conjunction with a device known as an air po- 
sition indicator. In this device, the compass heading is combined with 
true air speed automatically to give latitude and longitude, starting from 
an initial setting at a known position. The mechanism takes account of the 
fact that a degree of longitude is of varying length at different latitudes 
and functions accurately except at very high latitudes. The compass cor- 
rections may be set in manually from time to time. 

3.17 When science has perfected a satisfactory ground speed indicator 
not dependent on ground stations, the mechanized dead-reckoning sys- 
tem, or ground position indicator, will be a most effective navigational 
aid. Its weakness is that the errors are cumulative and that it must have 
been in operation continuously from some known position. Its advantage 
is that the equipment is all on the aircraft and operation is not dependent 
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on receiving radio transmission over long distances. The method of dead 
reckoning is the one method that is always available. 

3.18 The navigation employed in the V-1 and V-2 long-range missiles 
was ess,entially that of dead reckoning. In the case of V-1, the altitude 
was automatically controlled, the heading was determined by a magnetic 
compass which monitored the directional gyro of the autopilot, and the 
distancn: was measured by an air log. At the preset distance the bomb was 
made to dive on the target. In the case of V-2, the navigation occurred 
during ithe burning period of the rocket motor. The vertical heading was 
controllled by an elevation gyro, the azimuth by a radio beam, and the 
propulsion was cut off when a fixed speed was reached as determined by 
an integrating accelerometer. 

3.19 The accuracy obtainable by dead-reckoning methods is of the order 
of from two to five percent of the range from the last known position, the 
exact vdue depending not only on the type of measuring instruments and 
computers but also on atmospheric conditions. For example, the accuracy 
of currmt air position indicators is such that the error infrequently ex- 
ceeds four percent and averages about two percent. The errors of meas- 
urement and computation can probably be reduced below one percent 
with continued improvement in instrument design. The principal source 
of error is the variability and uncertainty of the wind. This error decreases 
as the speed of the missile or aircraft increases. 

Radio and Radar Methods 

3.20 F’rior to the introduction of radar techniques, many radio aids to 
navigation had been developed. Two-way radio telephone communica- 
tion and the broadcasting of meteorological information are of incalcula- 
ble assistance to navigators. For regular air routes the system of radio 
beams iradiating from radio-range beacons and the radio marker beacons 
enable navigation under conditions of zero visibility. This system has 
been highly developed for commercial air transport in the United States. 
The beam defines a specific track in space, enabling correction to be 
made for wind drift. The information is independent of any transmission 
from the aircraft and the number of aircraft which can receive the infor- 
mation simultaneously is unlimited. However, there are technical difficul- 
ties at Ihe radio frequencies used by the present system associated with 
the effects of the terrain and of the ionosphere on radio transmission at 
those frequencies. The trend is toward the use of higher frequencies and 
to methods dependent on microwaves and pulse transmission. 



134 SCIENCE, THE KEY TO AIR SUPREMACY 

3.21 Before radar, there was extensive development of aircraft radio di- 
rection finders, and homing devices, and of systems of aircraft location 
by direction finding from ground stations. Information so obtained was 
used .for occasional computation of position as a fix in connection with 
navigation by dead reckoning. The most highly developed form of radio 
direction finder is the automatic radio compass which gives direct read- 
ings of the bearing relative to the axis of the aircraft of any radio station 
to which it is tuned. Indicators are available which combine this indica- 
tion with that of a flux-gate magnetic compass. The same technical diffi- 
culties are encountered as for the radio-range system at the frequencies 
commonly used because of the effects of terrain and ionosphere on the 
transmission giving rise to night effects, multiple and bent courses, etc. 
In any system based on direction finding the errors increase with the 
range. Perhaps the most elegant beam system is the modern German 
“Sonne” system which allows an observer to determine his bearing rela- 
tive to a land station with an accuracy of the order of 10 at ranges up to 
1,000 or 2,000 miles. 

3.22 Radar has developed many new techniques which are described in 
greater detail in the reports of the radar consultants, Radar and Communi- 
cations. The development of microwave radar makes it possible for the 
navigator to “see” the terrain under blind-flying conditions and to use the 
simplest of all methods, air pilotage. In X-band and shorter wavelengths, 
the resolution is sufficient for identification of rivers, streams, bridges, 
rail lines, and other surface features. In addition, the range of radar vision 
is greater than that of the eye, so that over the sea, land may be “seen” at 
ranges of from 50 to 100 miles. When over land, or at sea with the aid of 
radar buoys, drift may be determined and combined with an air position 
indicator to give a ground position indication. An accuracy of the order of 
two percent of the distance traveled since the last fix is attainable. This 
method of radar navigation requires no ground stations. 

3.23 The pulse techniques of radar have given rise to the development of 
a new technique of position finding based on measuring distances rather 
than directions to known points, hence called telemetric. The known 
points may be marked by radar beacons which provide strong identifiable 
artificial echoes. When “interrogated” by receiving a signal from a micro- 
wave transmitter in the aircraft, the beacon transmits an echo, and the 
time interval from pulse emission to receipt of echo is a measure of the 
distance. Even a single beacon enables a fix within the accuracy set by 
the width of the radar beam. Much greater precision is obtained by meas- 
uring simultaneously the distance from two beacons, the procedure used 
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in the British “H’ system and Shoran. The traffic capacity of this type of 
system is limited. 

3.24 Another telemetric method is the hyperbolic method in which pairs 
of ground stations emit synchronized pulses. The pulses are received in 
the aircraft and the time difference between the arrival of pulses from the 
member of a pair is measured. This locates the aircraft on a hyperbola 
and two such hyperbolas give a fix. The aircraft requires only a receiver 
and the traffic capacity is unlimited. 

3.25 The range of microwave systems extends to the optical horizon or 
only slightly beyond. For long ranges a relatively low radio frequency 
must be used. The hyperbolic system of navigation operating at frequen- 
cies of two megacycles per second or lower is known as Loran. The 
standard system now in use has a range over water of 700 nautical miles 
by day and 1,400 miles by night with errors of from 0.1 to 10 miles de- 
pending on the geometry of the lines of position. A system under devel- 
opment is expected to have a range of 1,200 miles by day and 2,000 by 
night with errors of from one to two miles at 1,000 miles. Laboratory 
techniques of pulse comparison indicate the possibility of improving the 
accuracy by an order of magnitude. 

3.26 Tlhe process of hyperbolic navigation may be compared with that of 
celestial navigation. The determination of lines of position is essentially 
similar except that the mathematics is more complicated. However, the 
unchanging character position obtained from fixed reference stations in 
contrast to the moving stars permits precomputation. Charts may be pre- 
pared in advance for pairs of stations and the results are permanently use- 
ful so long as the stations are maintained because the lines of equal time 
difference are fixed with respect to the surface of the earth. 

3.27 There is no technical obstacle to a complete mechanization of the 
receiveir so that the output is either in the form of dial counters giving Lo- 
ran coordinates or a plotting board which will plot the position continu- 
ously on a Loran chart. It is then a short step to connect the output to the 
rudder so that a predetermined track may be followed automatically. 

3.28 Since hyperbolic navigation requires only a receiver on the aircraft 
or missile, and the traffic capacity is unlimited, it is the most promising 
system for the control of large numbers of long-range ground-to-ground 
pilotlesis aircraft. As now visualized, special ground stations would be ad- 
justed so that the hyperbolic line of position corresponding to a fixed time 
difference for which the missile receivers are set passes through the tar- 
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get. Aircraft could be launched from many points in a large area, all fol- 
lowing a preset course until they intercepted the line of position through 
the target. They would then change course and follow the line of position 
to the target. The attitude would be controlled independently and the dive 
to the ground would be initiated by reaching the appropriate position line 
of a second pair of ground stations. This type of attack could be operated 
without close coordination between control group and launching crews; 
their operations would be practically independent. 

Magnetic Methods 

3.29 ‘The use of the compass for determining direction on the earth’s sur- 
face is well known. It has been repeatedly suggested that additional meas- 
urements on the earth’s magnetic field may yield another method of 
navigation. Thus, in theory, measurements of the magnetic dip and of 
magnetic field strength give two numbers which could serve as coordi- 
nates of position to be related to ordinary geographic coordinates by suit- 
able surveys. The principal weakness of the method is that a recent 
survey over the territory to be traversed is necessitated by the secular 
variation of magnetic properties. In addition, the accuracy would be se- 
verely limited by diurnal variations and magnetic storms as well as by the 
lack of suitable airborne instruments. The method may be worthy of some 
further study. 

3.30 It is probable that no single method will answer all of the navigation 
problems of piloted and pilotless aircraft. However, there are available 
scientific methods and techniques in rich variety which make possible 
continuous knowledge of position independent of adverse meteorological 
conditions. 

Recognition of the Target 

3.31 As the aircraft or missile approaches the general vicinity of the tar- 
get, the bombardier, gunner, operator, or the mechanism of the pilotless 
missile (if of the targetseeking type) must find and recognize the target 
preparatory to the attack. Most of the methods useful for reconnaissance 
are al:so useful for recognition with the exception of photography which 
takes too much time. 

3.32 In the case of large and extended targets such as cities, factories, or 
other major installations above ground, when the visibility is adequate, 
there IS no difficulty. The eye may be aided by a suitable telescope, and 
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the mind may be assisted by suitable aerial photographs and maps. The 
photographs, maps, or sketches may be constructed in relief to show the 
appearance when approached at the normal approach altitude and thus fa- 
cilitate recognition. 

3.33 Photographs of radar indicator scopes obtained on reconnaissance 
missionis may be used in the same manner as aerial photographs as an aid 
to recognition. 

3.34 Skilled operators have no difficulty in recognizing many types of 
targets (directly on the radar indicator. Cities, bridges, piers, ships, islands, 
beaches at the coast line, and aircraft can all be recognized without diffi- 
culty. Special techniques are available for detecting moving targets which 
are especially useful for aircraft detection but which are also applicable to 
ground targets under some conditions. 

3.35 If agents are available in the enemy territory, they may mark targets 
otherwise invisible by portable radar beacons or, in special cases, such 
marking beacons may be dropped from the air. 

3.36 R.adar methods may be used to follow the aircraft or missile from 
ground control stations and to direct the pilot or actually remotely control 
the aircraft to a target whose map location is known by previous recon- 
naissance. 

3.37 The reconnaissance methods using heat detectors, detectors of spe- 
cial types of radiation from radioactive materials, magnetic measure- 
ments, or acoustic radiosondes dropped on the ground may find 
application in recognition of special targets. These methods as well as ra- 
dar are applicable to the homing control of missiles. In fact any target 
possessing any peculiarity as to physical properties which set it off from 
its background can be recognized by a suitable homing intelligence de- 
vice. 

3.38 Especially in the case of pilotless aircraft, the operation of recogni- 
tion and control may be carried out at a remote point by the aid of radio 
repeat-back of information from a television camera or a radar search set. 

See further reports of the Scientific Advisory Group: 
Guided Missiles and Pilotless Aircraji 
Guidance and Homing of Missiles and Pilotless Aircraji 
Radar and Communications 
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Hit Targets Accurately 

4.1 The degree of accuracy required for successful strategic bombing is 
one of the most discussed topics of aerial warfare. Visual bombsights 
were designed for so-called pin-point bombing. However, war experi- 
ences show that this type of bombing is applicable only to a limited ex- 
tent, because of weather and enemy interference. Hence, in most cases 
pin-point bombing has to be replaced by area-bombing, i.e., by bombing 
with ;an accuracy obtainable by radar blind aiming, by dropping the 
bombs simultaneously from a large formation, or by missiles equipped 
with automatic pilot. In the future, bombing in large formations will 
probalbly be prevented by improved antiaircraft devices. It will be neces- 
sary to revise bombing equipment in the light of future methods of strat- 
egy, including the use of atomic bombs. 

4.2 The ability to hit targets accurately is dependent on the aerodynamic 
performance of the bombs, meteorological conditions, the accuracy of the 
bombsight, and the abilities of the bombardier. The study of the aerody- 
namic characteristics of bombs at low speeds has been well developed, 
but further research is needed in the transonic region. A considerable loss 
in accuracy of bombing from high altitude, originally attributed to the ef- 
fect OF high speed on the aerodynamic characteristics, was finally traced 
to structural failure of the fins. However, there is some evidence of an ad- 
verse effect of high speed on stability for certain types of bombs. 

4.3 B'ombers require bombsights in order to hit the target. In general, it 
can be said that the faster an airplane travels the less accurately it can 
drop its bombs. If bombers are actually going to fly at speeds around 
1,000 mph it cannot be said with certainty that present bombing precision 
can be improved upon or even maintained in spite of ever increasing 
complexity of the bombsights. Errors in the release mechanism and bal- 
listic trajectories become important at high speeds. The reaction time of 
the bombardier will have a significant effect on precision. 

4.4 Any self contained bombsight has two parts, the sighting means and 
the computer. In optical bombsights the sighting means is a telescope; in 
radar lbombsights it is a radar. There are only trivial differences in com- 
puter design in the two cases. 

4.5 The faster the bomber flies, the farther ahead the sighting means 
must see; above 400 or 500 mph only radar can see far enough and there 
is no sense in trying to develop optical bombsights for such aircraft. 
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4.6 But a fundamental difficulty with radar is that in order for it to see far 
and also clearly, its antenna must be wide; this is a tendency in flat con- 
tradiction to aerodynamical trends for high-speed aircraft. 

4.7 The design of bombsight computers aims not only at accuracy but at 
decreasing the time required for manipulation after the target is recog- 
nized. This has a profound effect on what is required of the associated ra- 
dar since the more time required to adjust the computer the farther away 
the target has to be recognized, and there is a practical limit to this. The 
recent war has seen the beginning of the development of computers suit- 
able for use in dive and glide bombing as well as for offset bombing, i.e., 
sighting at some more easily recognizable point whose position relative 
to the target is known. These developments give greater freedom of flight 
path to the bomber. 

4.8 Pilotless bombers whose range is limited to less than approximately 
100 miles may be entirely directed by means of precision ground-based 
devices employing radar principles. Extensions of the Shoran equipment 
to automatically control such aircraft can be perfected. 

4.9 For longer ranges, studies should be made of the use of airborne re- 
lay stations such as airplanes, rotary-wing aircraft, or missiles, and of 
combinations of groundbased directors with a homing device in the vehi- 
cle. In order to achieve long range the ground stations must operate on 
relatively long wavelengths such as are employed by the Loran system; 
this connotes low precision. Such means must thereby be employed to 
bring the missile to the vicinity of the target, whereupon the homing de- 
vice may take over control. 

4.10 Studies of the optimum locations of Loran stations for this purpose 
should be undertaken; the possibility of mounting such stations on sub- 
marines should be explored. The possibility of long-range guiding by 
automatic celestial navigation should also be investigated. 

4.1 1 The homing devices used may react to any radiation emitted from 
the target or may, radar-like, themselves illuminate it. Radio waves, ther- 
mal radiation, light, and certain of the high-energy radiations from nu- 
clear reactions may be considered as practical for homing purposes; if the 
device homes on radiation emitted from the target, then to a certain extent 
it can automatically recognize the target. Thus, a device made to home 
only on gamma rays would only home on unshielded atomic power 
plants, whereas one made to home on radio waves would neglect atomic 
power plants in favor of radio transmitters. This advantage is not so fa- 
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vorable as it sounds however, since the possibility of erecting decoy tar- 
gets always exists, even for atomic energy plants. 

4.12 For extremely high-speed missiles like V-2 the homing problem is 
made very difficult by the extremely long range required of the detecting 
device. 

4.1 3 Magnetic airborne devices are not regarded as offering good pros- 
pects for guiding pilotless aircraft. It is to be doubted whether devices 
sensitive to sound will be of any use either. 

4.14 Means for guiding missiles may be ground-based or air-based re- 
gardless of whether the missile itself is launched from ground or air. The 
particular tactical need will determine which of the four possible combi- 
nations should be used. It may prove upon further study that the guiding 
and launching means should be similarly based. 

4.15 The most difficult problem in launching missiles from the air is to 
launch them in the proper direction, if the target is nearby, so that they 
will require a minimum time of flight. The proposed defense of very 
heavy aircraft by this means may prove particularly difficult for this rea- 
son. 

4.16 While use is made of all available aerodynamic knowledge in the 
design of pilotless bombers, especially in the field of transonic and super- 
sonic aerodynamics, there are many special problems introduced by the 
use of homing devices which must be solved if high accuracy is to be at- 
tained. For greater accuracy the missile should look in the direction of 
travel of its center of gravity except as corrections for wind and target 
motion are introduced by a course computer. An aircraft of conventional 
design operates at a variable angle of attack dependent on load and speed, 
and boresight errors would arise as discussed by Dr. H. L. Dryden in Pre- 
sent State of the Guided Missile Art, Part I of the SAG report Guided 
Missir'es and Pilotless Aircraft. 

4.1 7 Perhaps the major problem in the design of a pilotless bomber is the 
coordination of all elements to give stable operation without excessive 
hunting, i.e., systems coordination. The tag characteristics of the intelli- 
gence device and of the autopilot and associated servomechanisms are 
perhaps the most important factors, but the stability and accuracy are de- 
pendent on many other factors including the aerodynamic characteristics 
of the missile. 
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4.18 In addition to bombs released from manned airplanes or carried by 
guided pilotless bombers, guns and rockets play an important role in aer- 
ial warfare. Rockets, stabilized either by tail fins like a bomb or by spin 
like a shell, are one of the important new developments of the present 
war. Comparatively large missiles may be fired with continually im- 
proved with better knowledge of the aerodynamics of rockets and with 
the development of rocket-sighting devices. Their effectiveness by the 
application of proximity fuses has greatly increased. 

4.19 The development of fire-control equipment has had little difficulty 
in keeping ahead of the development of guns. The range, accuracy, and 
rate of fire of the guns are not at all of a magnitude commensurate with 
the needs of aircraft traveling at supersonic speeds. Problems which must 
receive increased attention are the adaptation of guns and aircraft so that 
neither the aerodynamic performance of the aircraft nor the effectiveness 
of the gun is impaired. One typical engineering problem is the elimina- 
tion of vibration which impairs the accuracy. It will do very little good to 
make superior gunsights if the guns are not also improved. 

4.20 Many of the present computers for antiaircraft fire are based on the 
assumption that the two aircraft are traveling in straight lines. This as- 
sumption does not give sufficient accuracy. A fundamental study should 
be made of the types of paths usually followed by aircraft in combat and 
gunsights should be redesigned on the basis of the results of the study. 

4.21 As the speed of airplanes increases to the supersonic range, a further 
limit on accuracy is imposed by the unalterable reaction time of the hu- 
man operator. In principle, this difficulty can be overcome by making 
machines which are more and more automatic. Some progress had been 
made in this direction in the experimental radar-controlled guns which 
could be locked on any desired aerial target and thereafter would auto- 
matically keep the guns pointed at it. If such devices can be developed of 
sufficiently low weight, the man would be called upon only for the will to 
fight, a trait which so far has not been built into any automatic device. 

4.22 It is certain that instruments of control will become more compli- 
cated in structure as they are required to perform more and more func- 
tions formerly carried out by men. The problem of instrumental reliability 
and satisfactory operation then becomes urgent. 

4.23 Reliability can only be assured by a continuing program of develop- 
ment not only of the instruments themselves but also, and equally impor- 
tant, of the component arts of which they are made. Such development of 
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improved components may not be adequately supported by the ordinary 
economic forces of peacetime competition and heavy financial support by 
the Air Forces may be necessary. 

4.24 Satisfactory operation can only be assured by careful selection and 
training of personnel and above all by careful designing of instruments in 
accordance with the psychological and physiological needs of the men 
who are supposed to operate them. A special staff of persons trained both 
in engineering and psychology may be needed to carry out this kind of 
development. It would be the prime purpose of this group to insure that 
the design of aircraft, of the offensive armament, and of the instruments 
meant to control them are coordinated so that one integrated fighting ma- 
chine comes out. The present tendency to design an airplane and then 
hang on guns, rockets, bombs, radar, and sighting devices as a multitude 
of accessories must cease. 
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Ability to Cause Destruction 

5.1 The war which just ended was the first one in which aerial bombing 
played a decisive role. An immense amount of work was put into the de- 
velopment of bombs, bombing instruments, and bombing tables. Much of 
the present knowledge of the results of bombing and the effectiveness of 
bombs was obtained by systematic observation and analysis. A new 
branch of terminal ballistics developed, dealing with the effect of bombs 
on their targets. Since the heat released by our present molecular explo- 
sives is near the possible upper limit, great attention was paid to the most 
efficienl. use of the limited amount of energy. Then with the appearance 
of the atomic bomb, the destructive power of one bomb was made equal 
to the effect of 20,000 tons of explosive. The question arises, should the 
efforts for further improvement in construction and use of conventional 
bombs be continued, or should the whole material available be worked up 
for the archives and further study be concentrated on the atomic phase of 
the problem. 

5.2 It is true that after the discovery of the gun, archery gradually be- 
came a sport instead of a military art. This process of substitution was 
slow; however, analogous processes in our age may become very rapid. 
Hence, 'we might argue that atomic bombs are the future means of de- 
struction and we may forget about conventional bombs. The arguments 
against this theory are the following: 

(1) Production facilities of atomic bombs may be limited, so that their use 
will be restricted to the most important actions. (2) In many cases of fu- 
ture warfare we shall not be willing to use means of utter destruction. (3) 
Economic and political reasons may suggest the use of conventional ex- 
plosives as an alternative to atomic explosives. 

5.3 Fundamental features of nuclear processes involved in the function- 
ing of thle present atomic bomb do not permit making them of consider- 
ably smaller power than those which have been used against Japan. The 
answer to the question whether the development of conventional bombs 
should be continued depends to a great extent on whether the develop- 
ment of conventional bombs should be continued depends to a great ex- 
tent on whether the developments of nuclear science will produce a 
variety of bombs in a range of sizes, adaptable to various missions. The 
gap between the effect of the largest conventional and the present atomic 
bomb is immense. Warfare is directed primarily to securing the safety of 
our nation and not to the indiscriminate destruction of others. Hence, it 
appears that the most reasonable channel for development of atomic 
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weapons is to investigate the possibility of smaller capacities. No one 
can tell today whether and to what extent this is possible. Since there is 
no guarantee that atomic bombs can be substituted completely for con- 
ventional bombs, the work on development and improvement of conven- 
tional weapons must be continued. 

5.4 I believe the Air Forces should concentrate its effort upon: (1) getting 
full information about the destructive power of the present atomic bombs; 
(2) studying the possibilities of the adaptation of atomic bombs to various 
missions which proved to be effective against the war potential of the en- 
emy in the last war; (3) studying the possibilities of developing smaller 
size nuclear bombs perhaps by using nuclear reactions other than fission; 
and (4) making comparative studies of efficiency and costs of past meth- 
ods of strategic bombing and future methods using pilotless bombers 
loaded with either atomic or conventional explosives. 

5.5 Special study should be made of the problem of destruction of under- 
ground establishments. In the last war submarine berths were attacked 
with bombs, but with practically no success. It must be anticipated that a 
considerable portion of the key industries of possible enemies will be lo- 
cated underground in order to escape bombardment. Probably attack on 
communications leading to the underground factories and depots gives 
the best possibility of successful neutralization of such underground es- 
tablishments. 

5.6 The destruction of air targets, i.e., aircraft and missiles, has received 
comparatively little scientific study. Recent tasks by the War Department 
have shown that one pound of high explosives exploding within the wing 
of an airplane will cause sufficient damage to produce a crash or at least 
make return from a mission improbable. However, additional study is 
needed of the damage from blast and fragmentation at distances within 
the range of proximity fuses. In this application of fragmentation as a 
means of destruction, considerable progress has already been made by the 
application of scientific principles to develop controlled fragmentation, 
controlled both as to size and general direction of travel of the fragments. 
The theory of blast is now well developed; from this theory, for example, 
it has been estimated that 20,000 tons of TNT, which is said to be the 
equivalent as regards blast, of the atomic bomb, will destroy an aircraft 
one to two miles away. The efficient design of warheads for air to air 
missiles and ground to air missiles is dependent on accurate information 
on the destructive effects of both ordinary and atomic explosives when 
used either for blast or for hurling fragments. 
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5.7 The destruction of ships offers many new problems in terminal bal- 
listics. The penetration of the armor of battleships and other men-of-war 
is essentially the same problem as penetration of the armor tanks. A sci- 
entific curiosity of the first decades of this century, the so-called Monroe 
effect, has been applied in this last war to the development of hollow or 
shaped charges which have remarkable powers of penetration. Ships are 
more easily destroyed by underwater explosions. 

5.8 Terminal Ballistics and Destructive Effects, by Dr. N. M. Newmark 
(Part I11 of Explosives and Terminal Ballistics) describes the present state 
of knowledge of destructive effects of explosives. This report also con- 
tributes suggestions for completing our information on the subject. It is 
believed that such a program should be carried out because (1) in a transi- 
tion period such information is certainly needed, and (2) the final picture 
concerning the relation between the atomic and the conventional explo- 
sive is yet uncertain. 

5.9 The following conclusions regarding the selection of conventional 
weapons for attack of various ground targets appear to be generally ac- 
cepted: 

a. 'I'he most effective high explosive bomb for attack of light indus- 
trial buildings is a GP bomb fused to burst between the roof and the floor. 
Greater damage is produced to the building and to its contents with this 
fusing than with instantaneous fusings, or with cratering bombs. 

b. Against heavy industrial buildings and heavy machinery, large 
cratering; bombs or penetrating bombs are required to produce severe 
damage. 

c. .Against relatively combustible construction, either residential or 
industriail, incendiary bombs were several times as effective, weight for 
weight, (as any other type of bomb, except possibly air burst of very large 
blast bombs. 

d. Small bombs, blast bombs, and incendiary bombs had virtually 
no effect on submarine pens and heavy fortifications. Penetrating bombs 
or large general purpose bombs are required 

e. Against brick wall-bearing construction and against light wood- 
frame construction, blast bombs are most effective, and air burst at the 
proper height produces more damage than ground burst or cratering 
bombs. 

5.10 Improvements needed in present conventional weapons depend on 
the availability in quantity and size of atomic bombs. Since'it must be as- 
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sumed, in the immediate future at least, that only a relatively small quan- 
tity of present-type atomic bombs will be available, conventional bombs 
must be capable of being used effectively against all possible types of tar- 
gets. 

5.1 1 The following requirements seem to be most urgently needed 

a. Bombs designed specifically for the attack of massive under- 
ground installations including shaped-charge bombs, rocket-assisted 
bombs, and follow-through bombs. Possibly the required improvement in 
penetration performance can be obtained by developing bomb cases of in- 
creased strength. 

b. Development of large blast bombs with extremely light cases, to 
be used with proximity fuses for air burst, as a weapon against targets 
vulnerable to blast. 

c. Development of fragmentation bombs with more adequately con- 
trolled fragmentation. 

d. Development of fuses with more accurate control of timing, to 
permit bombs to burst after penetrating the roof of a building and before 
striking the floor or penetrating the earth beneath. (See SAG report Ex- 
plosives Terminal and Ballistics.) 
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Function Independently of 
Weather and Darkness 

6.1 The: goal of the Air Forces is an all-weather air force, i.e., complete 
independence of weather, both for flying and carrying out offensive and 
defensive missions. Flying independently of weather includes take-off, 
landing, and traffic operations without visibility, navigation without con- 
tact and minimum influence of the weather situation and wi . nd on the 
flight path and flying time. The main requirement for carrying out offen- 
sive missions in any weather is the replacement of visual bombing and 
visual fire control by radar methods. The same methods and equipment 
which are needed to carry out flight bombing and combat operations in 
cloudy weather serve the same purposes on dark nights. 

Blind Landing 

6.2 There are two aspects to the problem of blind landing, the actual 
blind landing or blind approach of a single aircraft, and the problem of 
traffic control in the neighborhood of a landing area, which is in many 
ways more difficult than traffic control along cross-country airways. The 
first problem mentioned has been attacked from two different directions, 
represented by the glide-path-localizer system, and the more recent GCA 
(ground-controlled-approach) system. In the glide-path-localizer system a 
direction of approach, and a glide path, are defined in space by fixed ra- 
dio beams. Through h a suitable receiver and indicator the pilot is ap- 
prised automatically of his position relative to this path. In the GCA 
system the position of the aircraft is determined by a precision radar set 
on the ground and instructions are given to the pilot over any available 
communication channel. Each system has its advantages and disadvan- 
tages and both are certainly susceptible to technical improvement. The ra- 
dar method is inherently flexible, and it requires no special equipment in 
the aircraft; however, its traffic handling capacity is now rather restricted 
and it does require fairly elaborate ground equipment and a highly trained 
crew. We cannot regard either method as a universal solution of the prob- 
lem. There may be in fact several future systems, or combinations of sys- 
tems for different types of airports, ranging from permanent commercial 
air bases to temporary landing strips at advanced military bases. What is 
needed, in addition to technical improvements, is extensive experience 
and a comprehensive program of trials aimed at an integrated combina- 
tion of all useful aids. 
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Traffic Control 

6.3 'I'raffic control near an airfield is peculiarly difficult because of the 
congestion which exists at such a focal point and the necessity of orderly 
approach to the landing path. Microwave search radar, on the ground, is a 
powerful aid and is an essential adjunct of the GCA system. It does not, 
however, solve all the critical problems, which include communication 
and identification. It ought to be possible for a ground controller not only 
to know the position and altitude of any aircraft in the vicinity, but to talk 
directly to any selected one. This requires a multiplicity of channels, and 
a degree of flexibility and reliability not approached by any existing com- 
munication equipment. However, the voice communication techniques 
available at microwave frequencies are very promising and should be ex- 
ploited. Incidentally the heavy investment in existing types of equipment 
is exerting a retarding influence on this development, which we consider 
extremely important for the future Air Forces. 

6.4 Going even further, one can envisage means by which some of the 
information available on the ground could be relayed to each pilot in the 
vicinity, almost completely breaking down the barriers of overcast and 
darkness. 

Instrument Flying 

6.5 Navigation without contact involves, first, instrument flying, that is, 
controlling the aircraft in a condition of reasonably steady flight on a 
given course, and second, determining as frequently as necessary the po- 
sition of the aircraft in ground coordinates. We have to consider also ob- 
stacle detection or collision prevention. 

6.6 Automatic pilots have been in use since about 1933. In the present 
form one or more gyroscopes are used to detect rotations of the aircraft" 
the resulting relative motion is translated into a signal which is amplified 
and operates the controls. Means are provided to make various adjust- 
ments of sensitivity and to prevent self-oscillation. The automatic pilot 
must be adjusted to the particular type of aircraft and the best adjustment 
often depends on the roughness of the air. Automatic pilots for pilotless 
aircraft must be designed to operate without the necessity of manual ad- 
justments in the air. 

6.7 Instrument flying in all weather conditions requires a solution of the 
icing problem which is still a great obstacle to continuous operation of pi- 
lotless as well as piloted aircraft. 
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6.8 An aircraft flying blind can keep track of its position by the sort of 
aided dead reckoning provided by the ground-position-indicator for some 
time after a fix in ground coordinates has been obtained. Even with fur- 
ther improvements in instrumentation there will remain the inherent limi- 
tation due to lack of precise knowledge of the wind. Airborne radar of 
reasonably high resolution permits, over land at least, contact flying or di- 
rect radar pilotage, which may be used on occasion as the sole means of 
navigation or may more usually serve to establish frequent fixes for an 
automatic dead-reckoning instrument. Not all aircraft will be able to af- 
ford the space for this facility, and, since the radar picture must be inter- 
preted by a human observer, pilotless aircraft would be required to relay 
such a picture back to the controlling base. 

6.9 A very important means of blind navigation is provided by the long 
range hyperbolic system, Loran, which has come into wide use. A de- 
tailed discussion of the future possibilities of this and related systems is 
included in the report of the consultants on radar. (See the SAG report 
Radar and Communication.) We should call particular attention to the 
possibility of increasing the accuracy of such systems at very long range, 
which has an important bearing on the problem of guiding pilotless air- 
craft far beyond the horizon. 

Obstacle Detection 

6.10 Military operations require the simultaneous operation of large 
numbers of aircraft under blind conditions. The problem arises of avoid- 
ing collision. Any airborne radar with 360 degree view is capable of per- 
forming this function within the limitations imposed by its minimum 
range and resolving power. The minimum range is fundamentally limited 
by the pulse length; it is about 125 feet for a 1-microsecond pulse. Hence, 
while the airborne radar search set suffices to warn of the approach of 
other aircraft, it cannot be used to guide formation flying in blind condi- 
tions in the tight formations employed in clear weather. However, there 
seems to be no good reason for close formations in bad weather. 

6.1 1 It would be possible to devise systems smaller and less elaborate 
than a complete search radar to perform solely the function of warning of 
obstacles. Whether these would be worth while in themselves depends on 
the type lof formation flying, and the type of aircraft, which develop in the 
future. 
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Weather 

6.12 Long range flights in general will be carried out at altitudes “over 
the weather” thus avoiding most disturbances caused by the weather situ- 
ation. For this purpose it is generally sufficient to fly at 40,OOO feet alti- 
tude at moderate latitude and at 50,000 feet altitude in the equatorial 
zone. Altitude flying involves certain equipment, especially supercharged 
engines and supercharged cabins. Problems occurring at high altitudes in 
gas iturbine and jet engine operation have to be solved. Furthermore, 
problems of aeromedicine related to high altitude flying have to be pur- 
sued. (Cf. 7.1 l to 7.15) The influence of wind will be automatically mini- 
mized by the high speed of future aircraft. 

6.13 The age of the “All-Weather Air Force” is drawing nearer. How- 
ever, it will never be possible to ignore the forces of weather. The key to 
all-weather flying lies in knowing what the weather will be, under- 
standing its dangers, and circumventing them. Circumvention can be 
achiwed through the development of special equipment (radar, new elec- 
tronic aids, television) and through careful selection of flight paths. Use 
of equipment, choice of procedures, and determination of flight paths 
must be based on the weather forecast. The weather forecast is vital also 
to ground force operations. Fire control necessitates corrections for at- 
mospheric conditions, chemical warfare cannot be conducted with preci- 
sion when a weather forecast is lacking, soil trafficability is a function of 
the weather, and tactics and planning demand an evaluation of what fu- 
ture weather will be. No military operation is wholly freed from the 
weat her; many are bound closely to it. 

6.14 Wartime researches led to marked advances in upper aid analysis, 
weatlher forecasting, weather observation, and the application of weather 
information to military problems. Particularly noteworthy progress was 
made in upper air researches. Unprecedented quantities of upper air ob- 
servaiions from all over the world provided the fundamental data. Re- 
searches led to the formulation of new methods of upper air analysis and 
to thr: extension and development of fundamental theories concerning the 
dynamics and structure of the upper air. Major advances were also made 
in long-range forecasting. Several long-range forecasting methods were 
develloped and submitted to rigorous trial, using specially devised mathe- 
matical techniques to test their validity. The best methods were then util- 
ized to prepare weather advice for pending military operations. The 
devellopment of new scientific devices, for example:, radar, made possible 
the development of new and improved instruments which extended the 
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range and accuracy of meteorological measurements. In turn, the effec- 
tive use of radar required additional meteorological studies. 

6.15 Future research must be directed towards improving weather fore- 
casting, obtaining vital knowledge concerning the upper atmosphere and 
ionosphcre, and achieving all-weather flight. The theories and data ob- 
tained during the war must be carefully checked and sifted to develop 
new forecast tools. The advent of new weapons, such as the atomic bomb, 
guided missiles, robot planes, and very high ceiling aircraft makes it nec- 
essary to obtain observational data for the upper atmosphere and iono- 
sphere and to develop theories that will make forecasting practicable for 
these high regions. This involves research in highly specialized branches 
of physics and meteorology, for such factors as cosmic rays, terrestrial 
magnetism, ionization, and special radiation effects become important in 
the high atmosphere. In the achievement of all-weather flight, the weather 
obstacles to be overcome in flight must be described and measured in de- 
tail if equipment and procedures to overcome the weather are to be suc- 
cessfully devised. The atmosphere is of ever-increasing importance as the 
medium through which the instruments of war are launched. Meteorol- 
ogy, the science of the atmosphere, is of ever-increasing importance to 
the milit,q. To keep abreast of modern military developments, research 
in meteorology must be vigorously pursued. 

6.16 The conditioning of weather over large territories has not been seri- 
ously considered in the past, however, the progress of meteorological sci- 
ence and the possibility of introducing in the air large amounts of energy 
by nuclear methods, might bring this aim into the realm of possibility. 
For example, the amount of energy required for forced local release of at- 
mospheriic instability in the case of convective storms and for the dissipa- 
tion of fog should be within the limits of available energy from atomic 
sources. 'I'he general problem consists essentially of three parts: (1) exact 
knowledge of the weather parameters in the domain in which we want to 
produce changes, including both instantaneous values and their tendency 
of variation; (2) methods of computing the future weather, as dependent 
on the presence or absence of available control measures; and (3) means 
of applying the controls, such as adding energy in certain regions, modi- 
fying the reflection coefficient of certain areas, etc. It seems possible, 
with the #aid of electronic computers, to produce a model of a certain re- 
gion of the earth's surface and the existing weather situation, which can 
be used riot only for fast weather prediction, but also for direct rapid ex- 
perimentation, on a mode scale, with various control methods. 

See the SAG report Weather, by I. P. Krick. 
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Defeat Enemy I n te rfe rence 

7.1 The fight for air superiority includes the annihilation of all the means 
the enemy has to take the air and the neutralization of his ground de- 
fenses. Hence, strategic bombing and the fight for air superiority are inti- 
mately interwoven; bombing missions promote air superiority, and the 
gain of air superiority increases the effectiveness of bombing missions. 
However, the possibility has to be envisaged that concentrated battles of 
air power against air power will be fought for control of the air, as battles 
were fought for superiority on land and on sea. Then, of course, superior 
experience, superior skill, and superior equipment will decide the out- 
come. 

Armament vs. Speed 

7.2 It is possible to develop large battleships of the air which would de- 
pend for protection on powerful, defensive armament including target- 
seeking missiles. It must be kept in mind, however, that they will be 
opposed by fighter airplanes with superior speed and maneuverability, of 
both the piloted and remotely-controlled variety. This suggests that a 
more effective method of defense against such attacks will be obtained by 
increasing the speed, the ceiling, and the maneuverability of the bomber 
to avoid the inevitable decrease in performance inherent in reliance on 
complex and necessarily heavy defensive armament. The problems are 
somewhat similar to those encountered in the past in building up sea 
power, and the future strategists of the air will have to decide on the rela- 
tive merits of the different schools of thought which will probably de- 
velop. 

7.3 As far as the technical problems are concerned, speed, maneuverabil- 
ity, rate of climb, and altitude, appear as the main requirements. Improve- 
ments in speed and rate of climb are determined by improvements in 
aerodynamics, propulsion, and lightweight construction. One particular 
difficulty with jet-propelled airplanes occurs when fast climbing from the 
ground is required. Although the rate of climb is excellent, the total time 
of reaching a certain altitude is handicapped by the fact that the best 
speed of climbing is relatively high, near the maximum speed. Conse- 
quently, considerable time is needed for acceleration of the plane near the 
ground. Probably means of assisted take-off will be needed to reduce the 
time of acceleration. 

7.4 Present jet-propelled, fast airplanes lack, in some respects, the ma- 
neuverability of earlier fighter airplanes. This is a natural consequence of 
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higher flying speeds, but steps must be taken to counteract it insofar as 
possible, in order to produce interceptors capable of pursuing success- 
fully the fastest and most maneuverable enemy bombers. This requires 
the maintenance of lift to as large angles of attack as possible without 
stalling, particularly at high Mach numbers, and the use of as low wing 
loadings as are consistent with the requirements of high speed and range. 
In pi1ote:d aircraft this problem also involves the black out limit of the pi- 
lot, which must be maintained as high as possible by use of pressure suits 
and other aero-medical techniques, and probably by use of the prone po- 
sition in very fast interceptors. 

High Altitude 

7.5 To rsecure air superiority it is necessary to reach equal or higher alti- 
tudes than the enemy. Rocket-driven airplanes are especially suitable for 
extreme altitudes, because their propulsion is independent of atmospheric 
air, although their flight duration is inherently limited. Hence, it will be 
necessary to use every possible means to adapt other types of jet propul- 
sion to high altitudes. Improvements in combustion and improvements in 
compressor design are the main requirements, especially the elimination 
Of difficulties which are encountered in compressor efficiency when su- 
personic flow occurs in the machine. 

Human Limitations and Capabilities 

7.6 Thle human element, both on the ground and in flight, is of para- 
mount importance in global operations directed toward attaining air su- 
premacy. The study of this element is the concern of aviation medicine 
which includes: (1) the initial selection of personnel on the basis of those 
human qualities which make for efficient combat airmen with emphasis 
on vision, hearing, reaction time, neuropsychiatric normality, cardio-res- 
piratory efficiency, physical prowess and psychologic adaptability; (2) 
the training of aircrews in the technique which will enable them to per- 
form efficiently, independently of weather and darkness, under the un- 
usual stresses produced by high speed, high altitude, great 
maneuvexability, rapid changes in barometric pressure with changing alti- 
tude, and instrument Right and contact with the enemy; (3) the effect of 
flight on the human organism; (4) the maintenance of health, efficiency, 
and safety of flying personnel under all environmental conditions; and (5) 
a detaile'd consideration of human requirements and limitations in the de- 
sign of aircraft, so that the airman-aircraft complex will be made into an 
efficient fighting element. 
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The Ryan X-13, an experimen- 
tal tail-sitting testbed, repre- 
sented an interesting, if unsatis- 
factory, attempt to develop a 
practical vertical takeoff and 
landing concept. 

7.7 Inasmuch as human tolerance does not change, the steadily progres- 
sive increase in speed, ceiling, and potential maneuverability of aircraft 
has resulted in a progressively smaller margin between psycho-physi- 
ological requirements and human tolerance. Once supersonic speed is ex- 
ceeded this margin will be of paramount importance in the operation of 
the aircraft. Hence, it is essential to determine under all conditions of 
flight the human tolerance as given by nature and the limits which can be 
attained as the result of selection, training, and the use of special protec- 
tive devices, such as a G-suit, in order to utilize fully new aircraft in com- 
bat operations. Of necessity, the performance of present and future 
aircr,aft will be based in part on human limitations and capabilities. 

7.8 An additional human factor is that once an aircraft is damaged and 
must be abandoned, the aeronautical engineer’s problem is over but the 
problem of survival of the crew, wherever they may happen to be in the 
world, is just beginning. 

7.9 High-speed flight and maneuverability result in certain hazards and 
streslses on the flyer. At the comparatively slow speed of 600 mph, 880 ft 
are traversed every second. Between the time the pilot receives an im- 
pulse to act and action by the pilot 0.2 sec elapses for simple reactions 
and he has traveled 176 ft without anything happening. For discriminative 
reactions the reaction time may be 0.4 sec or more. These times require 
that the controls be immediately at hand and that the flyer be alert. If the 
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situation requires a change in the course of the airplane, aiming and firing 
a gun or carrying out other mechanical tasks, the total time lag increases 
(reaction time and mechanical lag). To keep this reactionless period at a 
minimum requires that pilots be selected who have the shortest possible 
reaction time. When two aircraft are approaching head on at a speed of 
2,000 mph there will be an extremely short interval of time from the in- 
stant when the crews of the two aircraft first see the other aircraft until 
the aircraft are passing. Obviously radar aids are essential. Danger of col- 
lision will be a real possibility. 

7.10 When flying at very high speed, quick turns with resultant high ac- 
celeration of short duration may be a method of eluding guided missiles. 
Therefore, studies to determine the effects of comparatively high accel- 
eration of from 1 to 5 sec duration on flying personnel is of vital impor- 
tance. Also, the effects of exposure to negative acceleration immediately 
after exposure to positive acceleration and vice versa should be carefully 
investigated. The effect on acceleration tolerance of such factors as an- 
oxia, cold, heat, febrile and post-febrile state and intake of food and fluids 
is virtually unknown. All acceleration suits should be incorporated into 
the flying suit. Determination of the maximum acceleration that can be 
toleratedl when the pilot is in the prone position (approximately 10-12 g 
from the: chest to the back) and still allow manipulation of the controls 
will allow the aeronautical engineer to design such aircraft to withstand 
higher scceleration than ever designed before. However, the tolerance of 
a man in the prone position to acceleration from the head to feet on take- 
off and feet to head on landing is known to be quite low. 

7.1 1 Flight at high altitudes requires the use of oxygen by the crew. The 
oxygen equipment, now used by the Army Air Forces, gives flyers com- 
plete protection against anoxia up to altitudes of 37,000 ft. For continued 
flying efficiency above 37,000 ft, some form of added pressure must be 
used to protect the flyer. Pressure breathing (6in. water pressure) can in- 
crease the ceiling 2,000-3,000 ft. Pressure breathing used in connection 
with counterpressure pneumatic clothing can give protection for a few 
minutes as high as 60,000 ft. Pressure suits and pressure cabins, however, 
give the only complete protection at extreme altitude. 

7.12 Aeroembolism (or bends) is a serious human limitation in high alti- 
tude flights and becomes increasingly significant above 30,000 ft. For 
one hour's exposure 35,000 ft, one person in ten would be incapacitated; 
one in four at 40,000 ft. Very few individuals can stay more than 20 min 
above 43,OOO ft without suffering from aeroembolism. Prebreathing of 
oxygen for from 1/2 to 1 hr before flight can delay very considerably the 
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onset of aeroembolism. On the other hand, exercises at altitude increases 
the danger of its onset. 

7.13 Of the mechanical effects of altitude, the most serious is the rapid 
expansion of body gases, especially above 30,000 ft, which, if they exist, 
can cause painful abdominal discomfort. Extreme rates of decompression 
are well tolerated but compression rates above 1 psi/min are increasingly 
difficult to withstand except for specially trained and selected personnel. 

7.14 All aircraft designed for extreme high-altitude flights (ten miles and 
up) must be equipped with pressure cabins and ideally should be main- 
tained at an absolute pressure of 4.4 psi or over. Pressure suits have been 
built that satisfy this requirement but have proved to be extremely cum- 
bersome and awkward. 

7.15 Experiments on human subjects have shown that the human body 
can tlolerate a relative expansion of internal gases of 2.3 during any explo- 
sive 'decompression of a pressure cabin or a pressure suit. Above 50,000 
ft, however, it is virtually impossible to protect a pilot by proper choice of 
cabin pressure condition from both the dangers of anoxia and expanding 
internal gases. Loss of cabin pressure at any altitude above 50,000 ft will 
place: the pilot in sufficient danger to require emergency protection from 
some form of pneumatic clothing, a practical version of which has yet to 
be deweloped. 

7.16 Emergency escape from an aircraft, while traveling at extremely 
high speeds (transonic and supersonic), and at high altitudes (10-50 
miles) will require many special considerations. A parachute must be de- 
veloped that will relieve the very high expected opening shock and will 
be free of oscillation. For this purpose, the Germans developed the ribbon 
parachute. Emergency oxygen must be carried, probably in the parachute, 
and for bailouts above 50,000 ft, some protection must be provided 
against severe anoxia and aeroembolism. Methods must be provided to 
eject the flyer free of his damaged ship. Ejection seats as an escape 
method are only practical for subsonic speeds. Full-face oxygen masks 
will protect the face from wind blast and cold. The concept of an eject- 
able cockpit, properly pressurized, is at present the best probable solution 
to escape at extreme altitudes. For such a cockpit, a stabilizing parachute 
is required as the speed drops through the transonic range. Larger para- 
chutes free of severe opening shocks will be required to reduce descent to 
a safe value for striking the ground. Alternately, the cockpit could be un- 
sealed automatically below 50,000 ft and allow a conventional parachute 
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At the time of this report, the rocket-powered Bell X-1 neared readiness for its first 
flights on January 19, 1946. Many references to the expected results of super- 
sonic flight centered on the knowledge of this aircraft's engineering design and 
potential performance characteristics. It first exceeded Mach 1 on October 14, 
1947. 

descent. Automatic opening devices should be used throughout the se- 
quence of events. 

7.17 The high skin temperature of supersonic aircraft will require special 
protection for the pilot against heat prostration. Air-cooled flying clothing 
will be a requirement. Proper choice of insulation on the cabin will be a 
factor. As the speed of the aircraft drops to subsonic levels, protection 
against the cold for the pilot must be considered. 

7.1 8 Since some rocket-propelled aircraft may use liquid oxygen as one 
of the fuel components, this liquid could be used as a source of cabin 
pressurization, as a source of oxygen for the pilot, and as a method of 
cooling an air ventilated duct for protection against excessive cabin heat. 
For rocket propulsion, using toxic liquids or atomic energy sources, pro- 
tection must be given the pilot against noxious gases or radiation. 

Countermeasures 

7.19 High speed, maneuverability, and high altitude are the meansof es- 
caping interference from ground defenses. However, we must attribute to 
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the enemy the same highly developed weapons of defense which we try 
to develop. Hence, it appears imperative to have in our airplanes means 
for detection and deflection of target-seeking devices aimed at them. 
This is one of the many problems which concern counter-measures 
against new remote-controlled or homing devices. 

7.20 A technically competent enemy will try to thwart our operations by 
countermeasures directed at our own electronic devices for the collection 
of information and the transmission of intelligence and control. The vul- 
nerability of a target-finding radar to jamming is no less important than 
the vulnerability to fighter attack of the vehicle which carries the radar 
and the bomb. We have seen in the war just past a lively battle of weapon 
and counterweapon in the fields of radio and radar. At certain times we 
enjoyed the advantage of a new technique, temporarily unknown to the 
enemy, and hence, of a period when a new device (for example, micro- 
wave ASV radar) could be used with impunity. It would not be wise to 
count on many such advantages in the future, and it is, therefore, impor- 
tant to assess the vulnerability of new devices at an early s tag  of their 
development. In the reports of the individual consultants on radar, com- 
munications, infrared, and guided missiles, the specific problems of 
counter-measures are taken up. It is worth while to present here certain 
broad conclusions which emerge from these studies: 

a. The fact that an electronic device can, in principle, be jammed 
(and most of them can) does not necessarily mean that it will be jammed 
so as to impair seriously its military value. The problem of jamming, real- 
istically considered, is not merely one of ingenuity, of which we must as- 
sume that the enemy has an unlimited supply, but of electric power and 
energy and well-known physical laws. It may be made uneconomical for 
the enemy to interfere with some device of ours, even though he regards 
it as a serious threat. 

b. The developments in radar and related fields which promise the 
most in freedom from enemy interference are the use of a diversity of fre- 
quency channels, rapid tuning from one channel to another, higher power, 
and where consistent with other requirements, more directive beams of 
radialtion. The opening up of the microwave region of the spectrum has, 
on the whole, made the task of the would-be jammer much more formida- 
ble. 

c. Radio links used for remote guiding and control, or for transfer of 
intelligence from and to unmanned aircraft, will probably make more and 
more use of the “combination-lock” type of security, exemplified by elec- 
tronic pulse coding and decoding in contrast to the “concealed-button” 
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type of security, which involves the dangerous assumption that the enemy 
cannot readily discover what we are doing. 

d. Concealment and camouflage against detection by radar and other 
means have been developed vigorously and will continue to develop. We 
must keep active and alert in this field, if only to be able to anticipate the 
counterrneasures to which our devices may fall victim. 

e. In general, electronic warfare puts a premium on ingenuity, 
speed, adaptability, and alertness. Against the countermeasures of a deter- 
mined and technically advanced enemy our only permanent military as- 
sets are well-informed, resourceful, scientific personnel, and a flexible 
production organization. 
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Perfect Communication from Ground to Air 
and from Air to Air 

8.1 'The preceding discussion has assumed accurate and reliable commu- 
nication between the airplanes involved, and between the airplanes and 
their base. Present aviation communication, while fairly satisfactory, still 
lacks a good deal in reliability and ability to make contact. however, if 
the present rate of development continues, the requirements of the pro- 
jected Air Forces can be met in a relatively few years. 

8.2 At present the communication problem is divided into two parts: 

a. Liaison communication for the long-range transfer of information 
between individual airplanes or flights of airplanes and their base, dis- 
tances from a few hundred miles to several thousand miles. 

b. Command communication between the members of a group or 
formation of planes. 

8.3 Future aviation communication will undoubtedly retain these two 
subdivisions, and will probably include a third, namely short-range com- 
munication between air bases and airplanes, for the purpose of guiding 
offensive operations, traffic direction, and landing control. This may in- 
clude visual presentation by television and instrument indication, as well 
as voice communication. 

8.4 The liaison system must operate on frequencies between one and ten 
megacycles. This is because radiations at higher frequencies follow es- 
sentially line-of-sight paths, while lower frequencies, such as are used for 
transoceanic communication, require antenna lengths which cannot be ac- 
commodated, even in the largest bombers. In order to obtain communica- 
tion at a distance in the frequency range available for liaison work, it is 
necessary to depend upon ionospheric reflection, and to obtain reliability 
it is cssential to select from among eight or ten bands in this region. Be- 
cause: of these limitations, liaison communication is limited to between 
five and ten speech channels. This means communication must be very 
highly organized in order to economize the needed channels. 

8.5 The use of teletype systems and special voice coding can greatly re- 
duce the frequency bandwidth required for a communication channel. By 
adopting these means, a great many more channels become available. 
This imay become an important part of liaison. 
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8.6 Long-distance communication of the liaison type may be supple- 
mented by a high-frequency relay system. This will make available a 
large number of channels, which can be used for liaison. However, the 
longer wavelength direct liaison channels must be retained in the event 
the relqy chain is broken. 

8.7 Command communication allows a much greater latitude in the se- 
lection (of the frequency at which it can operate, since only line-of-sight is 
required. In practice it will be carried on at as high a frequency as possi- 
ble, in order to make available a maximum of communication channels, 
limited only by the state of technical development, antenna considera- 
tions, and the molecular absorption of the air. 

8.8 At present, command systems operate at frequencies around a hun- 
dred megacycles. In the immediate future the frequency should be in- 
creased by a factor of at least ten, and perhaps much more. There will be 
available a large number of communication channels at these upper fre- 
quencies, so that each airplane in the group or formation can be assigned 
individual channels, in addition to general and emergency channels 
shared by the whole group. 

8.9 The channel space available can be used not only to give a large 
number of bands, but also to protect the system from jamming, interfer- 
ence, and interception, by using special forms of modulation, multiple 
channels, or other refinements. 

8.10 With the large number of channels to be employed in this type of 
operation, it is imperative that the individual units be integrated into a 
closely knit practical system. This can be done following practices simi- 
lar to those employed in ordinary telephone systems. Each airplane in the 
formation would be assigned a frequency or pair of frequencies on which 
he would communicate with anyone calling him. In order to call another 
airplane, the calling transmitter and receiver would be tuned to the fre- 
quency of the station being called, simply by manipulating a numbered 
dial similar to a telephone dial. While certain problems connected with 
frequency stability remain, steps have already been taken toward their so- 
lution in the use of a single stabilized oscillator to control the frequency 
of both transmitter and receiver, various feedback systems, and similar 
measures. In such a network it would be essential that certain master 
channels be kept open at all times for the reception of general commands 
and emergency instruction. Since these channels must be available 
whether or not a station is calling another airplane, this arrangement may 
require some duplication of equipment. This will not be seriously objec- 
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tionable, because short-range, high-frequency radio equipment can be 
made relatively small. 

8.11 Certain command operations may be aided by highly directional 
transmission. Communication of this type can be carried out very effi- 
ciently in the microwave portions of the radio spectrum. Laboratory mod- 
els of receivers and transmitters are at present in existence, and the 
technical availability of this equipment is assured. 

8.12 The extremely high-frequency portion of the radio spectrum, that is 
60,000 megacycles or more, has certain properties which may be of value 
for short-range command systems. Here the molecular absorption of the 
atmosphere begins to be important. This means that the signal is attenu- 
ated very rapidly with distance. Thus, it would be possible to carry on 
communication between airplanes in a formation and yet maintain radio 
silence as far as ground detector or more distant airplanes are concerned. 
Howewer, before such equipment becomes available for practical aviation 
application, it must go through a long period of research and develop- 
ment. 

8.13 For single-seater fighters and other aircraft where one man must 
perform a great many operations, as well as act as radio operator, it may 
be necessary to supplement voice communication with an indicating sys- 
tem, with a semipermanent record of the message. Developmental equip- 
ment of this type has already been produced in the form of the British 
“Beechnut” and American “Volflag.” These units not only give an annun- 
ciator presentation of the message, to be read by the pilot, but also give 
an automatic answer-back when the equipment correctly records the sig- 
nal. This type of equipment can be made highly selective and jam-proof. 

8.14 Facsimile may also serve as an adjunct to voice communication. It 
allows the transmission of large amounts of information over a relatively 
narrow channel. Furthermore, this information is in the form of a perma- 
nent record. The information which can be transmitted may be in the 
form of maps, pictures, or charts, in addition to written words, which in 
itself can be of considerable value. Because the bandwidth required is 
somewhat greater than is needed for speech transmission, it probably will 
not be used as liaison equipment, but will be operated at command fre- 
quencies and on radio relay chains. 

8.15 In order to carry out successfully large-scale aerial operations under 
all weather conditions, it is necessary to provide very complete contact 
between the air base and airplanes leaving or approaching the base. 
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When large numbers of airplanes are involved, voice communication will 
not bc adequate, but must be supplemented by some form of visual aid. 
A modification of the “Teleran” system can provide the required contact. 
With this system, the location and altitude of all airplanes in the neigh- 
borhood of the base are determined by radar equipment at the ground sta- 
tion. This information is electronically plotted on maps of the terrain, 
dividing the space above the air base into a predetermined number of lev- 
els. A picture of the map and the airplanes at a given level is transmitted 
by television to the airplanes at the level. Thus, the pilot of every airplane 
at each level knows the whereabouts of every other airplane at his alti- 
tude, and the danger of collision is greatly reduced. The transmitted map 
carries with it appropriate meteorological information and any instruc- 
tions that may be necessary. Blind landing and take-off aids are also pro- 
vided for airplanes at the lowest level. 

8.16 This system gives the ground station complete control of the air- 
planes in the vicinity and makes possible the concentration of large num- 
bers of aircraft with relatively little danger. It also makes it possible for 
the air station to direct the grouping of large airplane formations and per- 
form other functions necessary in carrying out air activities on a large 
scale. 

8.17 The three classes of communication described will provide for the 
interchange of information required for integrated air activity on a large 
scale. In its present state of development, the radio art is in a position to 
supply most of the technical means for liaison, command, and air-base 
control. However, radio research should be encouraged in order to im- 
prove present means and develop new equipment giving better perfor- 
mance. (See the report Aircraft Radio Communication Equipment, Part 
111 of the SAG report Radar and Communications.) 
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Defend Home Territory 

Detection and Warning 

9.1 The first problem of defense is detection and warning. The successful 
defense of England was attributed largely to long-wavelength, early 
warning radar, installed at the time of the Munich agreement. This equip- 
ment could detect aircraft at a range of 150 miles at normal cruising alti- 
tudes, although its resolution was so low that it could not separate as 
distinct indications two aircraft 10 or 15 miles apart. Aircraft at low alti- 
tudes could not be detected. Had the Germans known the limitations of 
the equipment, they could have defeated its use. 

9.2 These early types of equipment, operating on wavelengths of ten and 
three meters, were succeeded by microwave equipment of much greater 
resolution. The range of all types is essentially limited by the optical hori- 
zon. It is possible to build equipment capable of detecting all aircraft fly- 
ing below any given altitude and above the optical horizon with a 
resolution and position accuracy of the order of 150 feet, under normal at- 
mospheric conditions. It is possible to eliminate from the indicator all tar- 
gets which are not moving. Hence, the area covered will be determined 
by the height of the set and the screening by surrounding hills. The height 
can be increased by using airborne sets, but the size of the available air- 
craft limits such equipment to lower weight and power, which in turn 
limits the range to about 200 miles. 

9.3 Identification of the detected aircraft as friendly or hostile is a major 
problem. Identification beacons have been found to be only a partial solu- 
tion. Reliance has to be placed in large measure on knowledge of the 
flight plan and of the progress of the flights of all friendly aircraft, identi- 
fying unfriendly aircraft by a process of elimination. Advances in com- 
munication techniques will probably supply additional aid in 
identification. 

9.4 Unsolved problems in detection and warning are the ability of air- 
craft to fly low, so that they remain below the optical horizon until very 
close:, and the problem of detecting missiles like V-2, coming in from the 
stratosphere at steep angles outside the angles covered by present radar 
warning sets. The first may be solved by the use of airborne search radar 
sensitive only to moving targets. The second requires only additional en- 
gineering development to improve the high-altitude coverage. 
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9.5 The provision of warning alone, without methods of defeating the at- 
tack, is useless. The warning network must be integrated with the control 
of fighter and missile squadrons. 

Countermeasures Against Missiles 

9.6 The second great problem of defense of home territory is counter- 
measures against missiles. We shall not here discuss passive measures, 
such as dispersion of industry, underground location of key targets, etc., 
but only the active measures against the missile in flight. So far as known 
at present, the possible active measures against atomic bombs do not dif- 
fer from those against missiles carrying ordinary explosives. Such meas- 
ures will be directed to deflect the attack by electronic disturbances, to 
produce premature explosion, and finally to hit or destroy the missiles by 
blast or fragmentation from warheads of defensive missiles. 

9.7 Any missile using remote radio control, electronic homing devices, 
or proxiimity fuses, can in theory be jammed. In practice it is necessary to 
know something of the method of operation and to adapt jamming equip- 
ment to the particular enemy device. The information may be obtained 
either by intelligence methods, by continuous search of the electromag- 
netic spectrum, or by examination of captured equipment. There is no 
blanket over-all method of jamming which would defeat any and all types 
of electronic apparatus. This method of defense requires extremely close 
cooperation between intelligence officers, special reconnaissance patrols, 
and electronics specialists engaged in development of jamming equip- 
ment. 

9.8 Missiles using homing devices may be deceived by decoy targets. 
Thus a missile using heat radiation could be decayed by artificial targets. 
This device is of limited application, since techniques of target selection 
are known, and the enemy must be assumed to possess them. It would be 
difficult, if not impossible, to locate a decoy target .within the field of 
view if a missile were directed toward the real target and yet far enough 
away to be outside the radius of destruction of an atomiic bomb. 

9.9 Many persons have suggested the possibility of producing premature 
explosion or otherwise incapacitating missiles by means of some form of 
ray. If the missile carries a proximity fuse, it may indeed be possible to 
operate it by a suitable electronic jammer and thus explode the bomb, 
whether it consists of atomic or ordinary explosive. In the absence of a 
proximily fuse or of a system for remote electronic control of detonation, 
science ioffers no prospect of detonation at a distance. The interaction of 



The report asserted the need to defend home territory based upon enhanced ra- 
dar development, including both radar for early warning in case of attack and 
warning networks integrated with control of fighter and missile squadrons. 
Among the systems developed to meet the detection and warning requirements 
were the AN/FPS-85 Spacetrack Radar (above) and the CPS-5 Surveillance Ra- 
dar with the Collins Squirrel-Cage Antenna (below). 
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electromagnetic radiation with matter has been thoroughly investigated 
from long radio waves through microwaves, infrared, visible light, ultra- 
violet, X rays, gamma rays, to cosmic rays. Our ability to concentrate ra- 
diant energy at a distant point is limited by a fundamental property of 
wave motion in an unbounded medium, i.e., the tendency of the waves to 
spread. Even if twice the total electric power of the United States were 
placed in a single beam from a reflector 50 feet in diameter, the intensity 
at one tnile would just reach the sparking voltage in air. Furthermore, 
shielding is relatively easy, because of the high inductivity of metals. The 
very shortest rays cannot be focused, and the energy decreases as the in- 
verse square of the distance. Thus, present scientific knowledge offers no 
hope for, but on the contrary distinct evidence against, the possibility of 
detonating bombs at a distance. 

9.10 No serious attempt has yet been made to hit a projectile or missile 
moving with, say, twice the velocity of sound. However, by adapting the 
target-seeking principle to winged rocket projectiles, it should be possible 
to accornplish this aim, provided location and warning occur sufficiently 
in advance. Another principle would be that of a barrage of aerial mines; 
however, it does not appear possible to increase the density of the barrage 
to such an extent that the missile would not slip through. Certainly both 
methods should be studied. 

9.11 Against aircraft, manned or unmanned, moving with sonic or 
slightly higher velocity, target-seeking automatic interceptors seem to 
give most promise. The German project Wasserfall, the British CAP pro- 
ject, and some of our own undertakings move in this direction. Ramjet 
propulsion seems to be the most efficient way to reach the necessary 
speed and flight duration. 

9.12 Manned interceptors will be developed, as well as automatic de- 
vices. For this purpose both rocket and jet propulsion drive should be 
considered. For extreme altitudes, the rocket may be the only method of 
propulsion which promises success. Because of human limitations, 
manned interceptors probably cannot be used against extremely high- 
speed unmanned missiles. 

Offense is Best Defense 

9.13 One possibility in the future may be the rocket barrage with atomic 
warhead. This could be used against aircraft or missiles traveling at high 
altitude. If the range of the effect of the atomic explosion is exactly 
known (estimated as about two miles for the present atomic bomb) and 
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atomic explosion is possible in devices of reduced size, damage on our 
own territory can be avoided. Especially, attack from the high seas could 
be prevented by projecting the barrage at a sufficient distance out to sea. 

9.14 While it is profitable to develop as effective means as possible for 
both active and passive defense against enemy action, it must be remem- 
bered that a purely defensive attitude is defeatist. A nation which relies 
solely on defense for its security is inviting disaster. England might well 
have become untenable if only defensive measures had been relief on to 
stop the V-2 attacks. These attacks were only stopped after use of the 
launching sites had been denied the enemy. Japan’s defeat was assured 
when1 she failed to deny us access to air bases from which we could attack 
the hlomeland itself. The best defense is adequate preparation for a strong 
offense. 



Chapter 111 

Problems of Organization 
with Recommendations 

Fundamental Principles for 
Organization of Research 

10.1 The spectacular innovations in technological warfare which ap- 
peared with ever increasing momentum in World War 11 have made us 
extremdy conscious of the necessity for continuous scientific research to 
insure maintenance of our national security. The legislative and executive 
branches of the government, industry, and science are now intensively 
engaged in finding the best form of organization and the most efficient 
scheme for uniting all efforts to create the best facilities and utilize all the 
availablle scientific talents. Many of the fundamental questions of organi- 
zation will be decided after the legislative work has been done. However, 
it is of the utmost importance that the Air Forces lay down the leading 
principlles of their own policy and establish the foundation of organized 
research in their own realm. 

10.2 The basic principles of the responsibilities of the Air Forces in the 
scientific domain may be formulated as follows: 

a. The Air Forces have the fundamental responsibility for insuring 
that the nation is prepared to wage effective air warfaire. This responsibil- 
ity cannot be delegated to any other government argency or scientific 
body. 

b. The Air Forces must be able to call on all talents and facilities ex- 
isting in the nation and sponsor further development of facilities and 
creativt: work of scientists and industry. 
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c. The Air Forces must have the means of recruiting and training 
personnel who will have full understanding of the scientific facts neces- 
sary to procure and use equipment which is more advanced than that used 
by any other nation. 

d. The Air Forces must be authorized to expand existing AAF re- 
search facilities and create new ones to do their own research and also to 
make such facilities available to scientists and industrial concerns work- 
ing on problems of the Air Forces. 

10.3 During World War 11, the Air Forces enjoyed the fruits of research 
work being done by several scientific bodies organized or called upon for 
the duration of the war. Moreover, the whole scientific manpower of the 
nation was available to the services, and a great portion of it to the Army 
Air Forces. How to secure the cooperation of science and industry during 
peacetime is a very difficult problem. 

10.4 Unfortunately it is not possible to establish the necessary link be- 
tween science and industry on one side and the Air Forces on the other, 
by establishing contact and agreement at the top level only. It would be 
simple to establish an office of organized science and agree to allot scien- 
tific problems to such an office and military problems to the Air Forces. 
However, scientific results cannot be used efficiently by soldiers who 
have no understanding of them, and scientists cannot produce results use- 
ful for warfare without an understanding of the operations. The following 
sections present certain recommendations which may have some value 
for the solution of the problem. 
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Cooperation between 
Science and the Air Forces 

1 1.1 It is generally recognized that an adequate national program for ex- 
tending; the frontiers of knowledge in various fields of basic science is a 
necessary adjunct to the maintenance of military security of the nation. 
Every scientific development eventually finds its way into the field of 
military applications. However, basic research requires time. Wars are 
fought with weapons based on fundamentals discovered during the pre- 
ceding years of peace. Discovery of fundamental results is dependent on 
an atmosphere of freedom from immediate specific goals and time tables. 

1 1.2 :For these reasons government authorities, military or civilian, 
should foster, but not dictate, basic research. The successful conduct of 
such research requires freedom and continuity of effort and cannot be ac- 
complished by intermittent contacts for small tasks. Research staffs can- 
not be assembled and dispersed at short intervals. In addition, parallel 
competitive attacks on research problems do not constitute wasteful du- 
plication. Coordination should take the form of exchange of information, 
rather tlhan centralized dictatorial control of projects, funds, and facilities. 

11.3 The Air Forces do not desire to do basic scientific research in their 
own organizations; however, they wish to encourage and sponsor such re- 
search i is they deem necessary for the defense of the nation. 

11.4 A.t the present time there is a tendency to concentrate the direction 
of scientific research activities in one controlling organization and make 
this organization responsible for the production of scientific results 
needed by the services, for the development of new weapons and equip- 
ment. Such centralization can be detrimental to American science, if it 
means exclusion of independent individuals and small groups of research 
men whose contributions are vital to the maintenance of an abundant sci- 
entific 1,ife within a nation. 

1 1.5 Generally it may be said that the conception and initial development 
of new ideas often come from men and groups which are widely dis- 
persed ,and not directly connected with central organizations and planned 
research. Jet propulsion and atomic energy are good examples of this the- 
sis. In both fields individual initiative, not dictated by any preconceived 
plan, played an important part, both in this country and abroad. If free en- 
terprise and initiative are necessary for maintaining a sound economy 
within a nation, certainly they are even more necessary in scientific life. 
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11.6 It is imperative from this point of view that the Air Forces continue 
and expand their present direct relations, spiritual and contractual, with 
various universities, research laboratories, and individual scientists. None 
of the central organizations existing now and to be established should be 
the only source of information and the sole intermediary agency between 
science and the Air Forces. The Air Forces should have the freedom to 
call on institutions and individuals whose assistance they deem to be of 
the greatest benefit for their program. 

11.7 The ideal goal is, on one side, the creation of a scientific atmos- 
phere in the air Forces, on the other side, the maintaining of a permanent 
interest of scientific workers in problems of the Air Forces. The handling 
of research on applications of nuclear physics by some military authori- 
ties gives an interesting example of how scientific people can be antago- 
nized by too much command. 

1 1.8 The physical attributes of scientific life are libraries, laboratories, 
publications, society meetings. The main impediment to high-grade coop- 
erative scientific activity in the past has been the conflicting philosophy 
of scientists and soldiers in handling scientific matters. An unavoidable 
difficulty is introduced, of course, by the security restrictions necessitated 
by the: character of military research. However, it is believed that this 
problem can be successfully solved. 

1 1.9 The first requirement for successful scientific collaboration is an ef- 
ficient method of making the material contained in the archives of the Air 
Forces and other military bodies accessible to those scientific workers 
who are cleared for classified information and whose cooperation is de- 
sired. The lack of such an organized library service has in the past been 
one of the great impediments to scientific work. The Air Documents Di- 
vision., established recently at Wright Field, may be the nucleus for the 
development of an efficient library and information service. 

1 1.10 Concerning the laboratory work, it is recommended that Army Air 
Force personnel be assigned to civilian laboratories, in order to acquire an 
intimate knowledge of scientific research to permit them to evaluate cor- 
rectly scientific facts and effectively direct and supervise research in the 
Air Forces laboratories. However, the personnel assigned to civilian labo- 
ratories should not be there as supervising or liaison officers, but merely 
to learn. On the other hand, it is recommended that the Air Forces de- 
velop a scientific reserve corps familiar with current military problems, 
as a pool for active service in wartime. Younger scientists, who were 
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working on projects in various civilian organizations during the war, 
would constitute admirably fit candidates for this reserve corps. 

1 1.1 1 The employment of civilian consultants, which was authorized for 
the duration of the emergency, should be continued in peacetime. The 
wide variety of research and development problems facing the Air Forces 
definitely requires that the Air Forces be able to call upon specialists 
from time to time and for limited periods, in order to obtain the best ad- 
vice and comprehensive reports on selected topics of current interest. 

1 1.12 During the war several laboratories, established by the services 
and the NDRC, in close connection with universities and directed by sci- 
entists belonging to the universities, made important contributions. This 
favorablle result suggests the establishment of cooperative laboratories, in 
which the administrative and financial responsibility and management 
would remain with the government, and the scientific direction would be 
undertaken by faculty members. This method would solve the security 
problem and yet have the advantages of the geographical and spiritual 
connection with a place of scientific learning. 

11.13 In the field of publications and meetings, it is recommended that 
the interest of scientists in military problems be cultivated by sponsoring 
a society for military sciences, whose membership and publications 
would be restricted in conformity with security regulations. Air Forces 
personnel should be given membership in this society and permission to 
discuss and publish the results of their endeavors in the classified publi- 
cations of the society. 

1 1.14 The following recommendations are therefore made: 

stitutioiis. 
a. Direct research contracts between the Air Forces and scientific in- 

b. Library of classified material, to be made available to scientists 

c. Exchange of personnel between the Air Forces and civilian labo- 

d. Authorization for temporary employment of scientific consult- 

e. Cooperative laboratories in close connection with universities. 

f. Scientific society for military sciences, with membership requir- 

who have been cleared. 

ratories. 

ants. 

ing clearance, and classified publications. 
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Cooperation between Industry 
and the Air Forces 

12.1 'This report does not deal with problems of procurement. Thus the 
analysis and recommendations are restricted to the problems of research 
and development to be done cooperatively by the Air Forces and indus- 
try. 

12.2 The main field in which industry and the Air Forces will work in 
close cooperation is applied research and development. It is imperative 
that the Air Forces separate funds and management of development con- 
tracts from procurement contracts. In the past, much time and effort have 
been wasted by lack of a clear line between procurement and develop- 
ment. Development contracts should also be based on competition, since 
the competitive spirit probably produces the best solution in the shortest 
time. However, competition in scientific and development work is differ- 
ent in its nature from pure commercial competition. 

12.3 The main objective in separating research and development from 
procurement is to make it possible for industry and the talent available in 
the industry to carry on applied research, which is absolutely necessary 
for rapid progress in the articles to be produced. Some industrial compa- 
nies own facilities and funds for this purpose, as for example, the large 
companies producing electrical equipment, automobiles, and chemical 
products. These companies practice mass production and have a wide 
market for their products; therefore, they are able to do applied (in some 
cases even basic) research for the purpose of improving their products or 
of reducing the cost of production. In the case of the aircraft industry, it is 
generally recognized that the government must at least partially support 
the costs of applied research, because many of the problems refer solely 
to military applications and the costs of development cannot be recovered 
by the sale of the product. It is believed that it is more advantageous for 
the Air Forces to pay for the research needed than to pay higher prices for 
the products which would include the costs of development. 

12.4 Supersonic flight and pilotless airplanes will undoubtedly create a 
gap between aircraft used in civilian life and in aerial warfare. Conse- 
quently certain parts of the aircraft industry will be engaged in develop- 
ments which have no commercial value and will not result in large orders 
from the government during peacetime. It is then necessary that promis- 
ing developments of this type be carried through the pilot-plant stage 
with the financial support of the Air Forces. These pilot plants should be 
able to furnish the quantity necessary for tactical evaluation of the equip- 
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ment. In addition, all preparations must be made for securing a rapid ex- 
pansion of production of both materials (such as special fuels and propel- 
lants) and devices (like missiles, electronic equipment, etc.) 

12.5 Many problems require facilities which are only available to the 
government. In the past NACA, at the request of the armed services, car- 
ried out most of the tests necessary to improve the characteristics of ex- 
perimental airplane types. It is believed that it would be more 
advantageous for the general progress if the NACA were relieved of the 
duty of testing and improving experimental types and could concentrate 
on forward-looking investigations on questions of basic and applied sci- 
ence. The testing and research for immediate improvement of experimen- 
tal types should be taken over by the Air Forces and new facilities should 
be created which allow the carrying out of such tests on a large scale. The 
design of new facilities should take into account the probable develop- 
ment in1 the next decades. 

12.6 The air lines will be an important factor in any future warfare, since 
their equipment and experienced personnel constitute a valuable reserve 
for organized transportation between the mainland and bases distributed 
over the world. Hence, a close connection between the air lines and the 
Air Forces is necessary. In the operational field, as in the field of airplane 
and engine development, the natural development is that the facilities of 
the Air Forces should be used for perfecting operational methods, such as 
traffic control, landing aids, etc. 

12.7 The following recommendations are therefore made: 

a. Separation of funds and management of research and develop- 
ment contracts from procurement contracts. 

b. Design of Air Forces facilities for applied research and develop- 
ment, both in the field of technology and operations, on such a scale that 
they can be made available to the industry producing equipment and the 
companies engaged in air transportation, to carry out the research neces- 
sary for the development desired by the Air Forces. 

c. Promising developments of the nonrevenue-producing type 
should be placed in pilot-plant production to such an extent that the Air 
Forces can obtain a sufficient number for tactical evaluation of the spe- 
cial equipment and devices to be used in case of war. 

d. Rapid expansion of production facilities for such items should be 
adequately provided for by the development contracts. 
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Adequate Facilities in the Air Forces 
for Research and Development 

13.1 !Scientific research in the Air Forces embraces not only the applica- 
tion of the physical sciences for production of efficient equipment, but 
should1 refer to all phases of aerial warfare which require scientific 
thought and analysis. For example, it should include problems of a physi- 
ological and psychological nature, as well as the scientific analysis of op- 
erations and methods of prognosis of the effects of planned operations. 

13.2 I[n the past, especially in the last prewar years and during the war, 
the Air Forces developed research and testing equipment at Wright Field 
for aircraft, engines, armament and other equipment, materials, and also 
for aeromedicine and physiology. At Eglin Field a proving ground was 
established for equipment to be tested under field conditions and for the 
study {of effects of means of destruction. These facilities, in the light of 
future development, appear definitely inadequate, even from the purely 
technical viewpoint of producing and testing efficient equipment. 

13.3 There is no doubt that electronic devices will play an increasingly 
important part in all future Air Forces operations. In the past, the history 
of electronic applications has usually been that a device was developed 
for ground use, and then, some time later, its value to the Air Forces was 
realized, and after suffering severe and prolonged redesigning, it finally 
becomes useable in the air. Almost invariably this process of redesign 
was carried out by engineers with no real knowledge of the special prob- 
lems of aircraft. In other words, the aeronautical engineers have had no 
appreciation of the possible value of electronics in solving their prob- 
lems, and the electronic engineers have had no knowledge of the difficul- 
ties their equipment would experience on aircraft. Electronic equipment 
has been added to planes as an afterthought, with consequent difficulties 
of installation and operation. Even in the case of radar, it was not until 
1944 that a group of radar scientists and aeronautical engineers conferred 
for the purpose of studying the uses of radar and discussing the problems 
of installing radar equipment in planes. 

1 3.4 Future controlled missiles are completely dependent on electronic 
devices. They must be designed by electronic and aeronautical engineers 
working in close cooperation. Instrument flying requires that the elec- 
tronic equipment be designed by persons familiar with aeronautical prob- 
lems. 
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13.5 In the age of moderate speed airplanes with conventional engine- 
propeller drive, it was possible to carry out development work on sepa- 
rate components. Supersonic airplanes and pilotless aircraft cannot be 
developed successfully by such methods. Questions of aerodynamics, 
structures, propulsion, and control are closely interconnected. The com- 
ponent parts of a guided missile cannot be made to function inde- 
pendently any more than can any one organ of the human body. Based on 
these considerations, it is proposed that the Air Forces create new facili- 
ties, under one command, entirely separated from procurement and sup- 
ply, with the objective of developing supersonic and pilotless aircraft. 

13.6 The Center for Supersonic and Pilotless Aircraft Development 
(SPAD) should be equipped with adequate wind-tunnel facilities to attain 
speeds up to three times the velocity of sound, with large enough test sec- 
tions to accommodate models of reasonable size, including jet propulsion 
units, and one ultrasonic wind tunnel for exploration of the upper frontier 
of the supersonic speed range. Ample facilities for the study of combus- 
tion and other characteristics of propulsion systems at very high altitudes 
should be provided. Electronic engineers should bc given the necessary 
facilities to study control methods, servomechanisms, and homing de- 
vices in close cooperation with aerodynamicists and propulsion experts. 
The Development Center should also provide facilities for investigations 
of the human aspects of flight at supersonic speed and extreme altitudes. 
The facilities for experimental launching, flight research, and flight 
analysis should be integral parts of the Development Center. 

13.7 It is believed that the Air Forces program in the field of supersonic 
and pilotless aircraft urgently needs the establishment of such a central 
organization to lead the activities of the scientific institutions and indus- 
trial coimpanies to new horizons; and, to make facilities available for re- 
search and development work, necessary, beyond a doubt, for 
maintaining our supremacy in the air. 

13.8 It is proposed that research and development in the field of aircraft 
operations, communications, and weather service be consolidated into a 
Center for Operational Aircraft Development (OAD), with the objective 
of apprloaching the ideal of the allweather Air Forces, solving the prob- 
lems of traffic control, fighter control, and of warning and location. This 
Center :should be equipped with adequate laboratory facilities for applica- 
tions of radar television technique, Experimental bases for testing control 
and communication devices should be integral parts of this Center. It 
should cooperate closely with the air lines and the weather service. 
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13.9 It is believed that the proving ground at Eglin Field should be put in 
charge of development of bombing devices and procedures, and study of 
bombing survey and analysis methods. 

13.10 It is proposed that a Center for Nuclear Aircraft Development 
(NADl) be initiated, dealing with problems arising in connection with 
atomic,: bombs and the use of atomic energy for aircraft propulsion. 

13.1 1 The organizations and facilities suggested in this chapter cannot be 
create4d in one year, but must be developed gradually in coordination with 
the work of other interested military and civilian agencies. On the other 
hand, it is my conviction that unless the Air Forces begin systematically 
building up development centers with competent personnel and adequate 
testing facilities, they will unavoidably lose the lead and initiative in 
fields which in a few years will constitute the domains of their most vital 
responsibilities. 

Sumimary of Recommendations 

13.12 The following recommendations are therefore made: 

ai. Research and development in the field of aerodynamics, propul- 
sion, control, and electronics should function as one entity. 

11. A Center for Supersonic and Pilotless Aircraft Development 
(SPAI)) should be established, with adequate wind-tunnel, propulsion, 
control, and electronic research facilities. 

c . A Center for Operational Aircraft Development (OAD) should be 
established for research and development in the operational field, such as 
all-weather flight problems, communications, and fighter control. 

cll. A Center for Nuclear Aircraft Development (NAD) should be in- 
itiated. 

e . Eglin Field should be developed into a research and development 
center for bombing technique, research on blast effects, and bombing sur- 
vey anid analysis methods. 
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Induction of Scientific Ideas 
in Staff and Command Work 

Long-Range Planning 

14.1 Scientific planning must be years ahead of the actual research and 
development work. Long-range planning should be the responsibility of 
the Commanding General of the Air Forces. I believe there is general 
agreement throughout the nation that in the past decades the direct inter- 
est of the Commanding General in long-range planning has been one of 
the most important assets of the former Air Corps and the present Air 
Forces. This philosophy should be preserved in the future. From this 
point of view, it is advisable that a permanent Scientific Advisory Group, 
consisting of qualified officers and eminent civilian scientists, should be 
available to the Commanding General, reporting directly to him on im- 
portant new developments and advising him on the planning of scientific 
research. It is considered that the advice and contributions of persons 
who, although thoroughly familiar with the work and the needs of the Air 
Forces, have their main activity outside of the Army, would be of consid- 
erable value. This group should contain experts with broad experience in 
the various branches of science involved, who would represent a cross 
section of our scientific thought. Their reports to the Commanding Gen- 
eral would be used to effect continuous revision of the Air Forces re- 
search and development program. 

Management of Research and Development 

14.2 The problem of the best organization of management and develop- 
ment is a very difficult one. It cannot be expected that unanimous agree- 
ment ciin be reached on this question. The plan for management of 
research and development is a sore point in all large organizations or 
companies. It mostly undergoes periodic changes, which emphasize one 
or the other side of the question, ranging from separate and almost inde- 
pendent research laboratories to decentralization of research and develop- 
ment into the operating units. In the special case of the Air Forces, two 
solutions have been proposed: (1)  the establishment of one Air Staff sec- 
tion for research and development; and (2) a supervising and directing 
agency attached to the office of the Chief of Air Staff. Both solutions 
have advantages and disadvantages. Obviously it would be extremely dif- 
ficult to remove the actual operation of all research and development fa- 
cilities from all the various existing staff sections and concentrate them in 
one new section. On the other hand, the central supervising and directing 
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agency would have a hard task introducing new ideas into the operation 
of a large number of dispersed sections and commands engaged in re- 
search and development. 

14.3 Independently of the special form of management of research and 
development, the office in charge of direction and supervision of research 
should establish panels consisting of representatives of other agencies en- 
gagedl in aeronautical and related research, for example, the National Ad- 
visory Committee for Aeronautics, the National Bureau of Standards, the 
Civil Aeronautics Administration, the aircraft industry, the air lines, sci- 
entific institutions, and individual scientists. These panels should assist in 
formulation of the detailed research program and the choice of the 
agency, institution, or individual best fitted and available to carry out the 
desired research work. 

Scientific Intelligence 

14.4 Scientific intelligence is one of the important requirements for the 
future Air Forces. In the recent past the necessity for an organized scien- 
tific intelligence service became more and more evident as the war pro- 
ceeded, and it became an urgent necessity as Germany collapsed. 
Fortunately, at that time a great number of scientists and technicians 
could be made available to the Air Forces on a voluntary basis. In this 
way the information gained from Germany could be worked up in an ap- 
propriate manner. However, at the present time, only a few months later, 
no more such personnel is available. The supervision of future German 
scientific work, for example, is still lacking scientific help. 

14.5 Scientific intelligence starts at home. The example of the atomic 
bomb show that scientific discoveries of prominent military importance 
were made by pure scientists who had no connection with any military 
office or establishment; as a matter of fact, they were not interested in 
military applications. Hence, it will be necessary for the Intelligence 
Service to employ scientific personnel with broad interest and knowl- 
edge, who have the ability to recognize the military aspects in the scien- 
tific production of our theoretical and experimental scientists, university, 
and industrial laboratories. The screening of patents and inventive ideas 
presented to the military agencies, as it has been done in the past, will not 
be sufficient. The Intelligence Service needs permanent collaborators 
who pursue the scientific literature, attend meetings, visit scientific estab- 
lishments, and report their findings and suggestions periodically. In 
peacetime much tact will be necessary to accomplish such efficient intel- 
ligence service, because of the commercial interests involved and the 
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natural inclination of scientific men not to talk about their results before 
the finall rounding up of their work. 

14.6 Scientific intelligence in foreign countries is, of course, a much 
more difficult matter. One can distinguish between scientific intelligence 
on subjects which are open to discussion and on subjects which are clas- 
sified. I believe that all knowledge of scientific life in a foreign country is 
of great importance since, after all, the same scientific personalities who 
create the peacetime science of a country will be called upon to help their 
country in wartime. Therefore, it is strongly recommended that the Air 
Forces: (1) have scientific attaches in embassies and legations in various 
countries; (2) send scientifically trained officers, engineers, or consultants 
of the Air Forces to scientific meetings and congresses abroad; and (3) 
send personnel connected with the Air Forces for longer periods to study 
at foreign institutions. 

14.7 The intelligence services concerned with subjects which a foreign 
country does not want us to know, will use the methods which were suc- 
cessful in general military intelligence. However, it is imperative to have 
a scientific section in the Intelligence Service which will direct the search 
for and exploit the results of scientific data. It is imperative that we have 
knowledge, in advance, of all potential targets which could be of impor- 
tance in scientific warfare, unless a complete exchange of scientific and 
technical data, as proposed recently by Great Britain, extends over the 
whole world. 

Science In Plans and Operations 

14.8 The Air Forces entered into World War I1 with quite inadequate 
preparation as far as the prognosis and analysis of the results of missions 
were concerned. Analysis groups were assembled during the war, and 
opinions concerning the relative importance of targets were widely differ- 
ent. We now have the experience of a long war. The work done by or- 
ganizations such as the U.S. Strategic Bombing Survey gives material for 
discussion and for planning future applications. Of course, in a future war 
bombs rnissiles and atomic energy involve radical changes. and bombers 
will be different; However, it cannot be sufficiently emphasized that it 
would be a great mistake, after dissolving the groups which worked on 
analysis of operations, to discontinue the analytical work itself. It is be- 
lieved that the staff sections dealing with planning and operations should 
be equipped with adequate scientific personnel to be able to continue 
studies on methods of target analysis, operational analysis, and the like. It 
is necessary to have in peacetime a nucleus for scientific groups such as 
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those which successfully assisted in the command and staff work in the 
field lduring the war. In these studies experts in statistical, technical, eco- 
nomil,: and political science must cooperate. 

Personnel Policy 

14.9 It is believed that many shortcomings of research and development 
in the Air Forces originate from a lack of appreciation, at higher levels, of 
the qualifications necessary for successful direction of a laboratory or a 
proviing ground. The theory that an intelligent officer is able to direct any 
organlization, military, technical, or scientific, is certainly obsolete. An 
officer in charge of a laboratory or proving ground can be really useful 
only uf he holds the position for a sufficient time to become thoroughly 
acquaiinted with the subject matter and personnel. Officers with engineer- 
ing training on engineering duty must not be handicapped, as regards pro- 
motion, because of long tenure of the same assignment or time spent in 
acquiring advance education. 

14.10 The position and rank of officers responsible for research and de- 
velopment must be made commensurate with the importance of their 
work and achievement and must not depend on the size of the organiza- 
tions under their command. 

14.1 1 The level of civilian personnel engaged in research and develop- 
ment work must be raised by authorizing the Air Forces to hire or dismiss 
civilian scientific personnel outside of the Civil Service. Also, methods of 
appointment, compensation, and management of civilian scientific per- 
sonnel under the Civil Service must be freed from those restrictions of the 
Civil Service regulations which make the government service unattractive 
to first-rate scientists. In this connection, a separate branch of the Civil 
Service for scientific personnel would be of value. 

Summary of Recommendations 

14.12 The following recommendations are therefore made: 

,ii. A permanent Scientific Advisory Group should be available to 
the Commanding General, to advise him on questions of long-range sci- 
entific: planning. 

113. The office in charge of research and development should estab- 
lish rcsearch panels for coordination of Air Forces research with that of 
government agencies and other scientific institutions. 
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c. Scientific intelligence at home and abroad should be strengthened 
by including scientific personnel in the Intelligence Service, appointing 
scientific attaches abroad, and frequently sending scientifically-trained 
officers or civilians to meetings and for study in foreign countries. 

d. Operational analysis and target studies should be continued in 
peacetirne, with adequate scientific personnel. 

e. Officers in charge of laboratories should keep such positions long 
enough to be really useful, without being handicapped in promotion by 
long tenure of such assignments. 

f. Position and rank of officers responsible for research should be 
determined by the importance of their work and not by the size of the or- 
ganizations under their command. 

g. Appointment and compensation of civilian scientific personnel 
should be freed from Civil Service regulations, to enable the Air Forces 
to employ first-class scientists and engineers. 



184 SCIENCE, THE KEY TO AIR SUPREMACY 

Scientific and Technological Training 
of Air Forces Personnel 

15.1 The discussion in this section refers only to tlhe scientific and tech- 
nological training of Air Forces officers. The specific training of mechan- 
ics, radio operators, electronics technicians, and the like, is not 
considered. It is believed that in addition to utilizing civilian consultants 
in vairious advisory capacities and civilian scientists and engineers in the 
Civil Service, the Air Forces must organize a broad training program for 
officcrs in various fields of science and engineering. New scientific dis- 
cove1 ies will continually have a profound influence on the concepts of air 
warfare, and the Air Forces must be flexible and capable of adjusting 
themselves to these new concepts. This requires, above all, that the Air 
Forces be permeated by officers who have the training which will make 
them capable of evaluating scientific facts with good technical judgement 
and vision. 

Training for Air Staff Work 

15.2 Practically all sections of the Air Staff are confronted with prob- 
lems involving the application of science. Therefore, it is desirable that 
futurc: Air Staff officers have an understanding of the capabilities of sci- 
ence and an appreciation of scientific thought. Therefore, it is proposed 
that 211 certain number of young officers be selected and given scientific 
training for future Air Staff work. Two years of special training at scien- 
tific institutions should be given these officers, in a branch of science 
chosen by them. The aim of this education should be training of the mind 
and acquaintance with scientific results, rather than specialized knowl- 
edge and routine skill. At intervals of about five years, one-year refresher 
courses should be inserted. The scientific training would be in addition to 
militiiry training for staff duties, which is given at such places as the 
Army War College, the Command and General Staff School. 

Training for Research and Development 

15.3 A certain number of officers should be given specialized scientific 
technological training in the branches of mathematics, physical sciences, 
and engineering, which are of vital interest for development of equipment 
and operational methods. This training should be accomplished at scien- 
tific institutions. Its main objective should be not so much the education 
of research men in the proper sense, as to give future officers engaged in, 
or in charge of, research and development an intimate knowledge of the 
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capabilities and limitations of science and accustom them to working in 
cooperation with scientists and scientific institutions. It is very important 
that in the future scientific training, a broad variety of sciences which 
have applications to Air Forces problems be taken into account. A proper 
balance must be established between aeronautics proper, thermodynam- 
ics, electronics, nuclear physics, meteorology, aeromedicine, economics, 
etc. These officers can best be recruited through the Air Forces ROTC. 
Exceptionally brilliant students (about 20 percent of the total number 
taken) should be permitted to continue their scholastic training until they 
have an M.S. degree and then be put on active duty for about three years. 
This will give them an opportunity to orient themselves in the type of 
work they are best suited for in the Air Forces. After that, they should 
eturn to college for a period of two years, or long enough to get a Ph.D. 
degree. This would produce a supply of officers with an intimate knowl- 
edge of several fields of science. This is essential to finding the best com- 
promises when military requirements produce conflicting design 
problemis involving more than one field of science. The remaining 80 per- 
cent of those students selected through ROTC would go on active service 
after obtaining a B.S. degree and would return to college, after about 
three years of active service, long enough to obtain an M.S. degree. 

15.4 All officers engaged in research and development must be given re- 
peat scientific training for a period of one year at intervals of about five 
years. This training can be given at scientific institutions, or by assigning 
the officer to work as an engineer at one of the research laboratories 
working; on Air Forces problems. 

15.5 Every effort should be made to retain in the Air Forces those re- 
search and development officers who have already received added scho- 
lastic training at government expense during the war. Flying training in 
grade should be provided for those who are not pilots at the present time, 
but who desire flight training and can qualify for it. Training a pilot is a 
much simpler job than training an engineer. It does not appear reasonable 
to concemtrate on trying to make engineers out of pilots at the Air Forces 
Engineering School, while at the same time refusing to give good engi- 
neers a (chance to become pilots because they have not been members of 
combat aircrew s . 

Technical Schools in the Air Forces 

15.6 The main objective of the technical schools in existence or to be es- 
tablished in the Air Forces should be training for procurement, mainte- 
nance, and operation of equipment. While these schools should give a 
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short review of the fundamentals of the sciences involved, they should 
concentrate their efforts on the transmittal of practical knowledge and 
skill. Exceptionally brilliant graduates of the Air Forces technical schools 
should be selected for further scientific training in civilian schools. 

Summary of Recommendations 

15.7 The following recommendations are therefore made: 

a. A certain number of young officers should be selected and given 
special training at scientific institutions in preparation for future scientific 
Air Staff work. 

b. Technical officers recruited throughout the Air Forces ROTC 
should be given advanced scientific training up to the level required for 
an M.S. degree, in a broad variety of sciences which have applications to 
Air Forces problems. 

c. Additional training should be given 20 percent of the officers re- 
ferred to in the preceding recommendation, to qualify them for a Ph.D de- 
gree. 

d. All future Air Staff and technical officers who receive scientific 
training should be given one-year refresher courses at intervals of five 
years. 

e. Every effort should be made to retain in the Air Forces those re- 
search and development officers who received scholastic training at gov- 
ernment expense during the war. 

f. Flying training should be opened immediately to those officers 
with scientific training who, regardless of combat experience, otherwise 
qualiQ. 

g. The AAF Engineering School shall be built up in such a way, that 
fundamentals of the sciences involved in AAF problems shall be included 
in the curriculum. Exceptionally able graduates shall be selected for fur- 
ther scientific training in civilian educational institutions. 
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