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FOREWORD: WILLIAM H. DANA

The X-15 was an airplane of accelerations. When an X-15 pilot looks back on
his X-15 flights, it is the accelerations he remembers. The first of these sensations
was the acceleration due to B-52 lift, which held the X-15 at launch altitude and
prevented it from falling to Earth. When the X-15 pilot hit the launch switch, the
B-52 lift was no longer accessible to the X-15. The X-15 fell at the acceleration
due to Earth’s gravity, which the pilot recognized as “free fall” or “zero g.” Only
when the pilot started the engine and put some “g” on the X-15 was this sensation
of falling relieved.

The next impression encountered on the X-15 flight came as the engine lit,
just a few seconds after launch. A 33,000-pound airplane was accelerated by a
57,000-1bf engine, resulting in a chest-to-back acceleration of almost 2 g. Then, as
the propellant burned away and the atmosphere thinned with increasing altitude,
the chest-to-back acceleration increased and the drag caused by the atmosphere
lessened. For a standard altitude mission (250,000 feet), the weight and thrust
were closer to 15,000 pounds and 60,000-1bf at shutdown, resulting in almost 4-g
chest-to-back acceleration. The human body is not stressed for 4 g chest to back,
and by shutdown the boost was starting to get a little painful. Milt Thompson once
observed that the X-15 was the only aircraft he had ever flown where he was glad
when the engine quit.

On a mission to high altitude (above 250,000 feet), the pilot did not regain any
sensible air with which to execute a pullout until about 180,000 feet, and could
not pull 1 g of lift until 130,000 feet. Flying a constant angle of attack on reentry,
the pilot allowed g to build up to 5, and then maintained 5 g until the aircraft was
level at about 80,000 feet. There was a deceleration from Mach 5 at 80,000 feet to
about Mach 1 over the landing runway, and the pilot determined the magnitude of
the deceleration by the use of speed brakes. This ended the high-g portion of the
flight, except for one pilot who elected to start his traffic pattern at 50,000 feet and
Mach 2, and flew a 360-degree overhead pattern from that starting point.

Flight to high altitude represented about two-thirds of the 199 X-15 flights.
Flights to high speed or high dynamic pressure accounted for the other third, and
those flights remained well within the atmosphere for the entire mission. The pilot
of a high-speed flight got a small taste of chest-to-back acceleration during the
boost (thrust was still greater than drag, but not by such a large margin as on the
high-altitude flights). The deceleration after burnout was a new sensation. This
condition was high drag and zero thrust, and it had the pilot hanging in his shoul-
der straps, with perspiration dripping off the tip of his nose onto the inside of his
face plate.

Milt Thompson collected anecdotes about the X-15 that remain astonishing
to this day. Milt noted that at Mach 5, a simple 20-degree heading change re-
quired 5 g of normal acceleration for 10 seconds. Milt also pointed out that on a
speed flight, the (unmodified) X-15-1 accelerated from Mach 5 to Mach 6 in six
seconds. These were eye-opening numbers at the time of the X-15 program.
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Those of us in the program at flight 190 thought that the X-15 would continue
indefinitely. Then, on flight 191, Major Michael J. Adams experienced electrical
irregularities that made the inertial flight instruments unreliable and may have
disoriented him. In any case, at peak altitude (266,000 feet), the X-15 began a yaw
to the right. It reentered the atmosphere, yawed crosswise to the flight path, and
went into a high-speed spin. It eventually came out of the spin but broke up during
the reentry, killing the pilot.

The loss of the airplane and pilot was the death knell for the entire program.
Program management decided not to fly the X-15A-2 again, and to fly X-15-1
only for calendar year 1968. The X-15 flew its last flight on 24 October of that
year, and then faded into aeronautical history.

William H. Dana
Test Pilot, Dryden Flight Research Center
Pilot, last X-15 flight

Bill Dana greets his family after the last flight of the X-15 program on 24 October 1968. (NASA)
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PREFACE: ROCKETS OVER THE HIGH DESERT

Neil Armstrong, among others, has called the X-15 “the most successful re-
search airplane in history.” That might be stretching a point, but it was certainly
the most successful of the high-speed X-planes. Given the major advances in
materials and computer technology made in the 40 years since the flight program
ended, it is unlikely that many of the actual hardware lessons are still applicable.
Having said that, the lessons learned from hypersonic modeling and pilot-in-the-
loop simulation, and the insight gained by being able to evaluate actual X-15
flight test results against wind-tunnel and theoretical predictions greatly expanded
the confidence of researchers during the 1970s and 1980s."

It would not have surprised anybody involved that the actual X-15 technology
did not find further application. Researchers such as John Becker and Norris Dow,
and engineers like Harrison Storms and Charlie Feltz never intended the design to
represent anything other than a convenient platform to acquire aero-thermo data.
Becker once opined that proceeding with a general research configuration rather
than a prototype of a vehicle designed to achieve a specific mission was critical to
the ultimate success of the X-15. Had the prototype route been taken, Becker be-
lieved, “we would have picked the wrong mission, the wrong structure, the wrong
aerodynamic shapes, and the wrong propulsion.” They are good words of advice.?

In fact, the decision to pursue a pure research shape was somewhat contro-
versial at the beginning. Kelly Johnson, for one, believed the vehicle should be
adaptable as a strategic reconnaissance aircraft. Indeed, several of the proposals
for the X-15 sought to design a vehicle with some future application. Neverthe-
less, the original Langley concept of a vehicle optimized to collect the desired
data as safely as possible ultimately won. As Harley Soulé told Harrison Storms,
“You have a little airplane and a big engine with a large thrust margin. We want
to go to 250,000 feet altitude and Mach 6. We want to study aerodynamic heating.
We do not want to worry about aerodynamic stability and control, or the airplane
breaking up. So, if you make any errors, make them on the strong side. You should
have enough thrust to do the job.” North American succeeded brilliantly.?

It had taken 44 years to go from Kitty Hawk to Chuck Yeager’s first super-
sonic flight in the X-1. Six more years were required before Scott Crossfield got
to Mach 2 in the D-558-2 Skyrocket. A remarkably short three years had passed
when Mel Apt coaxed the X-2 above Mach 3, before tumbling out of control to
his death. There progress stalled, awaiting the arrival of the three small black air-
planes that would more than double the speed and altitude milestones.

The X-15 flight program began slowly, mostly because the XLR99 was not
ready. This undoubtedly worked in the program’s favor since it forced the en-
gineers and pilots to gain experience with the airplane and its systems prior to

1 The Armstrong quote is in the foreword to Milton O. Thompson, At the Edge of Space: the X-15 Flight Program
(Washington, DC: Smithsonian Institution Press, 1992), p. xii.

2 John V. Becker, “The X-15 Program in Retrospect,” 3rd Eugen Sénger Memorial Lecture, Bonn, Germany, 5
December 1968, pp. 1-2

3 Harrison A. Storms, “X-15 Hardware Design Challenges,” a paper in the Proceedings of the X-15 30th Anniver-
sary Celebration, Dryden Flight Research Facility, Edwards, California, 8 June 1989, NASA CP-3105, p. 27.
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pushing the envelope too far. The first 20 months took the X-15 from Crossfield’s
glide flight to essentially duplicating the performance of the X-2: Mach 3.5 and
136,500 feet. Then the XLLR99s arrived and things got serious. Six days after the
last flight with the interim XLR11s, Bob White took X-15-2 past Mach 4, the first
time a piloted aircraft had flown that fast. Mach 5 fell, also to Bob White, four
months later. Mach 6, again to White, took six more months. Once the X-15 began
flying with the ultimate engine, it took only 15 flights to double the maximum
Mach number achieved by the X-2.

Altitude was a similar story. Iven Kincheloe was the first person to fly above
100,000 feet, in the X-2 on 7 September 1956. Thirteen flights with the big engine
allowed Bob White to fly above 200,000 feet for the first time. Three months later,
he broke 300,000 feet. Once it began flying with the ultimate engine, the X-15
took only 19 months to double the maximum altitude achieved by the X-2. These
were stunning achievements.

It is interesting to note that although the X-15 is generally considered a
Mach 6 aircraft, only two of the three airplanes ever flew that fast, and then only
four times. On the other hand, 108 other flights exceeded Mach 5, accumulating
1 hour, 25 minutes, and 33 seconds of hypersonic flight. At the other end of the
spectrum, just two flights were not supersonic (one of these was the first glide
flight), and only 14 others did not exceed Mach 2. It was a fast airplane. Similarly,
there were only four flights above 300,000 feet (all by X-15-3), but only the initial
glide flight was below 40,000 feet.*

Despite appearances, however, the program was not about setting records.’
The actual speed and altitude achieved by the program was not the ultimate test,
and the fact that the basic airplane never achieved its advertised 6,600 feet per
second velocity was of little consequence. What interested the researchers was the
environment in which the airplane flew. They wanted to study dynamic pressures,
heating rates, and total temperatures. More specifically, the goals were to:

1. Verity existing (1954) theory and wind-tunnel techniques

2. Study aircraft structures and stability and control under

high (2,000 psf) dynamic pressures

Study aircraft structures under high (1,200°F) heating

4. Investigate stability and control problems associated with
high-altitude boost and reentry

5. Investigate the biomedical effects of both weightless and
high-g flight

»

The X-15 achieved all of these design goals, although Project Mercury
and other manned space efforts quickly eclipsed the airplane’s contribution to

4 In the 3rd Eugen Sénger Memorial Lecture in 1968, John Becker stated that 109 flights exceeded Mach 5. A
reevaluation of the flight data shows that only 108 actually did. See Becker, “The X-15 Program in Retrospect,”
p. 3 for Becker’s original numbers.

5 Despite all that is written, the program held very few “official” records, mainly because it seldom invited the FAI out
to witness the flights. In fact, it appears that the 314,750-foot altitude record set by Bob White is the only official
record ever set by the program.
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weightless research. The program ultimately achieved a velocity of 6,629 fps (with
X-15A-2), 354,200 feet altitude, 1,350°F, and dynamic pressures over 2,200 psf.®

With 40 years of hindsight, it is apparent that the most important lessons to be
learned from the X-15 concern not the hardware, but the culture. The world was
different during the 1950s, certainly within the government-contracting environ-
ment. The military and NACA initiated and funded the X-15 program without
congressional approval or oversight, although this was not an effort to hide the
program or circumvent the appropriations process. The military services had con-
tingency funds available to use as they saw fit. They ultimately needed to explain
to Congress and the White House how they spent the funds, but there was little
second-guessing from the politicians. This allowed the program to ramp up quick-
ly and absorb the significant cost overruns that would come. Following its likely
origin in February 1954, the Air Force awarded the X-15 development contract
in September 1955 and North American rolled out the first airplane in October
1958. The maiden glide flight was in June 1959, just over five years from a gleam
in John Becker’s eye to Scott Crossfield soaring over the high desert. It could not
happen today.

There is a story in the main text about a meeting Harrison Storms attended at
Edwards, and some important words of wisdom: “[T]here is a very fine line be-
tween stopping progress and being reckless. That the necessary ingredient in this
situation of solving a sticky problem is attitude and approach. The answer, in my
opinion, is what I refer to as ‘thoughtful courage.’ If you don’t have that, you will
very easily fall into the habit of ‘fearful safety’ and end up with a very long and
tedious-type solution at the hands of some committee. This can very well end up
giving a test program a disease commonly referred to as ‘cancelitis,” which results
in little or no progress.””

Storms must have had a crystal ball. In today’s environment, the system will
not allow programs to have problems. If the Air Force and NASA were trying to
develop the X-15 today, Congress would cancel it long before the first flight. A
series of configuration changes and production problems added weight and low-
ered the expected performance before the airplane flew. The XLLR99 engine was
tremendously behind schedule, so much so that the program selected interim en-
gines just to allow the airplane to begin flying. Ultimately, however, the airplane
and the engine were hugely successful. Compare this to how the X-33 program
reacted to issues with its composite propellant tanks.

When Crossfield finally released from the carrier aircraft on the initial glide
flight in X-15-1, his landing was less than ideal. In today’s world, the program
would have stood down to work out this issue and assess the risk. In 1959 North

6 Ronald G. Boston, “Outline of the X-15’s Contributions to Aerospace Technology,” 21 November 1977. Unpub-
lished preliminary version of the typescript available in the NASA Dryden History Office. For those interested in
Boston’s original paper, the easiest place to find a copy is in the Hypersonic Revolution, republished by the Air
Force History and Museums program. It constitutes the last section in the X-15 chapter; Letter, William H. Dana,
Chief, Flight Crew Branch, DFRC, to Lee Saegesser NASA History Office, transmitting a copy of the SETP paper
for the file. A slightly rewritten (more politically correct) version of the paper was later published as The X-15
Airplane—Lessons Learned (American Institute of Aeronautics and Astronautics, a paper prepared for the 31st
Aerospace Sciences Meeting, Reno Nevada, AIAA-93-0309, 11-14 January 1993). Boston listed 1,300°F as the
maximum temperature, but Bill Dana reported 1,350°F in his SETP and AIAA papers. Boston also listed the max-q
as 2,000 psf, but in reality it was 2,202 psf on Flight 1-66-111.

7 Storms, “X-15 Hardware Design Challenges,” pp. 32-33



X-15: EXTENDING THE FRONTIERS OF FLIGHT XIiX

American made some adjustments and launched Crossfield again three months
later. It was a short-lived reprieve. Less than 60 days later, Crossfield broke the
back of X-15-2 during a hard landing that followed an in-flight abort. Instead of
canceling the program, the X-15 went back to the factory for repair. Three months
later Crossfield was flying again.

During the initial ground-testing of the ultimate XLLR99 engine in X-15-3
at Edwards, an explosion destroyed the airplane. Nobody was seriously hurt and
North American subsequently rebuilt the airplane with an advanced flight control
system intended for the stillborn X-20 Dyna-Soar. The program was flying two
months later using X-15-1 and the rebuilt X-15-3 went on to become the high-
altitude workhorse.

It was the same across the board. When Jack McKay made his emergency
landing at Mud Lake that essentially destroyed X-15-2, the Air Force did not can-
cel the program. Five weeks later Bob White made a Mach 5.65 flight in X-15-3;
McKay was his NASA-1. North American rebuilt X-15-2 and the airplane began
flying again 18 months later. Jack McKay went on to fly 22 more X-15 flights,
although the lingering effects of his injuries shortened his lifetime considerably.

In each case the program quickly analyzed the cause of the failure, insti-
tuted appropriate changes, and moved on. Always cautious, never reckless. No
prolonged down times. No thought of cancellation. It would not happen that way
today. One of the risks when extending any frontier is that you do not understand
all the risks.

Paul Bikle, the director of the Flight Research Center, had long warned that
the flight program should end when it achieved the design speed and altitude.
However, the X-15s provided an ideal platform for follow-on experiments that
had little or nothing to do with the design aero-thermo research mission. The
temptation was too great, and NASA extended the flight program several years.
Bikle knew that eventually the odds would catch up with the program. The day
they did, Mike Adams was at the controls of X-15-3, and the consequences were
as bad as anything Bikle could have imagined. The crash killed Mike Adams and
destroyed X-15-3. Even so, the program made sure it learned from the accident
and was flying again less than four months later. This time, however, it would not
be for long. Eight more flights were conducted before the program ended when
funding expired at the end of 1968.

John Becker, arguably the father of the X-15, once stated that the project
came along at “the most propitious of all possible times for its promotion and
approval.” At the time, it was not considered necessary to have a defined opera-
tional program in order to conduct basic research. There were no “glamorous and
expensive” manned space projects to compete for funding, and the general feel-
ing within the nation was one of trying to go faster, higher, or further. In today’s
environment, as in 1968 when Becker made his comment, it is highly unlikely that
a program such as the X-15 could gain approval.®

Dill Hunley, a former DFRC historian, once opined that “This situation
should give pause to those who fund aerospace projects solely on the basis of their
presumably predictable outcomes and their expected cost effectiveness. Without

8 Becker, “The X-15 Program in Retrospect,” pp. 1-2
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the X-15’s pioneering work, it is quite possible that the manned space program
would have been slowed, conceivably with disastrous consequences for national
prestige.” It is certain that the development of the Space Shuttle would have car-
ried a far greater risk if not for the lessons learned from the development and
flight-testing of the X-15. Fifty years later, the X-15 experience still provides the
bulk of the available hypersonic data available to aircraft designers.’

Perhaps we have not learned well enough.

Dennis R. Jenkins
Cape Canaveral, Florida

9 J. D. Hunley, “The Significance of the X-15,” 1999, unpublished. Typescript available at the DFRC History Office.
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CHAPTER 1

A NEW SCIENCE

he first 50 years of powered human flight were marked by a desire to
always go faster and higher. At first, the daredevils —be they racers or barnstorm-
ers—drove this. By the end of the 1930s, however, increases in speed and altitude
were largely the province of government—the cost of designing and building the
ever-faster aircraft was becoming prohibitive for individuals. As is usually the
case, war increased the tempo of development, and two major conflicts within 30
years provided a tremendous impetus for advancements in aviation. By the end of
World War 1II the next great challenge was in sight: the “sound barrier” that stood
between the pilots and supersonic flight.

Contrary to general perception, the speed of sound was not a discovery of the
20th century. Over 250 years before Chuck Yeager made his now-famous flight in
the X-1, it was known that sound propagated through air at some constant veloc-
ity. During the 17th century, artillerymen determined that the speed of sound was
approximately 1,140 feet per second (fps) by standing a known distance away
from a cannon and using simple timing devices to measure the delay between the
muzzle flash and the sound of the discharge. Their conclusion was remarkably
accurate. Two centuries later the National Advisory Committee for Aeronautics'

1 In an unusually far-sighted move, on 3 March 1915 Congress passed a public law establishing an “Advisory Com-
mittee for Aeronautics.” As stipulated in the act, the purpose of this committee was “to supervise and direct the
scientific study of the problems of flight with a view to their practical solution” and to “direct and conduct research
and experiment in aeronautics.”
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(NACA) defined the speed of sound as 1,117 fps on an ISO standard day, although
this number is for engineering convenience and does not represent a real value.?

The first person to recognize an aerodynamic anomaly near the speed of
sound was probably Benjamin Robins, an 18th-century British scientist who in-
vented a ballistic pendulum that measured the velocity of cannon projectiles. As
described by Robins, a large wooden block was suspended in front of a cannon
and the projectile was fired into it. The projectile transferred momentum to the
block, and the force could be determined by measuring the amplitude of the pen-
dulum. During these experiments, Robins observed that the drag on a projectile
appeared to increase dramatically as it neared the speed of sound. It was an inter-
esting piece of data, but there was no practical or theoretical basis for investigat-
ing it further.?

The concept of shock waves associated with the speed of sound also predated
the 20th century. As an object moves through the atmosphere, the air molecules
near the object are disturbed and move around the object. If the object passes at
low speed (typically less than 200 mph), the density of the air will remain rela-
tively constant, but at higher speeds some of the energy of the object will com-
press the air, locally changing its density. This compressibility effect alters the
resulting force on the object and becomes more important as the speed increases.
Near the speed of sound the compression waves merge into a strong shock wave
that affects both the lift and drag of an object, resulting in significant challenges
for aircraft designers.*

Austrian physicist Ernst Mach took the first photographs of supersonic shock
waves using a technique called shadowgraphy. In 1877 Mach presented a paper
to the Academy of Sciences in Vienna, where he showed a shadowgraph of a
bullet moving at supersonic speeds; the bow and trailing-edge shock waves were
clearly visible. Mach was also the first to assign a numerical value to the ratio
between the speed of a solid object passing through a gas and the speed of sound
through the same gas. In his honor, the “Mach number” is used as the engineering
unit for supersonic velocities. The concept of compressibility effects on objects
moving at high speeds was established, but little actual knowledge of the phe-
nomena existed.’

None of these experiments had much impact on the airplanes of the early
20th century since their flight speeds were so low that compressibility effects

2 John D. Anderson, Jr., “Research in Supersonic Flight and the Breaking of the Sound Barrier,” in From Engineer-
ing Science to Big Science: The NACA and NASA Collier Trophy Research Project Winners, edited by Pamela E.
Mack, NASA publication SP-4219 (Washington, DC: NASA, 1998), p. 62. The actual speed of sound depends on
what model is used. It varied from 1,116.4 fps in the 1959 ARDC Model Atmosphere to 1,116.9 fps in the 1954
ICAO Model Atmosphere. For more, see Pierre Simon Marquis de Laplace, “Sur la vitesse du son dans I'aire et
dans 'eau,” Annales de Chimie et de Physique, 1816, and “Minutes of the Meeting of Committee on Aerodynam-
ics, 12 October 1943,” p. 9.

3 John V. Becker, The High-Speed Frontier: Case Histories of Four NACA Programs, 1920-1950, NASA publication
SP-445 (Washington, DC: NASA, 1980), p. 3. The text is also located on the Web at http://www.hq.nasa.gov/of-
fice/pao/History/SP-445/contents.htm. For more on Robins’ work, see his New Principles of Gunnery published
in 1742.

4 John D. Anderson, Jr., Modern Compressible Flow: With Historical Perspective (Washington, DC: McGraw Hill
Education, 1990), pp. 92-95. An excellent example of a shock wave is the Prandtl-Glauert singularity. See http://
www.eng.vt.edu/fluids/msc/gallery/conden/pg_sing.htm for some excellent photographs illustrating this.

5 Anderson, “Research in Supersonic Flight and the Breaking of the Sound Barrier,” pp. 62-63; http://otokar.troja.
mff.cuni.cz/RELATGRP/Mach.htm (accessed 17 July 2002). This Web site has copies of the original shadow-
graphs taken in 1877.
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were effectively nonexistent. However, within a few years things changed. Although
the typical flight speeds during World War I were less than 125 mph, the propeller tips,
because of their combined rotational and translational motion through the air, some-
times approached the compressibility phenomenon.$

To better understand the nature of the problem, in 1918 G. H. Bryan began a
theoretical analysis of subsonic and supersonic airflows for the British Advisory Com-
mittee for Aeronautics at the Royal Aeronautical Establishment. His analysis was
cumbersome and provided little data of immediate value. At the same time, Frank
W. Caldwell and Elisha N. Fales from the Army Air Service Engineering Division at
McCook Field in Dayton, Ohio, took a purely experimental approach to the problem.’
To investigate the problems associated with propellers, in 1918 Caldwell and Fales
designed the first high-speed wind tunnel built in the United States. This tunnel had a
14-inch-diameter test section that could generate velocities up to 465 mph, which was
considered exceptional at the time. This was the beginning of a dichotomy between
American and British research. Over the next two decades the United States — primar-
ily the NACA —made most of the major experimental contributions to understanding
compressibility effects, while the major theoretical contributions were made in Great
Britain. This combination of American and British investigations of propellers con-
stituted one of the first concerted efforts of the fledgling aeronautical community to
investigate the sound barrier. ®

Within about five years, practical solutions, such as new thin-section propeller
blades (made practical by the use of metal instead of wood for their construction) that
minimized the effects of compressibility, were in place. However, most of the solution
was to avoid the problem. The development of reliable reduction-gearing systems and
variable-pitch, constant-speed propellers eliminated the problem entirely for airplane
speeds that were conceivable in 1925 because the propeller could be rotated at slower
speeds. At the time, the best pursuit planes (the forerunners of what are now called
fighters) could only achieve speeds of about 200 mph, and a scan of literature from the
mid-1920s shows only rare suggestions of significantly higher speeds in the foresee-
able future. Accordingly, most researchers moved on to other areas.’

The public belief in the “sound barrier” apparently had its beginning in 1935
when the British aerodynamicist W. F. Hilton was explaining to a journalist about

6 Becker, The High-Speed Frontier, pp. 3-5. For more see John William Strutt (the Third Baron Rayleigh), The Theory
of Sound, a landmark of acoustics originally published in 1877. An online version is available at http://www.measure.
demon.co.uk/docs/Strutt.html. The book was republished in 1976 by Dover Publications, Mineola, NY.

7 On 18 October 1917, the U.S. Army established McCook Field outside Dayton as the military aviation research and
development site, based largely on its proximity to the American aviation industry (i.e., the Wright brothers). However,
within 10 years the facility had become too small and offered no room for expansion. The citizens of Dayton, not wanting
to lose the activity, collected donations and purchased 4,000 acres of land they subsequently donated to the govern-
ment. The Army dedicated the new Wright Field on 12 October 1927. On 1 July 1931, the portion of Wright Field east
of Huffman Dam was redesignated Patterson Field in honor of Lieutenant Frank Stuart Patterson. Patterson Field was
the home of Air Force logistics; Wright Field was the home of research and development. The adjacent Wright Field and
Patterson Field were again joined on 13 January 1948 to become Wright-Patterson AFB. However, most development
activities continued on the “Wright Field” part of the base, and most contemporary literature (and official correspon-
dence) generally called it Wright Field until the late 1950s.

8 G. H. Bryan, “The Effect of Compressibility on Streamline Motions,” R & M No. 555, Technical Report of the Advisory
Committee for Aeronautics, December 1918; G. H. Bryan, “The Effect of Compressibility on Streamline Motions, Part
II,” R & M No. 640, Technical Report of the Advisory Committee for Aeronautics, April 1919; Becker, The High-Speed
Frontier, pp. 3-5.

9 Becker, The High-Speed Frontier, pp. 6-7. Surprisingly, one 1924 French document envisioned aircraft flying at Mach
0.8 or more by 1930, as well as the development of some wholly new but unspecified type of propulsion and appropriate
new high-speed wind tunnels to support these developments. See the English translation of La Technique Aeronautica,
December 1924, by E. Huguenard, “High-Speed Wind Tunnels,” NACA Technical Memorandum 318, 1925.
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high-speed experiments he was conducting at the National Physical Laboratory.
Pointing to a plot of airfoil drag, Hilton said, “See how the resistance of a wing
shoots up like a barrier against higher speed as we approach the speed of sound.”
The next morning, the leading British newspapers were referring to the “sound
barrier,” and the notion that airplanes could never fly faster than the speed of
sound became widespread among the public. Although most engineers refused
to believe this, the considerable uncertainty about how significantly drag would
increase in the transonic regime made them wonder whether engines of sufficient
power to fly faster than sound would ever be available.'

Since the beginning of powered flight, wind tunnels had proven to be useful
tools, but it appeared in the 1930s that simulation of the transonic regime was not
possible due to the physical characteristics of the test sections. However, the be-
ginning of the Second World War increased the urgency of the research. Therefore,
on a spring morning in 1940, John V. Becker and John Stack, two researchers from
the NACA Langley Memorial Aeronautical Laboratory in Hampton, Virginia,"
drove to a remote beach to
observe a Navy Brewster
XF2A-2 attempting to ob-
tain supercritical aerody-
namic data in free flight over
Chesapeake Bay. After it
reached its terminal velocity
in a steep dive—about 575
mph—the pilot made a pull-
up that was near the design
load factor of the airplane.
This flight did not encoun-
ter any undue difficulties
and provided some data, but
Jobn Stack, head of the Compressibility Research Division  the general feeling was that
at NACA Langley, was one of the driving forces behind the — diving an operational-type
original set of experimental airplanes, such as the Bell X-1 and ~ airplane near its structural
Donglas D-558 series. Although he lent expertise and advice o 1imits was probably not the
the groups developing the X-15, he remained in the background ~ best method of obtaining re-
and did not repeat the pivotal roles he had played on earlier  search information.'
Dprojects. (NASA)

10 W.F. Hilton, “British Aeronautical Research Facilities,” Journal of the Royal Aeronautical Society, volume 70,
Centenary Issue, 1966, pp. 103-104.

11 In July 1948 the word “Memorial” was dropped and the facility became the Langley Aeronautical Laboratory.
It would subsequently be renamed the Langley Research Center (LaRC) when NASA came into existence on 1
October 1958. John Stack (1906-1972) graduated from MIT in 1928 and joined the Langley Aeronautical Labora-
tory as an aeronautical engineer. In 1939 he became director of all high-speed wind tunnels and high-velocity
airflow research at Langley. Three years later he became chief of the Compressibility Research Division there, was
promoted to assistant chief of research in 1947, and subsequently had that title changed to assistant director of
the research center. He guided much of the research that paved the way for transonic aircraft, and in 1947 he
was awarded the Collier Trophy together with the pilot of the X-1 who broke the sound barrier (by then) Major
Charles E. Yeager. He won the award again in 1952 and later won the Wright Brothers Memorial Trophy, among
other awards. From 1961 to 1962 he was director of aeronautical research at NASA Headquarters before retiring
from NASA to become vice president for engineering at Republic Aircraft Corp. (later part of Fairchild Industries),
from which he retired in 1971.

12 Becker, The High-Speed Frontier, p. 88.
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X-PLANES

As it happened, John Stack had already considered other alternatives. The
idea of a modern research airplane —one designed strictly to probe unknown flight
regimes—came in a 1933 proposal by Stack. On his own initiative, Stack went
through a preliminary analysis for “a hypothetical airplane which, however, is not
beyond the limits of possibility” to fly well into the compressibility regime. Stack
calculated that a small airplane using a 2,300-horsepower Rolls-Royce piston en-
gine could obtain 566 mph in level flight—far beyond that of any airplane flying
at the time. Ultimately, the NACA did not pursue the suggestion, and it would be
another decade before the idea would come of age."?

Ezra Kotcher at the Army Air Corps Engineering School at Wright Field made
the next proposal for a high-speed research airplane. In 1939 Kotcher pointed out
the unknown aspects of the transonic flight regime and the problems associated
with the effects of compressibility. He further discussed the limitations of existing
wind tunnels and advised that a full-scale flight research program would be an
appropriate precaution. By early 1941 John Stack had confirmed that data from
wind tunnels operating near Mach 1 were essentially worthless because of a chok-
ing problem in the test section. He again concluded that the only way to gather
meaningful data near the speed of sound would be to build a vehicle that could
fly in that regime. Again, no action resulted from either Kotcher’s or Stack’s sug-
gestions and determining the effects of compressibility on airplanes remained a
largely theoretical pursuit.'

The real world intervened in November 1941 when Lockheed test pilot
Ralph Virden died trying to pull a P-38 Lightning out of a high-speed dive that
penetrated well into the compressibility regime. By 1942 the diving speed of the
new generation of fighters exceeded the choking speed of the wind tunnels then
in use. Researchers increasingly supported the idea of an instrumented airplane
operating at high subsonic speeds. Those involved do not remember that any one
individual specifically championed this idea, but John Stack soon became the
chief Langley proponent.'

Interestingly, there was little interest within the NACA in flying through
the sound barrier. It appeared that one of the early turbojet engines could push
a small airplane to about Mach 0.9, but the only near-term way to go faster was
to use a rocket engine —something that was considered too risky by the NACA.
The Army, however, wanted a supersonic airplane and appeared willing to accept
rocket propulsion. In fact, Ezra Kotcher had listed this as an option in his 1939

13 John Stack, “Effects of Compressibility on High Speed Flight,” Journal of the Aeronautical Sciences, January
1934, pp. 40-43; James R. Hansen, Engineer in Charge: A History of the Langley Aeronautical Laboratory,
1917-1958, NASA publication SP-4305 (Washington, DC: NASA, 1987), p. 256.

14 Hansen, Engineer in Charge, p. 259. Choking was primarily a transonic issue, since even a small model in the test
section could act as an obstruction that prevented the calculated mass of air from flowing through. Some models also
produced shock waves that extended almost perpendicular to the flow, reflecting off the tunnel walls and impinging
back on the model or instrumentation. Such an effect meant that data from the tests were largely worthless.

15 Jay D. Pinson, ed., Diamond Jubilee of Powered Flight: The Evolution of Aircraft Design (New York: American
Institute of Aeronautics and Astronautics, 1978), pp. 51-64; Becker, The High-Speed Frontier, pp. 89-90; tele-
phone conversation, John V. Becker with Dennis R. Jenkins, 11 April 2002.



6 ‘ CHAPTER 1: A NEW SCIENCE

A posed group portrait of early X-planes at the NACA High-Speed Flight Station in August 1953.
Clockwise from the bottom are the Douglas D55-1, Douglas D-558-2, Northrop X-4, Convair
XF-92A, and Bell X-5. This group represents a wide variety of research programs, and only the
D558-2 was a true high-speed airplane. (NASA)

proposal, and it became increasingly obvious that a rocket engine represented the
only hope for achieving supersonic speeds in level flight in the near future.'®

Possible Navy interest in the undertaking also appeared during 1942—-1944.
However, significant differences of opinion came to the forefront during a 15
March 1944 meeting of Army, NACA, and Navy personnel. The NACA thought of
the airplane as a facility for collecting high-subsonic speed aerodynamic data that
were unobtainable in wind tunnels, while the Army thought it was a step toward
achieving a supersonic combat aircraft. The Navy supported both views, wanting
to dispel the myth of the impenetrable sound barrier, but was also interested in
gathering meaningful high-speed data. Despite the NACA’s concerns, the Army
soon announced its intention to develop a rocket-powered research airplane. '

As John Becker remembers, “The NACA continued to emphasize the as-
sumed safety aspects and relatively long-duration data-gathering flights possible
with a turbojet engine compared to the short flights of any reasonably sized rocket
plane. Furthermore, the turbojet would have obvious applicability to future mili-

16 Becker, The High-Speed Frontier, pp. 90-91; telephone conversation, John V. Becker with Dennis R. Jenkins, 11
April 2002.

17 Becker, The High-Speed Frontier, pp. 91-92.
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tary aircraft while the rocket propulsion system might not. This apparently irrec-
oncilable difference was easily resolved; the Army was putting up the money and
they decided to do it their way.”'®

The beginning of supersonic flight research likely occurred when Robert J.
Woods from Bell Aircraft met with Ezra Kotcher at Wright Field on 30 November
1944. After they discussed the basic specifications, Kotcher asked Woods if Bell
was interested in designing and building the airplane. Woods said yes, and in late
December Bell began contract negotiations with the Army to build the rocket-
powered XS-1 research airplane."

Melvin N. Gough, the chief test pilot at Langley, dismissed the rocket-plane
concept: “No NACA pilot will ever be permitted to fly an airplane powered by a
damned firecracker.” When it became clear in early 1944 that the Army was going
to insist on rocket propulsion, John Stack began lobbying the Navy to procure the
type of airplane the NACA wanted. The Navy was more receptive to the turbojet-
powered airplane, and the Navy Bureau of Aeronautics (BuAer) began negotia-
tions with Douglas Aircraft for the D-558 Skystreak in early 1945.%

These were the beginnings of the cooperative research airplane program. In
reality, until the advent of the X-15 there were two distinct programs: one with
the Army and one with the Navy. Just because the NACA did not agree with the
path the Army had elected to pursue did not mean the Agency would not cooper-
ate fully in the development of the XS-1. The Navy enjoyed the same level of
cooperation for the D-558. John Stack noted in 1951 that “the research airplane
program has been a cooperative venture from the start.... The extent of the co-
operation is best illustrated by the fact that the X-1, sponsored by the Air Force,
is powered with a Navy-sponsored rocket engine, and the D-558-1, sponsored by
the Navy, is powered with an Air Force-sponsored turbojet engine.” !

WHAT WAS ACHIEVED?

Initially the primary justification for a manned research airplane was the
choking problems of the wind tunnels, but, as it turned out, this limitation dis-
appeared prior to the beginning of high-speed flight tests. Although this largely
eliminated the need for the X-planes, it is unlikely that the progress in developing
transonic ground facilities would have occurred without the stimulus begun by
the X-1 and D-558. Clearly, there was an important two-way flow of benefits.

18 Ibid. The quote was slightly edited by John Becker during the preparation of this manuscript.

19 Richard P. Hallion, Supersonic Flight (New York: Macmillan, 1972), p. 34; Becker, The High-Speed Frontier, pp.
91-92. Woods worked at Langley during 1928-1929 but he left the NACA and in 1935 teamed with Lawrence D.
Bell to form the Bell Aircraft Corporation in Buffalo, New York. The original designation of the X-1 and X-2 was
“XS” for “experimental supersonic.” This was subsequently simplified to just “X” for “experimental.”

20 Becker, The High-Speed Frontier, pp. 92-93. Ironically, it was the turbojet-powered D-558-1 that ultimately killed
NACA pilot Howard C. Lilly due to engine failure. With further irony, it was the supersonic flights of the rocket-
powered X-1 that brought John Stack and the NACA a share of the Collier Trophy.

21 John Stack, “Methods for Investigation of Flows at Transonic Speeds” Aeroballistics Research Facilities Dedica-
tion Symposium, 27 June-1 July 1949. See also an updated version presented at the 3rd International Aero
Conference, London, 7-11 September 1951. The XS-1 was powered by a Reaction Motors XLR11 rocket engine,
which was a redesignated version of the LR8 developed for the Navy. An Air Force-funded Allison J35-A-11 tur-
bojet powered the D-558-1. The United States Air Force superseded the Army Air Forces by virtue of the National
Security Act of 1947, which became law on 26 July 1947.
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Stimulated by the problems encountered by the research airplanes during flight,
researchers created new ground facilities and techniques that in turn provided the
data necessary to develop yet faster airplanes. Comparing the results of flight tests
at ever-increasing speeds allowed the wind tunnels to be refined, producing yet
better data. It was a repetitive loop.?

The programs proceeded remarkably rapidly, and the first supersonic flights
showed nothing particularly unexpected, much to the relief of the researchers.
The most basic result, however, was dispelling the myth of the “sound barrier.”
The fearsome transonic zone became an ordinary engineering problem, and al-
lowed the designers of operational supersonic aircraft to proceed with much
greater confidence.?

When people think of X-planes, record-setting vehicles like the X-1 generally
come to mind. In reality, most X-planes investigated much more mundane flight
regimes, and there were only a handful of high-speed manned experimental air-
craft, built mainly during the late 1940s and early 1950s. Specifically, there were
five designs (only three of which carried X designations) intended for the initial
manned assault on high-speed flight: the Bell X-1 series, the Bell X-2, the Douglas
D-558-1 Skystreaks, the Douglas D-558-2 Skyrockets, and the North American
X-15. Of the five, one probed high subsonic speeds, two were supersonic, and one
pushed the envelope to Mach 3. The fifth design would go much faster.?*

The X-planes gave aviation its first experience with controlled supersonic
flight. On 14 October 1947, Air Force Captain Charles E. Yeager became the first
human to break the sound barrier in level flight when the XS-1 achieved Mach
1.06 at 43,000 feet. It took six additional years before NACA test pilot A. Scott
Crossfield exceeded Mach 2 in the D558-2 Skyrocket on 20 November 1953. The
Bell X-2 proved to be the fastest and highest-flying of the “round one” X-planes
and the most tragic, with the two X-2s logging only 20 glide and powered flights
between them. Nevertheless, Captain Iven C. Kincheloe, Jr., managed to take one
of the airplanes to 126,200 feet on 7 September 1956. Twenty days later, Captain
Milburn G. Apt was killed during his first X-2 flight after he reached Mach 3.196
(1,701 mph), becoming the first person to fly at three times the speed of sound,
albeit briefly.”

The contributions of the early high-speed X-planes were questionable, and
the subject of great debate within the NACA and the aircraft industry. Opinions
on how successful they were depend largely on where one worked. The academ-
ics and laboratory researchers, and a couple of aerospace-industry designers, are
on record indicating the contributions of the X-planes were minimal. On the other
side, however, many of the hands-on researchers and pilots are certain the pro-

22 Becker, The High-Speed Frontier, pp. 93-94. General hypothesis confirmed by John Becker in a telephone con-
versation with Dennis R. Jenkins on 12 March 2002.

23 Becker, The High-Speed Frontier, pp. 93-94.

24 For a look at all of the X-planes, please see Jay Miller, The X-Planes: X-1 to X-45 (Hinckley, England: Midland
Publishing, 2001). Miller is currently working on a companion volume for the same publisher that will deal with
experimental aircraft not directly in the “X” designation category (such as the Douglas D-558). For a photo essay
on the X-planes, see X-planes Photo Scrapbook, compiled by Dennis R. Jenkins (North Branch, MN: Specialty
Press, 2004). See also American X-Vehicles: X-1 through X-50, NASA monograph SP-2000-4538 (Washington,
DC: NASA, September 2003).

25 The X-Planes: X-1 to X-45, pp. 9-11; Richard P. Hallion, On The Frontier, NASA publication SP-4303 (Washing-
ton, DC: NASA, 1984).
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grams provided solid, real-world data that greatly accelerated progress in the de-
sign and manufacture of the Mach 1 and Mach 2 combat aircraft that followed.?

For instance, the X-1 was the first aircraft to purposely break the sound
barrier in level flight, but other aircraft were doing so in shallow dives soon
afterwards.”” The first combat type designed from the start as a supersonic fight-
er—the Republic XF-91 “Thunderceptor” —made its maiden flight only 19 months
after Yeager’s flight. How much the X-1 experience contributed to Alexander
Kartveli’s design is unknown.”® The same thing happened at Mach 2. By the time
Scott Crossfield took a D-558-2 to twice the speed of sound, Kelly Johnson at
Lockheed had already been developing what would become the F-104 Starfighter
for over a year. It is unlikely that the rocket-powered X-planes actually assisted
Johnson much—something he would make clear during later deliberations.”

The X-1E complemented the heating research undertaken by the X-1B, but
the F-104 was already flying and could more easily acquire data at Mach 2. Even
at the Flight Research Center (FRC), there was debate over how appropriate this
exercise was. FRC research engineer Gene Matranga later recalled, “We could
probably fly the X-1E two or three times a month, whereas Kelly [Johnson] was
flying his F-104s two or three times a day into the same flight regimes, so it really
didn’t make sense for us to be applying those kinds of resources to [obtain] that
kind of information.” However, it is unfair to judge the X-1E program too harshly
since its major purpose was simply to keep a cadre of rocket-powered experience
at the FRC in anticipation of the upcoming X-15.%

Even John Becker recognized the dichotomy represented by the experience:
“[T]he cooperative research-airplane program pursued by the Air Force, NACA,
and Navy had not been an unqualified success.... Some had lagged so seriously in
procurement that their designs had become obsolescent before they were flown.
In a few cases tactical designs superior to the research aircraft were in hand before
the research aircraft flew.” It was not anybody’s fault—technology was simply
changing too fast. Trying to sort out the detailed story is nearly impossible and
well beyond the scope of this book.?!

Nevertheless, although most believed that the concept of a dedicated research
airplane still held promise, researchers decided that the next design would need
to offer a significant increment in performance to leapfrog the combat types then
in development. Chuck Yeager’s October 1947 assault on the sound barrier had

26 Telephone conversations with Scott Crossfield and John Becker, various dates, plus writings in a multitude of
books, letters, and memos. The debate is probably never ending and largely moot since what happened has
already happened.

27 The XP-86 officially broke the sound barrier in a shallow dive on 26 April 1948. Some sources maintain that this
event actually took place slightly before Yeager's flight, and Scott Crossfield suggests—as do others—that the
first Mach 1 dive by an F-86 occurred “within weeks” of Yeager's first supersonic flight (telephone conversation,
Scott Crossfield with Dennis R. Jenkins, 31 October 2002).

28 The XF-91 was hardly a successful attempt, although it did record the “first supersonic rocket-powered flight by
a U.S. combat-type airplane” in December 1952. A single General Electric J47-GE-9 jet engine and four Curtiss-
Wright XLR27-CW-1 rocket engines powered the aircraft. The Curtiss-Wright rockets were traded for a Reaction
Motors XLR11-RM-9 in the modified XF-91A that apparently was never tested.

29 The first flight of an XF-104 powered by a Wright XJ65-W-6 engine was on 7 February 1956, but this prototype
aircraft was only capable of Mach 1.79. The General Electric J79-GE-3-powered YF-104A exceeded Mach 2 on
27 April 1956.

30 Interview with Gene Matranga, 3 December 1976, transcript in the files at the DFRC History Office; http://www.
dfrc.nasa.gov/History/Publications/SP-4303/ch4-6.html (accessed 18 July 2002).

31 John V. Becker, “The X-15 Project: Part 1—Origins and Research Background,” Astronautics & Aeronautics,
February 1964, pp. 53.
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The X-1E was the last rocket-powered X-plane at the NACA High-Speed Flight Station until the
arrival of the three X-155. There is considerable debate over the economics of flying the X-1E given
that some jet-powered aircraft conld attain the same velocities, but the primary purpose of the X-1E
was to maintain a cadre of rocket experience at the HSFS pending the arrival of the X-15. (NASA)

ignited a billion-dollar race to build ever-faster aircraft, and directly affected ev-
ery combat aircraft design for the next two decades. However, a few aeronautical
researchers had always been certain that the sound barrier was simply a challenge
for the engineers, not a true physical limitation. The X-1 had proven it was pos-
sible for humans to fly supersonically. The next goal was so much faster.

HYPERSONICS

Hypersonic. Adj. (1937). Of or relating to velocities in excess of five times the
speed of sound.>

Between the two world wars, hypersonics was an area of great theoretical
interest to a small group of acronautical researchers, but little progress was made
toward defining the possible problems, and even less in solving them. The major
constraint was power. Engines, even the rudimentary rockets then available, were
incapable of propelling any significant object to hypersonic velocities. Wind tun-
nels also lacked the power to generate such speeds. Computer power to simulate
the environment had not even been imagined. For the time being, hypersonics was
something to be contemplated, and little else.

By the mid-1940s it was becoming apparent to aerodynamic researchers in
the United States that it might finally be possible to build a flight vehicle capable
of achieving hypersonic speeds. It seemed that the large rocket engines developed

32 Webster’s Ninth New Collegiate Dictionary (Springfield, MA: Merriam-Webster, 1986).
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in Germany during World War II might allow engineers to initiate development
with some hope of success. Indeed, the Germans had already briefly toyed with a
potentially hypersonic aerodynamic vehicle, the winged A-4b version of the V-2
rocket. The only “successful” A-4b flight had managed just over Mach 4 (about
2,700 mph) before apparently disintegrating in flight.*® Perhaps unsurprisingly,
in the immediate post-war period most researchers believed that hypersonic flight
was a domain for unmanned missiles.**

When the U.S. Navy BuAer provided an English translation of a technical pa-
per by German scientists Eugen Sénger and Irene Bredt in 1946, this preconcep-
tion began to change. Expanding upon ideas conceived as early as 1928, Sénger
and Bredt concluded in 1944 that they could build a rocket-powered hypersonic
aircraft with only minor advances in technology. This concept of manned aircraft
flying at hypersonic velocities greatly interested researchers at the NACA. Nev-
ertheless, although there were numerous paper studies exploring variations of the
Sanger-Bredt proposal during the late 1940s, none bore fruit and no hardware
construction was undertaken.*

One researcher who was interested in exploring the new science of hyperson-
ics was John V. Becker, the assistant chief of the Compressibility Research Divi-
sion at the NACA Langley Aeronautical Laboratory in Hampton, Virginia.* On
3 August 1945, Becker proposed the construction of a “new type supersonic wind
tunnel for Mach number 7.” Already a few small supersonic tunnels in the United
States could achieve short test runs at Mach 4, but the large supersonic tunnels
under construction at Langley and Ames had been designed for Mach numbers
no higher than 2. Information captured by the Army from the German missile
research facility at Peenemiinde had convinced Becker that the next generation of
missiles and projectiles would require testing at much higher Mach numbers.*’

As the basis for his proposed design, Becker extrapolated from what he al-
ready knew about supersonic tunnels. He quickly discovered that the compress-
ible-flow theory for nozzles dictated a 100-fold expansion in area between Mach 1
and Mach 7. Using normal shock theory to estimate pressure ratio and compressor
requirements, Becker found that at Mach 7 the compressor system would have to
grow to impractical proportions.*®

Hope for alleviating the compressor problem had first appeared in the spring
of 1945 when Becker gained a fresh understanding of supersonic diffusers from

33 Supersonic velocities are usually expressed as “Mach numbers,” a term honoring Austrian mathematician and
physicist Ernst Mach, who was the first to assign a numerical value to the ratio between a solid object passing
through a gas and the speed of sound through the same gas. The speed of sound varies with atmospheric condi-
tions (temperature and pressure) and hence is different at every altitude on every day. At sea level on a standard
day the speed of sound is 761.6 miles per hour. By convention, at altitudes of above 40,000 feet the speed of
sound is a constant 660.4 miles per hour.

34 Despite this apparent success, most engineers on the program believed that heat transfer problems would
ultimately doom the A-4b; there were no provisions for cooling the airframe, and little was understood about po-
tential heating effects. For further information, see Michael Neufeld’s interview of Karl Werner Dahm, 25 January
1990. In the files at the National Air and Space Museum.

35 Becker, “The X-15 Program in Retrospect,” p. 1.

36 The Compressibility Research Division was created in July 1943 as one of the first steps toward breaking the
sound barrier. The division included all of the high-speed wind tunnels at Langley and a small section under Arthur
Kantrowitz that studied fundamental gas dynamics.

37 Letter, John V. Becker to the Langley Chief of Research, subject: Proposal for new type of supersonic wind tunnel
for Mach number 7.0, 3 August 1945. In the Becker Archives, Virginia Polytechnic Institute, Blacksburg, Virginia;
letter, John V. Becker to Dennis R. Jenkins, 29 July 2002.

38 Letter, John V. Becker to Dennis R. Jenkins, 29 July 2002.
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John V. Becker was the lead of the NACA Langley team that accomplished much of the preliminary
work needed to get a hypersonic research airplane approved through the NACA Executive Committee
and Department of Defense. Becker continued to play an import role with the X-15 throughout the
development and flight programs. (NASA)

a paper by Arthur Kantrowitz and Coleman duPont Donaldson.* The paper fo-
cused on low-Mach-number supersonic flows and did not consider variable ge-
ometry solutions, but it was still possible to infer that changing the wall contours
to form a second throat might substantially reduce the shock losses in the diffuser.
Unfortunately, it appeared that this could only be accomplished after the flow had
been started, introducing considerable mechanical complexity. The potential ben-
efits from a variable-geometry configuration were inconsequential at Mach 2, but
Becker determined that they could be quite large at Mach 7. In the tunnel envi-
sioned by Becker, the peak pressure ratios needed to start the flow lasted only a few
seconds and were obtained by discharging a 50-atmosphere pressure tank into a
vacuum tank. Deploying the second throat reduced the pressure ratio and power re-
quirements, allowing the phasing-in of a continuously running compressor to pro-
vide longer test times. It was a novel concept, but a number of uncertainties caused
Becker to advise the construction of a small pilot tunnel with an 11 by 11-inch test
section to determine experimentally how well the scheme worked in practice.*
Not everybody agreed that such a facility was necessary. The NACA chair-
man, Jerome C. Hunsaker,” did not see any urgency for the facility, and Arthur
Kantrowitz, who designed the first NACA supersonic wind tunnel, did not be-
lieve that extrapolating what little was known about supersonic tunnels would
allow the development of a hypersonic facility. The most obvious consequence

39 Arthur Kantrowitz and Coleman duP. Donaldson, “Preliminary Investigation of Supersonic Diffusers,” NASA war-
time report L7183, May 1946 (originally published as L5D20, 1945). Becker was serving as the chairman of the
technical editorial committee when he first read the paper.

40 Letter, John V. Becker to Dennis R. Jenkins, 29 July 2002.

41 Hunsaker was chairman of the NACA from 1941 to 1956. Among the notable achievements in a long and ac-
complished career, his work in aircraft stability was published as NACA Technical Report No. 1 in 1915.
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of the rapid expansion of the air necessary for Mach 7 operation was the large
drop in air temperature below the nominal liquefaction value. At the time, there
was no consensus on the question of air liquefaction, although some preliminary
investigations of the condensation of water vapor suggested that the transit time
through a hypersonic nozzle and test section might be too brief for liquefaction to
take place. Nevertheless, Kantrowitz, the head of Langley’s small gas-dynamics
research group, feared that “real-gas effects” —possibly culminating in liquefac-
tion—would probably limit wind tunnels to a maximum useful Mach number of
about 4.5.

Nevertheless, Becker had his supporters. For instance, Dr. George W.
Lewis,* the Director of Aeronautical Research for the NACA, advised Becker,
“Don’t call it a new wind tunnel. That would complicate and delay funding,” so for
the next two years it was called “Project 506.” The estimated $39,500 cost of the
pilot tunnel was rather modest, and given Lewis’s backing, the facility received
quick approval.*

In September 1945 a small staff of engineers under Charles H. McLellan began
constructing the facility inside the shop area of the old Propeller Research Tunnel.
They soon discovered that Kantrowitz’s predictions had been accurate—the job
required more than extrapolation of existing supersonic tunnel theory. The pilot
tunnel proposal had not included an air heater, since Becker believed he could add
it later if liquefaction became a problem. As work progressed, it became increas-
ingly clear that the ability to control air temperature would greatly improve the
quality and scope of the research, and by the end of 1945 Becker had received ap-
proval to include an electric heater. This would maintain air temperatures of about
850°F, allowing Mach 7 temperatures well above the nominal liquefaction point.*

The first test of the “l11-inch” on 26 November 1947 revealed uniform
flow at Mach 6.9, essentially meeting all of the original intents. An especially
satisfying result of the test was the performance of the variable-geometry diffuser.
McLellan and his group had devised a deployable second throat that favored
mechanical simplicity over aerodynamic sophistication, but was still very
effective. The benefit appeared as an increased run duration (in this case an in-
crease from 25 seconds to over 90 seconds).*

For three years the 11-inch would be the only operational hypersonic tunnel
in the United States and, apparently, the world. Several basic flow studies and
aerodynamic investigations during this period established the 11-inch as an effi-
cient tool for general hypersonic research, giving Langley a strong base in the new
field of hypersonics. Without this development, Langley would not have been

42 John V. Becker, “Results of Recent Hypersonic and Unsteady Flow Research at the Langley Aeronautical Labora-
tory,” Journal of Applied Physics, volume 21, number 7, July 1950, pp. 619-628; letter, John V. Becker to Dennis
R. Jenkins, 29 July 2002.

43 In 1919 Lewis became the first executive officer of the NACA; in 1924 he received the title of director of aeronautical
research, which he kept until 1947. Lewis died at his summer home at Lake Winola, Pennsylvania, on 12 July 1948.

44 Letter, John V. Becker to Dennis R. Jenkins, 29 July 2002. The $39,500 estimate contained in the 3 August 1945
memo seems ridiculous by today’s standards. However, it did not include any NACA overhead costs, and con-
struction would take place in NACA shops using NACA personnel. Adding the heater increased the expenditure
to over $200,000.

45 Letter, John V. Becker to Dennis R. Jenkins, 29 July 2002.

46 Becker, “Results of Recent Hypersonic and Unsteady Flow Research,” pp. 619-628; letter, John V. Becker to
Dennis R. Jenkins, 29 July 2002.
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The 11-inch at NACA Langley was intended as a pilot tunnel for a larger hypersonic wind tunnel when it
opened in 1947. However, it proved so useful that it stayed in service until 1973, and the research documented
in it resulted in over 230 publications. Much of the early work on what became the X-15 was accomplished
in this wind tunnel. (NASA)

able to define and support a meaningful hypersonic research airplane concept in
1954. Throughout the entire X-15 program, the 11-inch would be the principal
source of the necessary hypersonic tunnel support.*’

Despite the fact that it was a pilot facility, the 11-inch hypersonic tunnel oper-
ated until 1973, resulting in over 230 publications from tests and related analysis
(about one paper every 5 weeks for its 25 years of operations). Few major wind
tunnels have equaled that record. After it was decommissioned, NASA donated
the tunnel to the Virginia Polytechnic Institute in Blacksburg, Virginia.*

As the 11-inch tunnel at Langley was demonstrating that it was possible to
conduct hypersonic research, several other facilities were under construction.
Alfred J. Eggers, Jr., at the NACA Ames Aeronautical Laboratory at Moffett
Field, California,* began to design a 10 by 14-inch continuous-flow hypersonic
tunnel in 1946, and the resulting facility became operational in 1950. The first hy-
personic tunnel at the Naval Ordnance Facility, constructed largely from German
material captured from the uncompleted Mach 10 tunnel at Peenemiinde, also
became operational in 1950.%

a7 Letter, John V. Becker to Dennis R. Jenkins, 29 July 2002. For an example of the investigations made during this
period, see Charles H. McLellan, “Exploratory Wind Tunnel Investigations of Wings and Bodies at M=6.9,” Journal
of the Aeronautical Sciences, volume 18, number 10, October 1951, pp. 641-648.

48 Hansen, Engineer in Charge, p. 347.

49 The Ames Aeronautical Laboratory became the Ames Research Center when NASA came into being on 1 Octo-
ber 1958.

50 Hansen, Engineer in Charge, p. 560.
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Interestingly, NASA did not authorize a continuously running hypersonic
tunnel that incorporated all of the features proposed in the 1945 Becker memo
until 1958. Equipped with a 1,450°F heater, the design velocity increased from
Becker’s proposed Mach 7 to 12. As it ended up, although the tunnel attained
Mach 12 during a few tests, severe cooling problems in the first throat resulted in a
Mach 10 limit for most work. The enormous high-pressure air supply and vacuum
tankage of the Gas Dynamics Laboratory provided blow-down test durations of
10-15 minutes. Together with improved instrumentation, this virtually eliminated
the need to operate the tunnel in the “continuously running” mode, and nearly all
of Langley’s “continuous-running” hypersonic tunnel operations have been con-
ducted in the “blow-down” mode rather than with the compressors running.>'

THE MISSILE INFLUENCE

Not surprisingly, during the early 1950s the top priority for the hypersonic
tunnels was to support the massive development effort associated with the inter-
continental missiles then under development. Initially it was not clear whether
the resulting weapon would be a high-speed cruise missile or an intercontinen-
tal ballistic missile (ICBM), so the Air Force undertook programs to develop
both. Much of the theoretical science necessary to create a manned hypersonic
research airplane would be born of the perceived need to build these weapons.

Long-range missile development challenged NACA researchers in a number
of ways. The advancements necessary to allow a Mach 3 cruise missile were rela-
tively easily imagined, if not readily at hand. The ballistic missile was a different
story. A successful ICBM would have to accelerate to 15,000 miles per hour at an
altitude of perhaps 500 miles, and then be guided to a precise target thousands of
miles away. Sophisticated and reliable propulsion, control, and guidance systems
were essential, as was keeping the structural weight at a minimum. Moreover,
researchers needed to find some method to handle aerodynamic heating. As the
missile warhead reentered the atmosphere, it would experience temperatures of
several thousand °F. The heat that was generated by shock-wave compression
outside the boundary layer and was not in contact with the structure would dis-
sipate harmlessly into the surrounding air. However, the part that arose within the
boundary layer and was in direct contact with the missile structure would be great
enough to melt the vehicle. Many early dummy warheads burned up because the
engineers did not yet understand this.

During this time, H. Julian Allen was engaged in high-speed research at Ames
and found what he believed to be a practical solution to the aerodynamic heating
problems of the ICBM. In place of the traditional sleek configuration with a sharply
pointed nose (an aerodynamic concept long since embraced by missile designers,
mostly because the V-2 had used it), Allen proposed a blunt shape with a rounded
bottom. In 1951 Allen predicted that when the missile reentered the atmosphere,

51 Letter, John V. Becker to Dennis R. Jenkins, 29 July 2002.
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In 1951, NACA Ames researcher H. Julian Allen postulated the concept of a “blunt body” reentry vebicle
Jor intercontinental missiles. Pushing the shock wave away from the missile body removed most of the aerody-
namic heating from being in direct contact with the structure. The reentry profiles developed at NASA Langley
used the idea of “sufficient lift,” which were a new manifestation of the blunt-body concept. (NASA)

its blunt shape would create a powerful bow-shaped shock wave that would deflect
heat safely outward and away from the structure of the missile. The boundary layer
on the body created some frictional drag and heating, but this was only a small
fraction of the total heat of deceleration, most of which harmlessly heated the at-
mosphere through the action of the strong shock wave. As Allen and Eggers put it,
“not only should pointed bodies be avoided, but the rounded nose should have as
large a radius as possible.” Thus the “blunt-body” concept was born.>?

Allen and Eggers verified the blunt-body concept by studying the aerody-
namic heating of miniature missiles in an innovative supersonic free-flight tunnel,
a sort of wind-tunnel-cum-firing-range that had become operational at Ames in
1949. The researchers published their classified report on these tests in August
1953, but the Air Force and aerospace industry did not immediately embrace the
concept since it ran contrary to most established ideas. Engineers accustomed to
pointed-body missiles remained skeptical of the blunt-body concept until the mid-
to-late-1950s, when it became the basis for the new ICBM warheads and all of the
manned space capsules.”

In the meantime, Robert J. Woods, designer of the Bell X-1 and X-2 re-
search airplanes, stirred up interest in hypersonic aircraft. In a letter to the NACA

52 H. Julian Allen and Alfred J. Eggers, Jr. “A Study of the Motion and Aerodynamic Heating of Ballistic Missiles En-
tering the Earth’s Atmosphere at High Supersonic Speeds,” NACA confidential research memorandum A53D28,
August 1953. The NACA published updated versions of the same report as TN4047 and TR1381 in 1958; Edwin
P. Hartmann, Adventures in Research: A History of the Ames Research Center, 1940-1965, NASA publication
SP-4302 (Washington, DC: NASA, 1972), pp. 216-218. Allen had worked at Langley in Eastman Jacobs’s Vari-
able-Density Tunnel group between 1936 and 1940 before joining the team on the West Coast. As told by John
Becker, Allen’s given name was “Harry,” but he disliked the name and always used “H. Julian” instead. Occasion-
ally he used “Harvey” as a nickname, leading to the use of that name in many publications.

53 Allen and Eggers, “A Study of the Motion and Aerodynamic Heating;” Hartmann, Adventures in Research, pp. 218.
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Committee on Aerodynamics™ dated 8 January 1952, Woods proposed that the
committee direct some part of its research to address the basic problems of hy-
personic and space flight. Accompanying the letter was a document from Dr.
Walter R. Dornberger, former commander of the German rocket test facility at
Peenemiinde and now a Bell employee, outlining the preliminary requirements of
a hypersonic aircraft. The “ionosphere research plane” proposed by Dornberger
was powered by a liquid-fueled rocket engine and capable of flying at 6,000 feet
per second (fps) at an altitude of 50—75 miles.> It was apparent that the concept
for an “antipodal” bomber proposed near the end of the war by his colleagues
Eugen Sénger and Irene Bredt still intrigued Dornberger.’ According to the Sén-
ger-Bredt study, this aircraft would skip in and out of the atmosphere (called
“skip-gliding”) and land halfway around the world.” Dornberger’s enthusiasm
for the concept had captured Woods’s imagination, and he called for the NACA
to develop a manned hypersonic research airplane in support of it. At the time,
the committee declined to initiate the research advocated by Woods, but took the
matter under advisement.®

At the 30 January 1952 meeting of the Committee on Aerodynamics, Woods
submitted a paper that noted growing interest in very-high-speed flight at altitudes
where the atmospheric density was so low as to eliminate effective aerodynamic
control. Since he believed that research into this regime was necessary, Woods
suggested that “the NACA is the logical organization to carry out the basic stud-
ies in space flight control and stability” and that the NACA should set up a small
group “to evaluate and analyze the basic problems of space flight.” Woods went
on to recommend that the NACA “endeavor to establish a concept of a suitable
manned test vehicle” that could be developed within two years. Again, the NACA
took the matter under advisement.”

Smith J. DeFrance, an early Langley engineer who became the director of
NACA Ames when it opened in 1941, opposed the idea for a hypersonic study
group because “it appears to verge on the developmental, and there is a question

54 The NACA received its direction via a committee system. The committees and their subcommittees were com-
posed of representatives from industry, the military, and NACA scientists and engineers. A subcommittee that
had the most direct contact with the “real world” might recognize a new area of research and pass a resolution
recommending further efforts. The overarching committee would then take up the resolution and, after discussion
at a higher level in the food chain, either table it or pass its own resolution. This in turn would pass to the executive
committee, which was composed of distinguished members of industry, high-ranking military officers, and gov-
ernment officials appointed by the president. If the executive committee endorsed the resolution, it would direct
the NACA laboratories (Ames, Langley, and Lewis) and stations (the Auxiliary Flight Research Station and later
the High-Speed Flight Station) to conduct the research. Usually, funding came from the various military services,
although the NACA also had a separately appropriated budget.

55 The accepted standard at the time was to report extreme altitudes in statue miles; this equated to 264,000-
396,000 feet, almost exactly foretelling the performance ultimately obtained by the X-15.

56 According to Webster's—antipodal: of or relating to the antipodes; specif. situated at the opposite side of the
Earth. Or, points on opposite sides of a sphere. The original Sanger concept was that the Silverbird would land
on the opposite side of the Earth from where it took off, dropping its bombs midway through the mission.

57 Eugen Sénger, Rocket Flight Engineering, NASA translation TTF-223 (Washington, DC: NASA, 1965). Sanger’s
concepts for skip-glide aircraft date back as far as his doctoral thesis of 1928, and formed the basis for several
postwar American projects, such as BoMi and RoBo. His “dynamic-soaring” terminology for this flight path also
inspired the name “Dyna-Soar” given to the Step Il hypersonic research program, and later the X-20 vehicle.

58 Letter, Robert J. Woods to the NACA Committee on Aerodynamics, “Establishment of a Study Group on Space
Flight and Associated Problems,” 8 January 1952. A few weeks later, Dornberger outlined an even more ambi-
tious version of the aircraft launched from a B-47 and capable of 6,210 fps (4,250 mph) and 564,000 feet. It was,
for all intents, a version of the A-4b or A-9 investigated by the Germans at Peenemiinde during the war. See a
letter from Walter R. Dornberger to Robert J. Woods of 18 January 1952. In the files at the NASA History Office.

59 Minutes of the Meeting, NACA Committee on Aerodynamics, 30 January 1952. In the files at the NASA History Office.
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as to its importance. There are many more pressing and more realistic problems
to be met and solved in the next ten years.” DeFrance concluded in the spring
of 1952 that “a study group of any size is not warranted.” This reflected the posi-
tion of many NACA researchers who believed the committee should only under-
take theoretical and basic research, and leave development projects to the military
and industry.

Further discussion ensued during the 24 June 1952 meeting of the Committee
on Aerodynamics. Other factors covered at the meeting included Allen’s unan-
ticipated discovery of the blunt-body concept and a special request from a group
representing 11 missile manufacturers.

The NACA Subcommittee on Stability and Control had invited the same
manufacturers to Washington in June 1951 to present their ideas “on the direction
in which NACA research should move for greatest benefit in missile develop-
ment.” In this case the weapons in question were more often than not air-to-air
and surface-to-air missiles rather than ICBMs. During this meeting, Maxwell W.
Hunter, an engineer who was developing the Sparrow and Nike missiles at the
Douglas Aircraft Company, suggested that the NACA should begin to explore
the problems missiles would encounter at speeds of Mach 4 to Mach 10. Hunter
pointed out that several aircraft designers, notably Alexander Kartveli at Repub-
lic, were already designing Mach 3+ interceptors.®’ For an air-to-air missile to be
effective when launched from an aircraft at Mach 3, the missile itself would most
probably need to be capable of hypersonic speeds.*

Hunter and Woods repeated their requests during the June 1952 meeting of
the Committee on Aerodynamics. In response, the committee passed a resolution
largely penned by Air Force science advisor Albert Lombard. The resolution rec-
ommended that “(1) the NACA increase its program dealing with the problems
of unmanned and manned flight in the upper stratosphere at altitudes between 12
and 50 miles, and at Mach numbers between 4 and 10, and (2) the NACA devote
a modest effort to problems associated with unmanned and manned flight at alti-
tudes from 50 miles to infinity and at speeds from Mach number 10 to the veloc-
ity of escape from Earth’s gravity.” The NACA Executive Committee ratified the
resolution on 14 July. NACA Headquarters then asked the Ames, Langley, and

60 Memorandum, Smith J. DeFrance, Director, Ames Aeronautical Laboratory, to NACA, subject: Report on Re-
search of Interest to Committee on Aerodynamics, 29 May 1952.

61 In early 1948 Alexander Kartveli at Republic Aviation began designing the Mach 3 AP-44A all-weather high-alti-
tude defense fighter, less than a year after the first XS-1 supersonic flight. Republic sent preliminary data to the
Air Force in January 1951, and in September received a phase | development contract for the WS-204A. Although
the entire aircraft was extremely futuristic, perhaps its most notable feature was the Wright J67 dual-cycle turbojet
engine. The engine installation provided a large bypass duct that fed air directly into the afterburner, allowing it
to function as a ramjet at high speed. An 18-month extension of the phase | contract provided further studies
of titanium fabrication, high-temperature hydraulics, escape capsules, and periscopic sights. The Air Force con-
tinued to fund the program despite a variety of technical problems. By July 1954 the program had advanced to
the point where the Air Force awarded Republic a contract to manufacture three prototypes. However, technical
problems continued, and a low funding level made it difficult to apply sufficient resources to overcome them. In
early 1957 the Air Force reduced the program to a single prototype and two flight engines, but little progress had
been made by 21 August 1957 when the Air Force canceled the XF-103 and Wright engine entirely. The program
had cost $104 million over nine years.

62 Joseph Adams Shortal, A New Dimension: Wallops Island Flight Test Range— The First Fifteen Years, NASA
publication SP-1028 (Washington DC: NASA, 1978), p. 238.
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Lewis® laboratories for comments and recommendations concerning the imple-
mentation of this resolution.*

This resolution had little immediate effect on existing Langley programs, with
the exception that it inspired the Pilotless Aircraft Research Division (PARD)* to
evaluate the possibility of increasing the speeds of their test rockets up to Mach
10. Nevertheless, the resolution did have one very important consequence for the
future: the final paragraph called for the laboratories “to devote a modest effort”
to the study of space flight.®

The concepts and ideas discussed by Dornberger, Hunter, and Woods inspired
two unsolicited proposals for research aircraft. The first, released on 21 May
1952, was from Hubert M. “Jake” Drake and L. Robert Carman of the NACA
High-Speed Flight Research Station (HSFRS) and called for a two-stage system
in which a large supersonic carrier aircraft would launch a smaller, manned re-
search airplane. The Drake-Carman proposal stated that by “using presently avail-
able components and manufacturing techniques, an aircraft having a gross weight
of 100,000 pounds could be built with an empty weight of 26,900 pounds. Using
liquid oxygen and water-alcohol propellants, this aircraft would be capable of
attaining Mach numbers of 6.4 and altitudes up to 660,000 feet. It would have
duration of one minute at a Mach number of 5.3. By using this aircraft, an air-
craft of the size and weight of the Bell X-2 could be launched at Mach 3 and an
altitude of 150,000 feet, attaining Mach numbers up to almost 10 and an altitude
of about 1,000,000 feet. Duration of one minute at a Mach number of 8 would be
possible.” The report went into a fair amount of detail concerning the carrier air-
craft, but surprisingly little toward describing the heating and structural problems
expected for the smaller research airplane.”’

David G. Stone, head of the Stability and Control Branch of the PARD, re-
leased the second report in late May 1952. This report was somewhat more con-
servative and proposed that the Bell X-2 itself could be used to reach speeds
approaching Mach 4.5 and altitudes near 300,000 feet if it were equipped with
two JPL-4 Sergeant solid-propellant rocket motors. Stone also recommended the
formation of a project group that would work out the details of actual hardware
development, flight programs, and aircraft systems. Langley director Henry J. E.

63 The Aircraft Engine Research Laboratory was founded on 23 June 1941 in suburban Cleveland, Ohio. In April
1947 it was renamed the Flight Propulsion Research Laboratory, and a year later it was renamed the Lewis Flight
Propulsion Laboratory. When NASA came into being on 1 October 1958, the laboratory was renamed the Lewis
Research Center (abbreviated LeRC to differentiate it from the Langley Research Center (LaRC)). On 1 March
1999 it was renamed the John H. Glenn Research Center at Lewis Field.

64 Minutes of the Meeting, Committee on Aerodynamics, 24 June 1952. In the files at the NASA History Office.

65 The PARD was established in June 1946 at the Auxiliary Flight Research Station (AFRS) on Wallops Island, off
the eastern shore of Virginia. This group had been set up during World War Il to launch “pilotless aircraft” (the
military’s name for all guided missiles of the time) to obtain research data on them. On 4 July 1945, the AFRS
launched its first test vehicle, a small two-stage, solid-fuel rocket, to check out the installation’s instrumentation.
At the end of the war, a typical model weighed about 40 pounds and could attain a maximum speed of Mach 1.4
before it crashed into the Atlantic Ocean. The instrumented models provided telemetry back to the ground during
their flights. Despite the fact that PARD launched 386 models from 1947 to 1949, the “real” researchers in the
Langley wind tunnels never believed that the operation obtained much useful data. Nevertheless, the PARD con-
tinued and soon began launching large-scale models of aircraft on top of its rockets, obtaining data at speeds the
wind-tunnel operators could only dream of at the time. Many types of aircraft were evaluated; for instance, tests
of the Convair F-102 Delta Dagger helped verify the effectiveness of Richard T. Whitcomb’s area rule principle.

66 Hansen, Engineer in Charge, pp. 350-351.

67 Hubert M. Drake and L. Robert Carman, “A Suggestion of Means for Flight Research at Hypersonic Velocities and
High Altitudes,” unpublished, 21 May 1952. In the files at the Dryden History Office.
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Reid and John Stack generally supported this approach, but believed that further
study of possible alternatives was required.*®

Meanwhile, in response to the 1952 recommendation from the NACA Com-
mittee on Aerodynamics, Henry Reid set up a three-man study group consisting of
Clinton E. Brown (chairman) from the Compressibility Research Division, William
J. O’Sullivan, Jr., from the PARD, and Charles H. Zimmerman from the Stability
and Control Division. Curiously, none of the three had any significant background
in hypersonics. Floyd L. Thompson, who became associate director of Langley in
September 1952, had rejected a suggestion to include a hypersonic aerodynamicist
or specialist in thermodynamics in the study group. Thompson’s plan was to bring
together creative engineers with “completely fresh, unbiased ideas.” The group
was to evaluate the state of available technology and suggest possible programs
that researchers could initiate in 1954, given adequate funding.®

This group reviewed the ongoing ICBM-related work at Convair and RAND,™
and then investigated the feasibility of hypersonic and reentry flight in general
terms. Not surprisingly, the group identified structural heating as the single most
important problem. The group also reviewed the earlier proposals from Drake-
Carman and Stone, and agreed to endorse a version of Stone’s X-2 modification
with several changes. In the Langley concept, the vehicle used a more powerful
internal rocket engine instead of strap-on solid boosters, with the goal of reaching
Mach 3.7 velocities. Dr. John E. Duberg, the chief of the Structural Research Di-
vision, noted, however, that “considerable doubt exists about the ability of the X-2
airplane to survive the planned trajectory because of the high thermal stresses.”
The study group released its report on 23 June 1953, and in a surprisingly conser-
vative vein, agreed that unmanned missiles should conduct any research in excess
of Mach 4.5.!

Originally, the plan was to have an interlaboratory board review the findings
of the study group, but this apparently never happened. Nevertheless, hypersonic
specialists at Langley frequently had the opportunity to talk with the group, and
heard Brown formally summarize the findings at a briefing in late June 1953.
While listening to this summary, the specialists “felt a strong sense of déja-vu,”

68 Letter, David G. Stone to Chief of Research, subject: Preliminary study of the proposal for the flight of manned
vehicles into space, 21 May 1952. In the files at the Dryden History Office. The High-Speed Flight Research Sta-
tion (HSFRS) became the High-Speed Flight Station (HSFS) on 1 July 1954, the Flight Research Center (FRC) on
27 September 1959, and the Hugh L. Dryden Flight Research Center (usually abbreviated DFRC) on 26 March
1976. On 1 October 1981, it was administratively absorbed into the Ames Research Center and its name was
changed to the Ames-Dryden Flight Research Facility (DFRF). It reverted to Center status on 1 March 1994 and
again became DFRC. At some point between 1954 and 1959, the hyphen between “High” and “Speed” seems to
have been dropped, but no official evidence of this could be found.

69 Clinton E. Brown, William J. O’Sullivan, and Charles H. Zimmerman, “A Study of the Problems Relating to High-
Speed, High-Altitude Flight,” 25 June 1953. Copy in the Langley Technical Library under code CN-141,504; Lloyd
S. Swenson, Jr., James M. Grimwood, and Charles C. Alexander, This New Ocean: A History of Project Mercury,
NASA publication SP-4201 (Washington DC: NASA, 1966), p. 57.

70 E. P. Williams, et al., RAND report 174, “A Comparison of Long-Range Surface-to-Surface Rocket and Ram-Jet
Missiles,” May 1950. From http://rand.org/about/history/: “On 1 October 1945, General Henry H. “Hap” Arnold
and Donald Douglas set up Project RAND (‘research and development’) under special contract to the Douglas
Aircraft Company. However, this arrangement was not ideal, and in February 1948 the chief of staff of the newly
created United States Air Force wrote to Donald Douglas approving the evolution of RAND into a nonprofit cor-
poration, independent from Douglas. On 14 May 1948, RAND incorporated as a nonprofit corporation under the
laws of the State of California. RAND’s charter was remarkably brief: ‘To further and promote scientific, educa-
tional, and charitable purposes, all for the public welfare and security of the United States of America.’”

71 Brown et al., “A Study of the Problems Relating to High-Speed, High-Altitude Flight.” The Duberg quote is in Ap-
pendix VI.
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especially on hearing Brown’s pronouncement that “the main problem of hyper-
sonic flight is aerodynamic heating.” They disagreed, however, with the group’s
conclusion that the NACA would have to rely on flight-testing, rather than on
ground-based approaches, for research and development beyond Mach 4.7

Brown, O’Sullivan, and Zimmerman found it necessary to reject the use of
traditional ground facilities for hypersonic research because they were “entirely
inadequate” in accounting for the effects of high temperatures.” John Becker lat-
er wrote that “much of the work of the new small hypersonic tunnels was viewed
with extreme skepticism” because they could not simulate the correct tempera-
tures and boundary-layer conditions. The Brown study anticipated there would
be significant differences between the “hot” aerodynamics of hypersonic flight
and the “cold” aerodynamics simulated in ground facilities. The study concluded
that “testing would have to be done in actual flight where the high-temperature
hypersonic environment would be generated” and recommended extending the
PARD rocket-model testing technique to much higher speeds. This would also
mean longer ranges, and the study suggested it might be possible to recover the
test models in the Sahara Desert of northern Africa.”

This was another case of the free-flight-versus-wind-tunnel debate that had
existed at Langley for years. Ground facilities could not simulate the high-tem-
perature environment at very high Mach numbers, admitted the hypersonics
specialists, but facilities like the pilot 11-inch hypersonic tunnel at Langley and
the 10-by-14-inch continuous-flow facility at Ames had proven quite capable of
performing a “partial simulation.” Selective flight-testing of the final article was
desirable —just as it always had been—but, for the sake of safety, economy, and
the systematic parametric investigation of details, the hypersonics specialists ar-
gued that ground-based techniques had to be the primary tools for aerodynamic
research. Similar debates existed between the wind-tunnel researchers and the
model-rocket researchers at PARD.”

Although Langley had not viewed their May 1952 proposal favorably, in Au-
gust 1953 Drake and Carman wrote a letter to NACA Headquarters calling for a
five-phase hypersonic research program that would lead to a winged orbital vehi-
cle. Dr. Hugh L. Dryden, the director of the NACA, and John W. “Gus” Crowley,
the associate director for research at NACA Headquarters, shelved the proposal
as being too futuristic.” Nevertheless, in its bold advocacy of a “piggyback”
two-stage-to-orbit research vehicle, the Drake-Carman report presented one of the
earliest serious predecessors of the Space Shuttle.

72 John V. Becker, “Development of Winged Reentry Vehicles, 1953-1963,” unpublished, dated 23 May 1983, p. 30.
In the Becker Archives at Virginia Polytechnic Institute, Blacksburg, Virginia.

73 Shortal, A New Dimension, p. 208.
74 Becker, “Development of Winged Reentry Vehicles, 1953-1963,” p. 30.
75 Hansen, Engineer in Charge, p. 353.

76 Dr. Dryden resigned from the Bureau of Standards to become director of aeronautical research at the NACA in
1947, and two years later became the director of the 8,000-person agency.
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MILITARY SUPPORT

At the October 1953 meeting of the Air Force Scientific Advisory Board
(SAB) Aircraft Panel, Chairman Clark B. Millikan asked panel members for
their ideas on future aircraft research and development programs. The panel de-
cided that “the time was ripe” for another cooperative (USAF-NACA) research
airplane project to further extend the frontiers of flight. Millikan released a
statement declaring that the feasibility of an advanced manned research aircraft
“should be looked into.” The panel member from NACA Langley, Robert R.
Gilruth, would later play an important role in coordinating a consensus between
the SAB and the NACA.”

Contrary to Singer’s wartime conclusions, by 1954 most experts within the
NACA and industry agreed that hypersonic flight would not be possible without
major advances in technology. In particular, the unprecedented problems of aero-
dynamic heating and high-temperature structures appeared to be a potential “bar-
rier” to sustained hypersonic flight. Fortunately, the perceived successes enjoyed
by the X-planes led to increased political and philosophical support for a more ad-
vanced research aircraft program. The most likely powerplant for the hypersonic
research airplane was one of the large rocket engines from the missile programs.
Most researchers now believed that manned hypersonic flight was feasible, but
it would entail a great deal of research and development. Fortunately, at the time
there was less emphasis than now on establishing operational requirements prior
to conducting basic research, and, perhaps even more fortunately, there were no
large manned space programs that would compete for funding. The time was fi-
nally right.”®

The hypersonic research program most likely originated during a meeting of
the NACA Interlaboratory Research Airplane Projects Panel held in Washington,
D.C., on 4-5 February 1954. The panel chair, Hartley A. Soulé, had directed the
NACA portion of the cooperative USAF-NACA research airplane program since
1946. In addition to Soulé, the panel consisted of Lawrence A. Clousing from
Ames, Charles J. Donlan from Langley, William A. Fleming from Lewis, Walter
C. Williams from the HSFS, and Clotaire Wood from NACA Headquarters. Two
items on the agenda led almost directly to the call for a new research airplane. The
first was a discussion concerning Stone’s proposal to use a modified X-2, with the
panel deciding that the aircraft was too small to provide meaningful hypersonic
research. The second was a proposal to develop a new thin wing for the Douglas
D-558-2. This precipitated a discussion on the “advisability of seeking a com-
pletely new research airplane and possible effects on such a proposal on requests
for major changes to existing research airplanes.” The panel concluded that the
research utility of the D-558-2 and X-2 was largely at an end, and instead recom-
mended that NACA Headquarters request detailed goals and requirements for an

77 The NACA actually had two cooperative efforts under way in the early 1950s, and Soulé was involved with both.
The first was testing the Bell X-1, X-2, X-5, etc., in cooperation with the Air Force. The other was testing the
Douglas D-558 series in cooperation with the Navy.

78 Becker, “The X-15 Program in Retrospect,” p. 2.
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entirely new vehicle from each of the research laboratories. This action was, in
effect, the initial impetus for what became the X-15.

On 15 March 1954, Bob Gilruth sent Clark Millikan a letter emphasizing that
the major part of the research and development effort over the next decade would
be “to realize the speeds of the existing research airplanes with useful, reliable,
and efficient aircraft under operational conditions” (i.e., developing Mach 2-3
combat aircraft). Gilruth further noted that a “well directed and sizeable effort will
be required to solve a number of critical problems, by developing new materials,
methods of structural cooling and insulation, new types of structures, and by ob-
taining a thorough understanding of the aerodynamics involved.” Because many
of the problems were not then well defined, “design studies should be started
now for manned research aircraft which can explore many of these factors during
high-speed flight” and which would be capable of “short excursions into the upper
atmosphere to permit research on the problems of space flight and reentry.” It was
a surprising statement.*

During the late 1940s and early 1950s, the overwhelming majority of re-
searchers thought very little about manned space flight. Creating a supersonic air-
plane had proven difficult, and many researchers believed that hypersonic flight,
if feasible at all, would probably be restricted to missiles. Manned space flight,
with its “multiplicity of enormous technical problems” and “unanswered ques-
tions of safe return” would be “a 21st Century enterprise.”®!

Within a few years, however, the thinking had changed. By 1954 a growing
number of American researchers believed that hypersonic flight extending into
space could be achieved much sooner, although very few of them had the foresight
to see it coming by 1960. Around this time, the military became involved in sup-
porting hypersonic research and development with a goal of creating new weapons
systems. During 1952, for example, the Air Force began sponsoring Dornberger’s
manned hypersonic boost-glide concept at Bell as part of Project BoMi.*

BoMi (and subsequently RoBo) advanced the Singer-Bredt boost-glide
concept by developing, for the first time, a detailed thermal-protection concept.
Non-load-bearing, flexible, metallic radiative heat shields (“shingles”) and wa-
ter-cooled, leading-edge structures protected the wings, while passive and active
cooling systems controlled the cockpit temperature. NACA researchers, including
the Brown study group, read the periodic progress reports of the Bell study —clas-
sified Secret by the Air Force—with great interest. Although most were skeptical,

79 Minutes of the Meeting, Interlaboratory Research Airplane Projects Panel, NACA headquarters, 4-5 February
1954; letter, John W. Crowley to distribution, subject: Request for comments on possible new research airplane,
9 March 1954. The Research Airplane Projects Panel was formed by NACA Associate Director for Research Gus
Crowley in September 1948 to coordinate the efforts of Ames, Langley, Lewis, Wallops Island, and the HSFS.
Each laboratory reported quarterly to the panel detailing what research was being performed in support of each
specific airplane, and the outcome of the research. The panel met in formal session annually. This was different
from the Research Airplane Program Committee headed by Langley’s John Stack, which included representatives
from the Army Air Forces and the Navy Bureau of Aeronautics.

80 Letter, Robert R. Gilruth to Dr. Clark B. Millikan, subject: Air Force Research and Development Effort for the Next
Decade in the Field of the Aircraft Panel, 15 March 1954. In the files at the Air Force Historical Research Agency.
John Becker remembers that at the time the consensus was that “space” began where the dynamic pressure
was less than one pound per square foot. See the interview of John V. Becker by J. D. Hunley, 3 October 2000,
written transcript in the files at the DFRC History Office.

81 Becker, “Development of Winged Reentry Vehicles, 1953-1963.”

82 BoMi was an acronym for “Bomber-Missile,” and RoBo stood for “Rocket-Bomber.” Both would be consolidated
into the HYWARDS program that later evolved into the Boeing X-20 Dyna-Soar.
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a few thought that the project just might work. The Air Force would also fund
similar studies by other contractors, particularly Convair and, later, Boeing.®*

In response to the recommendation of the Research Airplane Projects Pan-
el, NACA Headquarters asked its field installations to explore the requirements
for a possible hypersonic research aircraft. Based on the concerns of the 1952
Langley study group, as well as data from Bell regarding BoMi research, it was
obvious that a primary goal of any new research airplane would be to provide
information about high-temperature aerodynamics and structures. The missile
manufacturers concurred.®

In response to NACA Headquarters’ request, all of the NACA laboratories set
up small ad hoc study groups during March 1954. A comparison of the work of
these different NACA groups is interesting because of their different approaches
and findings. The Ames group concerned itself solely with suborbital long-range
flight and ended up favoring a military-type air-breathing (rather than rocket-
powered) aircraft in the Mach 4-5 range. The HSFS suggested a larger, higher-
powered conventional configuration generally similar to the Bell X-1 or Douglas
D-558-1 research airplanes. The staff at Lewis questioned the need for a piloted
airplane at all, arguing that ground studies and the PARD rocket-model operation
could provide all of the necessary hypersonic information at much less cost and
risk. Lewis researchers believed that possible military applications had unduly
burdened previous research airplane programs, and there was no reason to think
anything different would happen in this case.®

On the other hand, Langley chose to investigate the problem based largely
on the hypersonic research it had been conducting since the end of World War II.
After the 11-inch hypersonic tunnel became operational in 1947, a group headed
by Charles McLellan began conducting limited hypersonic research. This group,
which reported to John Becker, who was now the chief of the Aero-Physics Divi-
sion, provided verification of several newly developed hypersonic theories while
it investigated phenomena such as the shock—boundary-layer interaction. Langley
also organized a parallel exploratory program into materials and structures opti-
mized for hypersonic flight. Perhaps not surprisingly, Langley decided to deter-
mine the feasibility of a hypersonic aircraft capable of a 2- to 3-minute excursion
out of the atmosphere to create a brief period of weightlessness in order to explore
the effects of space flight. Hugh Dryden would later liken this excursion to the
leap of a fish out of water, and coined a new term: space leap.

83 Becker, “Development of Winged Reentry Vehicles, 1953-1963.” The quotes are Becker’s recollections of how
other engineers felt at the time, not his personal feelings on the subjects.

84 John E. Duberg, “Remarks on the Charts Presenting the Structural Aspect of the Proposed Research Airplane,”
9 July 1954. In the files at the NASA History Office.

85 Letter, Floyd L. Thompson/Langley to NACA, 3 May 1954, enclosing a copy of a memo from John V. Becker titled
“Research Airplane Study;” letter, HSFS to NACA, 5 May 1954, enclosing an informal report titled “Suggested
Requirements for a New Research Airplane”; letter, Ames to NACA, no subject, 7 May 1954; memorandum from
Lewis/Associate Director to NACA, 7 May 1954 (actually written 27 April 1954); Hansen, Engineer in Charge, p.
357. According to Hard D. Wallace, Jr., Wallops Station and the Creation of an American Space Program, NASA
publication SP-4311 (Washington, DC: NASA, 1997) p. 19, note 41: “Note that unlike the earlier X-series aircraft,
no models of the X-15 appear to have been tested at Wallops.”

86 Letter, John V. Becker to Dennis R. Jenkins, 12 June 1999; Becker, “Development of Winged Reentry Vehicles,
1953-1963,” p. 30.
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Three men that played important parts in the X-15 program. On the right is Walter C. Williams, the head of
the High-Speed Flight Station and a member of the Research Airplane Projects panel that guided the X-15
through its formative stages. In the middle, Hugh 1.. Dryden, the Director of the NACA. At left is Paul F.
Bikle, who came late to the X-15, but gnided it through most of its flight program as the director of the Flight
Research Center. NASA)

Langley’s ad hoc hypersonic aircraft study group consisted of John Becker
(chairman); Maxime A. Faget,*” a specialist in rocket propulsion from the Perfor-
mance Aerodynamics Branch of PARD; Thomas A. Toll, a control specialist from
the Stability Research Division; Norris F. Dow, a hot-structures expert from the
Structures Research Division; and test pilot James B. Whitten. Unlike the earlier
Brown study group, this group intentionally included researchers with previous
experience in hypersonics.®®

The group reached a consensus on the objectives of a hypersonic research
aircraft by the end of its first month of study. Although one of the original goals
was to investigate the effects of weightlessness, the members soon realized “that
the problems of attitude control in space and the transition from airless flight to
atmospheric flight during reentry were at least equally significant.” The group
also began to consider the dynamics of the reentry maneuvers and the associated
problems of stability, control, and heating as the most pressing research need.
However, another objective would come to dominate virtually every other aspect
of the aircraft’s design: research into the related fields of high-temperature aero-

87 Max Faget would be instrumental in the mid-to-late 1960s in defining the configuration of the Space Shuttle orbiter.
88 Letter, John V. Becker to Dennis R. Jenkins, 12 June 1999; Hansen, Engineer in Charge, p. 357.
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dynamics and high-temperature structures. Thus, it would become the first aircraft
in which aero-thermo-structural considerations constituted the primary research
problem, as well as the primary research objective.®

Eventually, Becker and the group selected a goal of Mach 7, noting that this
would permit investigation of “extremely wide ranges of operating and heating
conditions.” By contrast, a Mach 10 vehicle “would require a much greater ex-
penditure of time and effort” yet “would add little in the fields of stability, control,
piloting problems, and structural heating.” Considering that no human had yet
approached Mach 3, even Mach 7 seemed a stretch.”

By the end of April 1954, Becker’s group had completed a tentative design
for a winged aircraft and an outline of proposed experiments. The group kept the
configuration as conventional as possible to minimize the need for special low-
speed and transonic developments without compromising its adequacy as a hy-
personic, aerodynamic, and structural research vehicle. However, acknowledging
what would become a continuing issue; the group did not consider any of the large
rocket engines then under development entirely satisfactory for the airplane. In the
absence of the rapid development of a new engine, the group hoped a combination
of three or four smaller rocket motors could provide hypersonic velocities.!

At this point Floyd Thompson, by now the associate director at Langley, in-
fluenced the direction of the Becker study. He made a suggestion that echoed John
Stack’s 1945 recommendation that the Bell XS-1 transonic research airplane use
a 12% thick wing that would force it to encounter the compressibility efforts that
aerodynamicists were most interested in studying. Since the hypersonic airplane
would be the first in which aero-thermal-structural considerations constituted the
primary research problem, Thompson argued that the aim of the aircraft “should
be to penetrate as deeply as possible into the region of [high aerodynamic] heat-
ing and to seek fresh design approaches rather than makeshift modifications to
conventional designs.” His suggestion became policy.*?

Wind-tunnel testing began in mid-1954 and continued through the end of
1955 using the basic Becker design. David E. Fetterman, Jr., Jim A. Penland, and
Herbert W. Ridyard led the tests, mainly using the 11-inch tunnel at Langley. The
researchers noted that previous hypersonic designs had “been restricted mainly to
missile types which were not required to be able to land and which, therefore, had
relatively small wings or wings of very low aspect ratio.” The researchers concen-
trated on extrapolating existing data to the Becker design while making sure the
concept would be acceptable for a manned aircraft, including the ability to land.”

89 Letter, John V. Becker to Dennis R. Jenkins, 12 June 1999.

90 Letter, Floyd L. Thompson/Langley to NACA, 3 May 1954, enclosing a copy of a memo from John V. Becker titled
“Research Airplane Study.” The quotes are from the attached memo.

91 Although it had always been assumed that air-drop would be the preferred launch method, the original “Research
Airplane Study” did not specifically mention any launch method.

92 Letter, John V. Becker to Dennis R. Jenkins, 12 June 1999; Hansen, Engineer in Charge, p. 357.

93 A variety of reports came from these tests. See, for example, Jim A. Penland et al., “Lift, Drag, and Static Lon-
gitudinal Stability Data from an Exploratory Investigation at a Mach Number of 6.86 of an Airplane Configuration
Having a Wing of Trapezoidal Plan Form,” NACA research memorandum L54L03b, 18 January 1955; Herbert
W. Ridyard et al., NACA research memorandum L55A21a, “Static Lateral Stability Data from an Exploratory In-
vestigation at a Mach Number of 6.86 of an Airplane Configuration Having a Wing of Trapezoidal Plan Form,” 15
February 1955; Jim A. Penland et al., “Static Longitudinal and lateral Stability and Control Characteristics of an
Airplane Configuration Having a Wing of Trapezoidal Plan Form with Various Tail Airfoil Sections and Tail Arrange-
ments at a Mach Number of 6.86,” NACA research memorandum L55F17, 15 August 1955.
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One particular feature, however, differed from later concepts. The initial
wind-tunnel tests used a design that incorporated relatively large leading-edge
radii for both the wing and vertical stabilizer. The large radii were believed nec-
essary to keep the heat transfer rates within feasible limits. Eventually the re-
searchers discovered the beneficial effects of a leading-edge sweep and found
materials capable of withstanding higher temperatures. These allowed smaller
radii, resulting in less drag and generally better aerodynamic characteristics. Al-
though the baseline design changed as a result, by this time the researchers were
concentrating on evaluating various empennage configurations and elected not to
change the wing design on the wind-tunnel models to avoid invalidating previ-
ous results.*

While performing the original heating analysis of the proposed reentry from
the “space leap,” Becker and Peter F. Korycinski from the Compressibility Re-
search Division ran head-on into a major technical problem. At Mach 7, reentry
at low angles of attack appeared impossible because of disastrous heating loads.
In addition, the dynamic pressures quickly exceeded, by large margins, the limit
of 1,000 pounds per square foot (psf) set by structural demands. New tests of the
force relationships in the 11-inch tunnel provided Becker and Korycinski with a
surprising solution to this problem: if the angle of attack and the associated drag
were increased, deceleration would begin at a higher altitude. Slowing down in
the thinner (lower-density) atmosphere made the heat-transfer problem much less
severe. In other words, Becker and Korycinski surmised, by forcing decelera-
tion to occur sooner, the increased drag associated with the high angle of attack
would significantly reduce the aircraft’s exposure to peak dynamic pressure and
high heating rates. Thus, by using “sufficient lift,” the Langley researchers found
a way to limit the heat loads and heating rates of reentry. Interestingly, this is the
same rationale used 15 years later by Max Faget when he designed his MSC-002
(DC-3) space shuttle concept at the Manned Spacecraft Center.”

On reflection, it became clear to the Becker group that the sufficient-lift con-
cept was a “new manifestation” of Allen’s blunt-body theory and was as appli-
cable to high-lift winged reentry as to the non-lifting missile warheads studied at
Ames during 1952. As the group increased the angle of attack to dissipate more
of the kinetic energy through heating of the atmosphere (and less in the form
of frictional heating of the vehicle itself), the configuration became increasingly
“blunt.” Some form of speed brakes, again in accord with Allen’s concept, could
increase drag and further ease the heating problem.*®

Throughout 1954 the heating problems of high-lift, high-drag reentry came
under increasing scrutiny from key Langley researchers. However, another prob-
lem soon outweighed the heating consideration: making the configuration stable
and controllable at the proposed high-angle-of-attack reentry attitude. Because
they were venturing into a new flight regime, the researchers could not determine

94 Penland, “Static Longitudinal and Lateral Stability and Control Characteristics.”

95 Unpublished paper, “11-Inch Tunnel Contributions to the X-15,” no author (probably Becker), no date. In the
Becker Archives at Virginia Polytechnic Institute, Blacksburg, Virginia; Becker, “Development of Winged Reentry
Vehicles, 1953-1963,” p. 10. For a detailed look at Faget’s design, including some of his rationale for slowing
down at high altitude, see Dennis R. Jenkins, Space Shuttle: The History of the National Space Transportation
System — The First 100 Missions (North Branch, MN: Specialty Press, 2001), pp. 102-108.

96 Hansen, Engineer in Charge, p. 359.
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the exact hypersonic control properties of such a configuration. Nor were they
certain they could devise a structure that would survive the anticipated 2,000°F
equilibrium temperatures.”’

The HSFS had forewarned Langley about potential hypersonic stability
problems. In December 1953, Air Force Major Chuck Yeager had pushed the Bell
X-1A far beyond its expected speed range. As the aircraft approached Mach 2.5,
it developed uncontrollable lateral oscillations that nearly proved disastrous.”®
While Yeager frantically tried to regain control, the airplane tumbled for over
a minute, losing nearly 10 miles of altitude. At subsonic speed, the aircraft fi-
nally entered a conventional spin from which Yeager managed to recover. This
incident led to a systematic reinvestigation of the stability characteristics of the
X-1A. By mid-1954, findings indicated that the problem that had almost killed
Yeager was the loss of effectiveness of the X-1A’s thin-section horizontal and
vertical stabilizers at high speed. The HSFS was not equipped to conduct basic
research into solutions, but it coordinated with Langley in an attempt to over-
come this problem. At the same time, Langley and the HSFS began investigating
the inertial-coupling phenomenon encountered by the North American F-100A
Super Sabre.”

The Becker group faced a potential stability problem that was several times
more severe than that of the X-1A. Preliminary calculations based on data from
X-1A wind-tunnel tests indicated that the hypersonic configuration would require
a vertical stabilizer the size of one of the X-1’s wings to maintain directional
stability —something that was obviously impractical. Stumped by this problem,
Becker sought the advice of his 11-inch hypersonic tunnel researchers. The con-
sensus, reached by wind-tunnel testing and evaluating high-speed data from ear-
lier X-planes, was that an extremely large vertical stabilizer was required if the
thin-section stabilizers then in vogue for supersonic aircraft were used. This was
largely because of a rapid loss in the lift-curve slope of thin airfoil sections as
the Mach number increased. In a radical departure, however, Charles McLellan
suggested using a thicker wedge-shaped section with a blunt trailing edge. Some
time before, McLellan had conducted a study of the influence of airfoil shape
on normal-force characteristics, and his findings had been lying dormant in the
NACA literature. Calculations based on these findings indicated that at Mach 7 the
wedge shape “should prove many times more effective than the conventional thin
shapes optimum for the lower speed.” By modifying the proposed configuration

97 John V. Becker, “The X-15 Project, Part |: Origins and Research Background,” Astronautics and Aeronautics,
February 1964, p. 56; letter, John V. Becker to Dennis R. Jenkins, 29 July 2002. The temperatures in the bound-
ary layer at Mach 7 exceed 3,000°F. The 2,000°F “equilibrium” temperature is the surface temperature of the
underside of the wing where heat loss due to radiation away from the surface balances the imposed heating.
Although the angle of attack was between 11 and 26 degrees, the reentry flight path was generally around -32
degrees, meaning that the airplane was actually flying between 21 and 6 degrees nose-down.

98  The wind-tunnel tests of the X-1A had extended only to Mach 2.

99 Arthur Henderson, Jr., “Wind Tunnel Investigation of the Static Longitudinal and Lateral Stability of the Bell X-1A
at Supersonic Speeds,” NACA research memorandum L55123, October 1955; and Hubert M. Drake and Wendell
H. Stillman, “Behaviors of the X-1A Research Airplane During Exploratory Flights at Mach Numbers Near 2.0 and
at Extreme Altitudes,” NACA research memorandum H55G26, October 1955; Herman O. Ankenbruck and Ches-
ter H. Wolowicz, “Lateral Motions Encountered With the Douglas D-558-2 All-Rocket Research Airplane During
Exploratory Flights to a Mach Number of 2.0,” NACA research memorandum H54127, December 1954.
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X-15 VERTICAL STABILIZER

Charles H. Mcl ellan at NACA Langley, one of the researchers that defined much of the X-15 confignra-
tion, proposed the use of a split training edge on the vertical stabilizer to form speed brakes. Perbaps even more
importantly, these could also be opened to form a variable-wedge vertical stabilizer as a means of restoring the
lift-curve slope at high speeds, thus permitting much smaller surfaces that were easier to design and imposed a
smaller drag penalty at lower speeds. The ultimate X-15 confignration did not incorporate the split trailing
edge, but the much-later space shuttles did. (NASA)

to include the wedge-shaped vertical stabilizer, McLellan believed that a reason-
ably sized vertical stabilizer could correct most directional instability.'®

A new series of experiments in the 11-inch tunnel verified that a vertical sta-
bilizer with a 10-degree wedge angle would allow the proposed aircraft to achieve
the range of attitudes required by heating considerations for a safe high-drag,
high-lift reentry. Further, it might be possible to use a variable-wedge vertical sta-
bilizer as a means of restoring the lift-curve slope at high speeds, thus permitting
much smaller surfaces that would be easier to design and would impose a smaller
drag penalty at lower speeds. McLellan calculated that this wedge shape should
eliminate the disastrous directional stability decay encountered by the X-1A.'"!

Becker’s group also included speed brakes as part of the vertical stabilizers
to reduce the Mach number and heating during reentry. Interestingly, the speed
brakes originally proposed by Langley consisted of a split trailing edge; very sim-
ilar to the one eventually used on the space shuttles. As the speed brakes opened,
they effectively increased the included angle of the wedge-shaped vertical stabi-

100 Becker, “The X-15 Project, Part I,” p. 56. Charles H. McLellan had outlined the findings of his original study in an
“Investigation of the Aerodynamic Characteristics of Wings and Bodies at a Mach Number of 6.9,” a paper pre-
sented at an NACA conference on supersonic aerodynamics held at Ames in early 1950. A version of this paper
appeared in the October 1950 edition of the Journal of the Aeronautical Sciences, volume 18, number 10, pp.
641-648. In 1963 McLellan received a $2,000 award for the development of “wedge tails for hypersonic aircraft”
under Section 306 of the National Aeronautics and Space Act of 1958 (see Jane Van Nimmen and Leonard C.
Bruno with Robert L. Rosholt, NASA Historical Data Book Volume I: NASA Resources 1958-1968, NASA publica-
tion SP-4012, Washington, DC, 1988, p. 556).

101 Charles H. McLellan, “A Method for Increasing the Effectiveness of Stabilizing Surfaces at High Supersonic Mach
Numbers,” NACA research memorandum L544F21, August 1954.
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lizer, and variable deflection of the wedge surfaces made it possible to change the
braking effect and stability derivatives through a wide range. The flexibility this
made possible could be of great value because a primary use of the airplane would
be to study stability, control, and handling characteristics through a wide range of
speeds and altitudes. Furthermore, the ability to reenter in a high-drag condition
with a large wedge angle greatly extended the range of attitudes for reentry that
were permissible in view of heating considerations.'®

Up until this time, the designers of supersonic aircraft had purposely located
the horizontal stabilizer well outside potential flow interference from the wings.
This usually resulted in the horizontal stabilizer being located partway up the
vertical stabilizer, or in some cases (the F-104, for example) on top of the verti-
cal stabilizer. However, researchers at the HSFS suspected that this location was
making it difficult, or at times impossible, for aircraft to recover from divergent
maneuvers. The same investigations at Langley that verified the effectiveness of
the wedge-shape also suggested that an X-shaped empennage would help the air-
craft to recover from divergent maneuvers.'®

The Becker group recognized that the change from a conventional “+” em-
pennage to the “X” configuration would present at least one major new problem:
the X-shape empennage projected into the high downwash regions above and
below the wing plane, causing a potentially serious loss of longitudinal effec-
tiveness. Researchers at Langley looked for solutions to this new problem. By
late 1954 they had an unexpected answer: locate a conventional “+” horizontal
stabilizer in the plane of the wing, between the regions of highest downwash.
This eliminated the need to use an X-shaped empennage, allowing a far more
conventional tail section and control surfaces.'®*

Although it would come and go from the various preliminary designs, the use
of a ventral stabilizer was beginning to gain support. Charles McLellan observed,
“At high angles of attack, the effectiveness of the upper and lower vertical stabi-
lizers were markedly different. Effectiveness of the upper tail decreases to zero
at about 20 degrees angle of attack. The lower tail exhibits a marked increase in
effectiveness because of its penetration into the region of high dynamic pressure
produced by the compression side of the wing. Assuming the wing is a flat plate
and the flow is two-dimensional, the dynamic pressure below the wing increases
with angle of attack. Since only a part of the lower tail is immersed in this region
its gain in effectiveness is, of course, less rapid, but the gain more than offsets the
loss in effectiveness of the upper tail.”!%

102 John V. Becker, “Review of the Technology Relating to the X-15 Project,” a paper presented at the NACA Confer-
ence on the Progress of the X-15 Project, Langley Aeronautical Laboratory, 25-26 October 1956, pp. 4-5.

103 MclLellan, “A Method for Increasing the Effectiveness of Stabilizing Surfaces at High Supersonic Mach Numbers.”

104 Becker, “The X-15 Project, Part I: Origins and Research Background,” p. 56-57. Downwash is a small velocity
component in the downward direction that is associated with the production of lift, as well as a small component
of drag. At hypersonic speed, the flow behind a wing is characterized by a shock pattern. Immediately behind the
shock is a region of high dynamic pressure and high downwash, which intersected the lower tail surfaces of the
original X-tail concept. The upper tails were in a region of low dynamic pressure and low downwash. This situation
had the adverse effect of greatly increasing the yaw (or side-to-side movement) of the lower tails relative to the
upper tails, causing directional instability. See McLellan, “A Method for Increasing the Effectiveness of Stabilizing
Surfaces at High Supersonic Mach Numbers.”

105 MclLellan, “A Method for Increasing the Effectiveness of Stabilizing Surfaces at High Supersonic Mach Numbers.”
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On the structural front, the Becker study evaluated two basic design ap-
proaches. In the first, a layer of assumed insulation protected a conventional low-
temperature aluminum or stainless steel structure. The alternative was an exposed
“hot structure.” This design approach and the materials used permitted high struc-
tural temperatures without insulation.'®
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Surprisingly, the temperatures expected on the bigh-altitude “space leap” were significantly higher
than for the basic hypersonic research flights. Establishing a design that conld withstand the 2,000°F
equilibrium temperature was a challenge, and ultimately resulted in the hot-structure concept shown on
the lower line of this chart. (NASA)

Analysis of the heating projections for various trajectories showed that the
airplane would need to accommodate equilibrium temperatures of over 2,000°F
on its lower surface. Unfortunately, no known insulating technique could meet
this requirement. Bell was toying with a “double-wall” concept in which a high-
temperature outer shell and a layer of insulator would protect the underlying low-
temperature structure. This concept would later undergo extensive development,
and several contractors proposed it during the X-15 competition, but in 1954 it
was in an embryonic state and not applicable to the critical nose and leading-edge
regions. However, the Becker group believed that the possibility of local failure
of any insulation scheme constituted a serious hazard, as was later tragically
demonstrated on the Space Shuttle Columbia. Finally, the problem of accurately
measuring heat-transfer rates —one of the primary objectives of the new research

106 Becker, “The X-15 Project, Part I: Origins and Research Background,” p. 56-57. These same trade studies would
be repeated many times during the concept definition for the Space Shuttle.
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aircraft program—would be substantially more difficult to accomplish with an
insulated structure.'®’

At the start of the study, it was by no means obvious that the hot-struc-
ture approach would prove practical either. The permissible design temperature
for the best available material was about 1,200°F, which was far below the esti-
mated equilibrium temperature of 2,000°F. It was clear that some form of heat
dissipation—either direct internal cooling or absorption into the structure it-
self —would be necessary. It was thought that either solution would bring a heavy
weight penalty.

The availability of Inconel X and its exceptional strength at extremely high
temperatures made it, almost by default, the structural material preferred by Lang-
ley for a hot-structure design.'”® In mid-1954, Norris Dow began an analysis of
an Inconel X structure while other researchers conducted a thermal analysis. In a
happy coincidence, the results showed that the skin thickness needed to withstand
the expected aerodynamic stresses was about the same as that needed to absorb the
thermal load. This meant that it was possible to solve the structural problem for this
transient condition of the Mach 7 research aircraft with no serious weight penalty
for heat absorption. This was an unexpected plus for the hot structure. Together
with the fact that none of the perceived difficulties of an insulated-type structure
(particularly the difficulty of studying structural temperatures) were present, this
led the study group to decide in favor of an uninsulated hot-structure design.

Unfortunately, it later proved that the hot structure had problems of its own,
especially in the area of non-uniform temperature distribution. Detailed thermal
analyses revealed that large temperature differences would develop between the
upper and lower wing skins during the pull-up portions of certain trajectories,
resulting in intolerable thermal stresses in a conventional structural design. To
solve this new problem, researchers devised wing shear members that did not
resist unequal expansion of the wing skins. The wing thus was essentially free
to deform both span-wise and chord-wise with asymmetrical heating. Although
this solved the problem for gross thermal stresses, localized thermal-stress prob-
lems still existed near the stringer attachments. The study indicated, however, that
proper selection of stringer proportions and spacing would produce an acceptable
design that would be free of thermal buckling.'®

The analyses produced other concerns as well. Differential heating of the
wing leading edge resulted in changes to the natural torsional frequency of the
wing unless the design used some sort of flexible expansion joint. The hot leading
edge expanded faster than the remaining structure, introducing a compression that
destabilized the section as a whole and reduced its torsional stiffness. To negate
these phenomena, researchers segmented and flexibly mounted the leading edge
to reduce thermally induced buckling and bending. Similar techniques found use
on the horizontal and vertical stabilizers.

107 Ibid. Possible insulators included water, several different liquid metals, air, and various fibrous batt materials. The
liquids would require active pumps and large reservoirs, making them exceptionally heavy concepts.

108 Inconel X® is a temperature-resistant alloy whose name is a registered trademark of Huntington Alloy Products
Division, International Nickel Company, Huntington, West Virginia. It is, for all intents, an exotic stainless steel.
Inconel X is 72.5% nickel, 15% chromium, and 1% columbium, with iron making up most of the balance.

109 Becker, “The X-15 Project, Part I: Origins and Research Background,” p. 57-58.
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Langley evalnated many materials for the proposed hypersonic research airplane, but the availability of
Inconel X and its exceptional strength at extremely high temperatures, made it, almost by defanlt, the
preferred material for a hot-structure design. Coincidently, the researchers at NACA Langley discov-
ered that the skin thickness needed to withstand aerodynamic stress was about the same as the amount
of structure needed to absorb the thermal load from the high-altitude mission. (NASA)

Perhaps more worrisome was the question of potential propulsion systems.
The most promising configuration was found to be four General Electric A1l or A3
rocket engines, due primarily to the “thrust stepping” this configuration provid-
ed."® At the time, rocket engines could not be throttled (even today, most rocket
engines cannot be). Several different techniques can be used to throttle a rocket
engine, and each takes its toll in mechanical complexity and reliability. However,
a crude method of throttling did not actually involve changing the output of the
engine, but rather igniting or extinguishing various numbers of small engines.
For instance, in a cluster of three 5,000-Ibf engines, the available thrust levels
(or “steps”) would be 5,000, 10,000, and 15,000 Ibf. Since most rocket engines
were not restartable (again, the concept adds considerable mechanical complexity
to the engine), once an engine was extinguished it could not be restarted. Thrust

110  The General Electric A1 and A3 engines powered the Hermes A-3, also designated XSSM-A-16, which was designed
as a tactical surface-to-surface missile capable of carrying a 1,000-pound warhead 150 miles. Project Hermes was
the first major U.S. ballistic missile program. It encompassed several different configurations and tested both liquid
and solid-fuel rockets, and ramjet propulsion systems. Hermes began in 1944 as an Army effort to study the German
V-2 rocket. The project soon led to hardware development, and the first of five Hermes A-1s was launched at the
White Sands Proving Grounds on 19 May 1950. The program was canceled on 31 December 1954.
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stepping or throttling allowed a much more refined flight profile, and largely de-
fined the propulsion concept for the eventual X-15.'"

At this stage of the study, the vehicle concept itself was “little more than an
object of about the right general proportions and the correct propulsive character-
istics” to achieve hypersonic flight. However, in developing the general require-
ments, the Langley group envisioned a conceptual research aircraft that would
serve as a model for the eventual X-15. The vehicle they conceived was “not
proposed as a prototype of any of the particular concepts in vogue in 1954...[but]
rather as a general tool for manned hypersonic flight research, able to penetrate
the new regime briefly, safely, and without the burdens, restrictions, and delays
imposed by operational requirements other than research.” '

Although the Becker group was making excellent progress, their continued
investigation of the “space leap” caused considerable controversy. The study
called for two distinct research profiles. The first-the basic hypersonic research
flights—consisted of a variety of constant angle-of-attack, constant-altitude
flights to investigate aero-thermodynamic characteristics. However, the second
flight profile explored the problems of future space flight, including investigations
into “high-lift and low-L/D [lift over drag] during the reentry pull-up maneuver.”
Researchers recognized that this was one of the principal problems for manned
space flight from both a heating and piloting perspective.'?

This brought yet more concerns: “As the speed increases, an increasingly
large portion of the aircraft’s weight is borne by centrifugal force until, at satellite
velocity, no aerodynamic lift is needed and the aircraft may be operated com-
pletely out of the atmosphere. At these speeds the pilot must be able to function
for long periods in a weightless condition, which is of considerable concern from
the aeromedical standpoint.” By employing a high-altitude ballistic trajectory to
roughly 250,000 feet, the Becker group expected that the pilot would operate in
an essentially weightless condition for approximately 2 minutes. Attitude control
was another problem since traditional aerodynamic control surfaces would be use-
less at very high altitudes. To solve this problem, the group proposed using small
hydrogen-peroxide thrusters for attitude control outside the sensible atmosphere.

While the hypersonic research aspect of the Langley proposal enjoyed virtu-
ally unanimous support, it is interesting to note that in 1954 most researchers
viewed the space-flight aspect with, at best, cautious tolerance. There were few
who believed that any space flight was imminent, and most believed that manned
space flight in particular would not be achieved until many decades in the future,
probably not until the 21st century. For instance, John Becker remembers that
even the usually far-sighted John Stack was “not really interested in the reen-
try problem or in space flight in general.” Several researchers opined that the

111 Thrust stepping was not a new idea. The XLR11 used on the X-1 and other early X-planes had four “chambers”
that could be started and extinguished individually. This allowed the thrust to be tailored for any given flight to
one of four levels. There was an ongoing effort to develop a throttleable engine for the Bell X-2 research airplane.
Originally assigned to Bell, the contract was moved to Curtiss-Wright. The resulting engine was the XLR25-CW-
1 which was continuously variable from 2,500 to 15,000 Ibf. Unfortunately, the engine fell significantly behind
schedule and proved to be unsatisfactory.

112 Becker, “The X-15 Program in Retrospect,” p. 2.
113 Ibid.
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space-flight research was premature and recommended it be eliminated. Fortu-
nately, it remained.'"*

Langley’s work throughout 1954 demonstrated one thing: the need for flex-
ibility. Since their inceptions, the Brown and Becker groups had run into one
technical problem after another in the pursuit of a conceptual hypersonic aircraft
capable of making a space leap. Conventional wisdom had provided experimental
and theoretical guidance for the preliminary design of the configuration, but had
fallen far short of giving final answers. Contemporary transonic and supersonic
aircraft designs dictated that the horizontal stabilizer should be located far above
or well below the wing plane, for example, but that was wrong. Ballistics experts
committed to pointy-nosed missiles had continued to doubt the worth of Allen’s
blunt-body concept, but they too were wrong. Conversely, the instincts of Floyd
Thompson, who knew very little about hypersonics but was a 30-year veteran of
the vicissitudes of aeronautical research, had been sound. The design and research
requirements of a hypersonic vehicle that could possibly fly into space were so
radically new and different, Thompson suggested, that only “fresh approaches”
could meet them. He was correct.

A CONVINCING CASE

After three months of investigations, the Becker group believed that the devel-
opment of a Mach 7 research aircraft was feasible. Those at NACA Headquarters
who followed the progress of their work, as well as the parallel work on hypersonic
aircraft concepts at the other NACA laboratories, agreed. It was time to formally
present the results to the NACA upper echelon and the Department of Defense.''®

The preliminary specifications for the research airplane were surprisingly
brief: only four pages of requirements, plus six additional pages of supporting
data. As John Becker subsequently observed, “it was obviously impossible that
the proposed aircraft be in any sense an optimum hypersonic configuration.” Nev-
ertheless, Langley believed the design would work. At the same time, a new sense
of urgency was present: “As the need for the exploratory data is acute because of
the rapid advance of the performance of service [military] aircraft, the minimum
practical and reliable airplane is required in order that the development and con-
struction time be kept to a minimum.” In other versions of the requirements, this
was even more specific: “It shall be possible to design and construct the airplane
within 3 years.” The researchers were nothing if not ambitious.'¢

On 4 May 1954, Hugh Dryden sent a letter to Lieutenant General Donald L.
Putt at Air Force Headquarters stating that the NACA wanted to initiate a new
manned hypersonic research aircraft program. The letter suggested a meeting
between the NACA, Air Force Headquarters, and the Air Force Scientific Advi-

114 Hugh L. Dryden, “Toward the New Horizons of Tomorrow,” 1st von Karman Lecture, Astronautics, January 1963;
James R. Hansen, Spaceflight Revolution: NASA Langley Research Center from Sputnik to Apollo, NASA publica-
tion SP-4308 (Washington DC: NASA, 1995), p. 98.

115 Letter, Hartley A. Soulé to NACA, no subject, 3 June 1954.

116  Becker, “The X-15 Program in Retrospect,” p. 2; “Preliminary Outline Specification for High-Altitude, High-Speed
Research Airplane,” NACA Langley, 15 October 1954; “General Requirements for a New Research Airplane,”
NACA Langley, 11 October 1954.
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sory Board to discuss the project. Putt responded favorably and recommended
inviting the Navy as well. The general also noted that “the Scientific Advisory
Board has done some thinking in this area and has formally recommended that
the Air Force initiate action on such a program.” On 11 June 1954, Dryden sent
letters to the Air Force and Navy inviting them to a meeting on 9 July 1954 at
NACA Headquarters.'”

Attendees included Clark Millikan, Ezra Kotcher from the WADC, and a
variety of Air Force and Navy technical representatives. The Air Research and
Development Command (ARDC) and Air Force Headquarters also sent policy
representatives. During the meeting, Hartley Soulé and Walt Williams reviewed
the history of previous research airplanes. Hugh Dryden reported the reasons why
the NACA believed a new research aircraft was desirable, and said the time had
come to determine whether an agreement existed on the objectives and scope of
such a project. Dryden emphasized the need for information on full-scale struc-
tural heating and on stability and control issues at high speeds and high altitudes.
He also indicated that the NACA thought that actual flight-testing combined with
theoretical studies and wind-tunnel experiments produced the best results. The
Langley study became the starting point for further discussions since it was the
most detailed available, with John Becker and John Duberg, who was substituting
for Norris Dow, leading the discussions.'®

Those in attendance were in general agreement that a new project was fea-
sible. However, Hugh Dryden, reflecting what John Becker described as “his
natural conservatism,” stated that the fact it was feasible to build such a research
airplane did not necessarily make it worth building; he wanted further study be-
fore deciding. The Navy representative indicated that some “military objective”
should be included in the program, but Clark Millikan stressed the need for a
dedicated research airplane rather than any sort of tactical prototype. The group
agreed the performance parameters discussed by the Langley study represented
an adequate increment over existing research airplanes, and that a cooperative
program would be more cost-effective and more likely to provide better research
data at an earlier time. The meeting closed with an agreement that the military
would continue studying the NACA proposal, and that Hugh Dryden would seek
Department of Defense approval for the project.'”

117  Letter, Hugh L. Dryden to USAF Headquarters, no subject, 4 May 1954; letter, Lieutenant General Donald L. Putt
to Dryden, no subject, 26 May 1954; letter, Hugh L. Dryden to USAF Headquarters (invitation), 11 June 1954;
letter, Hugh L. Dryden to Navy Bureau of Aeronautics (invitation), 11 June 1954. Donald L. Putt (1905-1988)
was a career U.S. Air Force officer who specialized in the management of aerospace research and development
activities. Trained as an engineer, he entered the Army Air Corps in 1928 and worked in a series in increasingly
responsible posts at the Air Materiel Command and Air Force Headquarters. From 1948 until 1952 he was direc-
tor of research and development for the Air Force, and between 1952 and 1954 he was first vice commander
and then commander of the Air Research and Development Command. Thereafter, until his retirement in 1958 he
served as deputy chief of the development staff at Air Force Headquarters.

118 Memorandum for the files (NACA Headquarters), subject: Minutes of joint USAF-USN-NACA new research air-
plane briefing, 3 September 1954. In the files at the NASA History Office.

119  Memorandum for the files, John V. Becker, subject: Note on the July 9, 1954 Meeting, no date; Hugh L. Dryden,
“General Background of the X-15 Research Airplane Project,” a paper presented at the NACA Conference on the
Progress of the X-15 Project, Langley Aeronautical Laboratory, 25-26 October 1956, pp. xvii-xix; memorandum,
J. W. Rogers, Liquid Propellant and Rocket Branch, Rocket Propulsion Division, ARDC, to Lieutenant Colonel L.
B. Zambon, Power Plant Laboratory, WADC, no subject, 13 July 1954. In the files at the AFMC History Office.
The difference between the Air Force and NACA budgets showed why DoD support was necessary. In fiscal year
1955 the NACA was appropriated $56 million; the Air Force received $16,600 million.
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Unexpectedly, the Office of Naval Research (ONR) announced at the meet-
ing that it had already contracted with the Douglas Aircraft Company to inves-
tigate a manned vehicle capable of achieving 1,000,000 feet altitude and very
high speeds. The configuration evolved by Douglas “did not constitute a detailed
design proposal,” but was only a “first approach to the problem of a high-altitude
high-speed research airplane.” Representatives from the NACA agreed to meet
with their ONR counterparts on 16 July to further discuss the Douglas study.

THE DOUGLAS MODEL 671

The “High Altitude and High Speed Study” by the El Segundo Division of
the Douglas Aircraft Company had been funded by the ONR as a follow-on to
the D-558 research aircraft that loosely competed with the Air Force X-1 series.
Duane N. Morris led the study under the direction of the chief of the Aerodynamic
Section, Kermit E. Van Every. Although the concept is generally mentioned —
briefly —in most histories of the X-15, what is almost always overlooked is how
insightful it was regarding many of the challenges that would be experienced by
the X-15 a few years later.'?

By the spring of 1954, when the X-15 approval process began, Douglas had
not accomplished a detailed design for a new airplane, but recognized many of
the same problems as John Becker and the researchers at Langley. The Douglas
engineers also examined peripheral subjects—carrier aircraft, landing locations,
etc.—that the initial Langley studies did not address in any detail.'*!

One interesting aspect of the Douglas Model 671 was that the contractor and
the Navy had agreed that the aircraft was to have two mission profiles: high speed
and high altitude (with the emphasis on the latter). This was in distinct contrast to
the ongoing Langley studies that eventually led to the X-15. Although the Becker
team at Langley was interested in research outside the sensible atmosphere, there
was a great deal of skepticism on the part of others in the NACA and the Air
Force. Douglas did not have this problem —the ONR strongly supported potential
high-altitude research.

Excepting the Langley work, the Douglas study was probably the first
serious attempt to define a hypersonic research airplane. Most of the other com-
panies investigating hypersonics were oriented toward producing operational ve-
hicles, such as the ICBMs and BoMi. Because of this, they usually concentrated
on a different set of problems, frequently at the expense of a basic understanding

120 Office of Naval Research contract Nonr-1266(00). The “D-558-3” designation was never used in any of the official
reports describing the concept, although it was widely used in the more popular press and most historical works.

121 Several reports on the Douglas study were published. See, for instance, Douglas report ES-17657, “High Altitude
and High Speed Study,” 28 May 1954; and Douglas report ES-17673, “Technical Report on High Altitude and
High Speed Study,” 28 May 1954; One of the few contemporary articles about the concept was written by Irwin
Stambler in the May 1959 Aircraft & Missile Engineering Journal, pp. 20-21 and 77-79. Copies supplied by Bob
Bradley, San Diego Aerospace Museum. For a slightly more in-depth look at the Douglas Model 671, see Dennis
R. Jenkins, “Douglas D-558-3,” Aerospace Projects Review, volume 3, number 6, November-December 2001,
pp. 14-27.
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of the challenges of hypersonic flight. The introduction from the Douglas study
provides a good background:'?

The purpose of the high altitude study...is to establish the feasi-
bility of extending human flight boundaries to extreme altitudes,
and to investigate the problems connected with the design of an
airplane for such flights.

The project is partially a result of man’s eternal desire to go
higher, faster, or further than he did last year. Of far more im-
portance, however, is the experience gained in the design of
aircraft for high-speed, high-altitude flight, the collection of
basic information on the upper atmosphere, and the evaluation
of human tolerance and adaptation to the conditions of flight at
extreme altitudes and speeds.

The design of an airplane for such a purpose cannot be based
on standard procedures, nor necessarily even on extrapolation
of present research airplane designs. Most of the major prob-
lems are entirely new, such as carrying a pilot into regions of
the atmosphere where the physiological dangers are completely
unknown, and providing him with a safe return to Earth. The
type of flight resembles those of hypersonic, long-range, guided
missiles currently under study, with all of their complications
plus the additional problems of carrying a man and landing in
a proper manner.

The study consists of a first approach to the design of a high-
altitude airplane. It attempts to outline most of the major
problems and to indicate some tentative solutions. As with any
preliminary investigation into an unknown regime, it is doubt-
ful that adequate solutions have been presented to every prob-
lem of high-altitude flight, or even that all of the problems have
been considered. It would certainly appear, however, that the
major difficulties are not insurmountable.

The Model 671 was 41.25 feet long (47.00 feet with the pitot boom), spanned
only 18 feet with 81 square feet of area, and had an all-up weight of 22,200
pounds. In many respects, it showed an obvious family lineage to the previous
D-558s. The fuselage consisted of a set of integral propellant tanks, and dive
brakes were located on each side aft, as in most contemporary fighters.

A conventional configuration was deliberately chosen for the
study, and no benefits have yet been discovered for any uncon-
ventional arrangement. Actually, for the prime objective of at-

122 “Technical Report on High Altitude and High Speed Study,” p. 6.



X-15: EXTENDING THE FRONTIERS OF FLIGHT 39

taining very high altitudes, the general shape of the airplane is
relatively unimportant. Stability and control must be provided,
and it must be possible to create sufficient lift for the pullout
and for landing; but, in contrast to the usual airplane design,
the reduction of drag is not a critical problem and high drag is
to some extent beneficial. The planform of the wing is unim-
portant from an aerodynamic standpoint at the higher super-
sonic Mach numbers. Therefore, it was possible to select the
planform based on weight and structure and landing conditions.
These considerations led to the choice of an essentially unswept
wing of moderate taper and aspect ratio.'?

The empennage of the Model 671 was completely conventional and looked
much like that of the Mach 2 D-558-2 that preceded it. However, Douglas realized
that the design of the stabilizers was one of the greater unknowns of the design.
“The tail surfaces are of proper size for stability at the lower supersonic Mach
numbers, but there is some question of their adequacy at very high supersonic
speeds. Further experimental data in this speed range are necessary before modi-
fications are attempted. In addition, it may be possible to accept a certain amount
of instability with the proper automatic servo controls.” Unlike the Becker group,
Douglas did not have access to a hypersonic wind tunnel.'**

Nevertheless, preliminary investigations at Douglas indicated that “extremely
large tail surfaces, approaching the wing area in size, are required to provide com-
plete stability at the maximum Mach number of about 7.” Engineers investigated
several methods to improve stability, with the most obvious being to increase the
size of the vertical stabilizer. However, placing additional area above the fuselage
might introduce lateral directional dynamic stability problems “due to an unfavor-
able inclination in the principle axis of inertia and the large aerodynamic rolling
moment due to sideslip (the dihedral effect).” The preferred arrangement was to
add a ventral stabilizer and keep the ventral and dorsal units as symmetrical as
possible. However, Douglas recognized that a large ventral stabilizer would pres-
ent difficulties in ground handling and during landing. The engineers proposed
that the fin should be folded on the ground, unfold after takeoff, and then be jet-
tisoned just before touchdown. Alternately, Douglas believed that some sort of
autopilot could be devised that would allow the use of more conventional-sized
control surfaces.'?

Douglas conducted an evaluation of available power plants, and reached much
the same conclusions the X-15 program would eventually come to. The desired en-
gine should produce about 50,000 Ibf with a propellant consumption of about 200
pounds per second. The only powerplant that met the requirements was the Reac-

123  “High Altitude and High Speed Study,” p. 7; “Technical Report on High Altitude and High Speed Study,” p. 7.

124 “Technical Report on High Altitude and High Speed Study,” p. 7. The wedge principle that would play such an
important role in the X-15 design was still languishing in the archives, and the Bell X-2 had not provided its own
contribution to understanding “high speed instability.”

125 “Technical Report on High Altitude and High Speed Study,” p. 40; “High Altitude and High Speed Study,” pp. 18-
19. The eventual X-15 design took a somewhat similar approach, at least for the ventral stabilizer. By the 1970s,
of course, augmentation systems were finally beginning to allow inherently unstable aircraft to fly—the Space
Shuttle being a prime example.
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tion Motors XLLR30-RM-2 rocket engine, which used liquid oxygen and anhydrous
ammonia propellants. The high (245 1bf-sec/Ibm) specific impulse (thrust per fuel
consumption) was desirable since it provided “a maximum amount of energy for a
given quantity of propellant.” The high density of the propellants allowed a small-
er tank size for a given propellant weight, allowing a smaller airframe. However,
the researchers worried that since the original application was a missile, it would
be difficult to make the engine safe enough for a manned aircraft.'?

Douglas had some interesting observations about drag and power-to-
weight ratios:'?’

The function of drag in the overall performance must be re-
considered. The effect of drag is practically negligible in the
power-on ascending phase of flight (for a high altitude launch),
because of the very large thrust to weight ratio. Throughout the
vacuum trajectory, the aerodynamic shape of the airplane is
completely unimportant. During the descending phase of flight,
a large drag is very beneficial in aiding in the pullout, and the
highest possible drag is desired within the limits of the pilot
and the structure. In fact, during the pullout it has been assumed
that drag brakes would be extended in order to decelerate as
soon as possible. However, because of excessive decelerative
forces acting upon the pilot, it is necessary to gradually retract
the brakes as denser air is entered, until they are fully retracted
in the later stages of flight.

For a given propulsion unit (i.e., fixed thrust and fuel consump-
tion), the overall performance of the present design [Model
671] is much more dependent upon the ratio of fuel weight to
gross weight that it is upon the minimum drag or the optimum
lift-drag ratio. Even though the fuel is expended in approxi-
mately the first 75 seconds of flight (a relatively small fraction
of the total flight time), the ultimate performance as measured
by the maximum altitude is affected to a great extent by small
changes in the fuel to gross weight ratio. As an example, an
increase in fuel weight/gross weight from 0.65 to 0.70 results in
an increase in peak altitude of about 35% for a typical vertical
flight trajectory, other parameters remaining constant.

To better understand the nature of the various propellants then available for
rocket engines, engineers reviewed numerous reports by the Caltech Jet Propul-
sion Laboratory, the NACA, and RAND. Only two oxidizers —oxygen and either
red fuming or white fuming nitric acid—seemed to offer any increase in perfor-
mance. Douglas was seeking better propellants than the liquid oxygen and alcohol

126 “High Altitude and High Speed Study,” pp. 1-14. Reaction Motors, Inc., began operations near Danville, New
Jersey, in December 1941, only a few months before the founding of Aerojet on the West Coast in March 1942.

127 “Technical Report on High Altitude and High Speed Study,” p. 15.
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used in the Reaction Motors LR8, effectively ruling out nitric acid since it was
less dense than oxygen. The available fuels were alcohol (CH30H or C2ZH50H)),
anhydrous ammonia (NH3), hydrazine (N2H4), and gasoline. Alcohol offered no
improvement, and hydrazine was too expensive and too difficult to handle safely,
narrowing the choice to anhydrous ammonia and gasoline. Interestingly, Douglas
ruled out liquid hydrogen because “on the basis of density, hydrogen is seen to
be a very poor fuel.” It would be 20 years before the Centaur upper stage would
prove them wrong.'*

YOLTAGE REGULATOR

ALTERNATOR
RESEARCH INSTRUMENTATION APU TURBINE

ATTITUDE CONTROLS

CABIN ROCKET MOTOR
PRESSURE

FUEL PUMPS

OXYGEN TANK
TANK PRESSURE SY3STEM

WATER TANK (SURFACE COOLING)
——— AMMONIA TANK

The Dounglas Model D-671 was a proposed follow-on to the successful D-558 series of research
airplanes developed under Navy auspices and flown at the High-Speed Flight Station. Preliminary
investigation showed the concept was capable of roughly the same performance as the eventual X-15,
but the Navy declined further development of the Douglas concept when it joined the X-15 program in
late 1954. (Douglas Aircraft Company)

An auxiliary power unit (APU) rated at about 8 horsepower was necessary
to support the electrical requirements of the instruments, controls, and radio.
Investigation showed that the lightest alternative would be a small turbine gen-
erator using hydrogen peroxide or ethylene oxide monopropellant. The Walter
Kidde Company and American Machine and Foundry Company were develop-

128 “Technical Report on High Altitude and High Speed Study,” pp. 64-65. The history of JPL dates to the 1930s
when Caltech professor (and head of the Guggenheim Aeronautical Laboratory) Theodore von Karman began
experimenting with rocket propulsion. Von Karman persuaded the Army Air Corps to fund the development of
“jet-assisted take-off” rockets to help underpowered aircraft get off the ground. This was the beginning of the
laboratory’s rocket-related work for the Army Ordnance department, helping to explain the names of early JPL
rockets (Private, Corporal, and Sergeant). By 1945, the JPL had a staff approaching 300 people. JPL was largely
responsible for the flight and ground systems of Explorer | successfully launched on 31 January 1958. On 3
December 1958, the laboratory was transferred from Army control to the newly formed NASA.
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ing units that could satisfy the requirements. Both companies claimed they could
develop a 10-horsepower hydrogen peroxide unit that weighed about 56 pounds,
including propellants for 30-horsepower-minutes. Given the trouble of the future
X-15 APUs, perhaps North American should have better reviewed this part of the
Douglas report.'?

Douglas recognized that high temperatures would be a major design problem,
although they indicated that “it is impractical in the present study to make a com-
plete survey of the temperatures expected on the airplane [since] the calculations
are quite complicated and tedious to obtain reasonable estimates.” They continued
that “it is unfortunate that the largest contributing factor to the high temperatures
of reentry, the convective heating from the boundary layer, is the one about which
there is the least knowledge.” Nevertheless, they took some educated guesses.'*

The expected average heat level approached 1,400°F, with peak temperatures
above 3,300°F on the wing leading edges and nose. Douglas believed “it would
be impossible to design a structure for this temperature [1,400°F] which satisfies
both the stress and weight requirements....” To overcome this, engineers recom-
mended the use of some as-yet-undeveloped “good insulating material” with a
density of 20 pounds per cubic foot and an insulating value of 0.20 British Ther-
mal Units (Btu) per pound. For the purposes of the study, Douglas used a C-110M
titanium-alloy structure and skin protected by an unspecified ablative coating.
Water sprayed into stainless-steel sections of the wing leading edges and nose
area allowed superheated steam to remove unwanted heat, keeping these areas
below their melting points. Alternately, Douglas investigated injecting cool gas
(bottled oxygen) into the boundary layer to provide cooling. The study noted,
however, that “none of these systems have yet been proven by practical applica-
tion.” The designers protected only a few areas, such as the cockpit, with batt in-
sulation since the study assumed no heat transfer to the interior of the aircraft.'?!

Not surprisingly, Douglas chose an air-launch configuration. What is interest-
ing is that the launch parameters were Mach 0.75 at 40,000 feet—well beyond
the capabilities of anything except the Boeing B-52, which was still in the early
stages of testing. Douglas summarized the need for an air launch by noting that
“[t]he performance is increased, but the prime reason for the high altitude launch
is the added safety which 40,000 feet of altitude gives the pilot when he takes
over under his own rocket power.” Trade studies conducted by Douglas indicated
that an increase in launch altitude from sea level to 40,000 feet would result in a
200,000-foot increment in maximum altitude on a typical high-altitude mission.
Additional benefits of a higher launch altitude diminished rapidly above 40,000
feet since most of the initial improvement was due to decreasing air density.'*

Engineers spent a great deal of time studying possible flight paths, but “no at-
tempt has been made in the present study to determine an absolute optimum flight

129 “Technical Report on High Altitude and High Speed Study,” p. 65.

130 “Technical Report on High Altitude and High Speed Study,” pp. 54 and 58. In 1954 calculations of this nature
normally were done by hand since general-purpose electronic computers were not widely available, and were
quite slow in any case.

131 “High Altitude and High Speed Study,” pp. 1-14 and 20-21; “Technical Report on High Altitude and High Speed
Study,” pp. 55-57.

132 “Technical Report on High Altitude and High Speed Study,” pp. 7 and 15-16. Over half the atmosphere lies below
40,000 feet.
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Like the NASA Langley concept, the Dounglas D-671 had two separate research flight profiles — one for
maxcimum velocity and one for maxcimum altitude. Donglas and the Navy were particularly interested in the
high-altitnde research and at one point estimated the D-671 could reach 1,000,000 feet altitude. Although
Douglas only conducted a minimal amount of research into the concept before it was cancelled, they foresaw
many of the issues that wounld ultimately confront the X-15 development effort. (Douglas Aircrafc Company)

path, because of the large number of variables involved.” The designers noted
that the airframe and propulsion systems could theoretically support a maximum
altitude in excess of 1,130,000 feet; however, based on a conservative pullout
altitude of 30,000 feet, the vehicle was more realistically limited to 770,000 feet.
The pullout altitude (and the limiting decelerations, which were really the issue)
was “directly traceable to the single limiting factor of the presence of a human
pilot.” The 770,000-foot, 84-degree profile resulted in a 10-g pullout maneuver,
about the then-known limit of human tolerance.'*

Some thought was given to using a “braking thrust,” which would allow a
small amount of propellant to be saved and used during reentry. Either a mechani-
cal thrust reverser would be installed on the rocket engine, or the airplane would
reenter tail-first. This technique would have allowed slightly higher flights by
reducing the stresses imposed by the pullout maneuver, although less propellant
would be available for the ascent. The designers did not pursue this concept since
entering tail-first involved undesirable risks, and the mechanical complexity of a
thrust reverser seemed unnecessary, at least initially.'*

The theoretical maximum performance was 6,150 mph and 190,000 feet for
the speed profile, and 5,200 mph and 1,130,000 feet for the altitude profile (but
limited, as discussed above). Landings would be made at Edwards AFB because
of its “long runways and considerable latitude in the choice of direction and po-
sition of touchdown.” The study noted that there would be little opportunity to

133  “Technical Report on High Altitude and High Speed Study,” pp. 16-18.
134 “Technical Report on High Altitude and High Speed Study,” pp. 18-19.
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control either the range or the heading by any appreciable amount after engine
burnout. “Since the airplane must land without power at a specified landing site,
it is obvious that it must be aimed toward the landing site at launch.” Douglas
estimated that a misalignment of 5 degrees in azimuth at burnout would result in
a lateral miss of over 45 miles.'*

One of the concerns expressed by Douglas was that “rocket thrust will not be
sufficiently reproducible from flight to flight, either in magnitude or in alignment.”
Engineers estimated a thrust misalignment of less than one-half of a degree could
impart 500 pounds of side force on the aircraft, causing it to go significantly off
course. Researchers investigated several possible solutions to thrust misalignment,
including using a larger rudder, using the auxiliary reaction control system, install-
ing movable vanes in the exhaust,*® performing gas separation in the nozzle,'"’
and mounting the rocket engine on a gimbal. All of these methods contained vari-
ous problems or unknowns that caused the engineers to reject them. Further con-
sideration showed that thrust misalignment was largely a non-issue since early
low-speed flights would uncover any deficiencies, allowing engineers to correct
them prior to beginning high-speed flights.'*

The estimated landing speed was 213 mph, with a stall speed of 177 mph.
Engineers accepted this relatively high speed “given the experimental nature of
the aircraft and the high skill level of the pilots that will be flying it.” The study
noted that the slower speeds were possible if high-lift leading-edge devices were
used or the area of the wing was increased. However, the increased weight and/or
the resulting complications in the leading-edge cooling system appeared to make
these changes undesirable.'*

The high-altitude profile would use “flywheels, gyroscopes, or small auxil-
iary jets” for directional control outside the atmosphere, with Douglas favoring
hydrogen peroxide jets in the wing tips and at the rear of the fuselage. Flywheels
were rejected because they were too complex (for a three-axis system), and gy-
roscopes were too heavy. Each of the hydrogen peroxide thrusters would gener-
ate about 100 Ibf and use 1 pound of propellant per second of operation. The
engineers arbitrarily assumed that a 25-pound supply of propellant was required
since no data existed on potential usage during flight. A catalyst turned the liquid
hydrogen peroxide to steam at 400-psi pressure.'*°

The projected performance of the airplane caused Douglas engineers to inves-
tigate escape capsules for the pilot: “Because of the high altitude and high speed
performance of the aircraft, it is believed that all ordinary bailout procedures,
such as escape chutes and ejection seats, are of no value to the pilot.” At the time,
Douglas believed that ejection seats were only “suitable up to a Mach number of

135 “High Altitude and High Speed Study,” pp. 15-17 and 23; the quote is from “Technical Report on High Altitude
and High Speed Study,” p. 37.

136 The same technique used by the V-2 and several other early rockets.

137  This involves injecting a small amount of gas along one wall of the exhaust nozzle, causing a flow separation that
results in slightly asymmetrical thrust. The solid rocket motors for the Titan IlI/IV launch vehicle later used the
same technique.

138 “Technical Report on High Altitude and High Speed Study,” pp. 37-39.

139 “Technical Report on High Altitude and High Speed Study,” p. 21.

140 “Technical Report on High Altitude and High Speed Study,” pp. 42-43. In 1954, manned space flight was still
seven years in the future, and no airplane had yet flown above the sensible atmosphere. This made it impossible
to guess accurately how much control a pilot would want, or need, at extremely high altitudes.
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approximately one at sea level, with somewhat higher speeds being safe at higher
altitudes.” Instead, the engineers decided to jettison the entire forward section
of the fuselage, including the pilot’s compartment, much like the Bell X-2. The
total weight penalty for the capsule was about 150 pounds. The study dismissed
pressure suits, stating that “it is very doubtful that sufficient pressurization equip-
ment could be carried by the pilot during...ejection...to sustain suit pressurization
from the maximum altitude to a safety zone within the earth’s lower atmosphere.”
Douglas stated flatly that “an ejection seat or other ordinary bailout techniques
will be inadequate in view of the problem of high speeds and high altitudes.” Scott
Crossfield would later disagree.!"!

In order to withstand the reentry temperatures, the cockpit windscreen used
two 0.5-inch layers of quartz with a 0.25-inch vented air gap between them. This
would keep the inner windscreen below 200°F. A thin sheet of treated glass placed
inside the inner quartz layer reduced ultraviolet and other harmful radiation. Al-
though the potential dangers of radiation above the atmosphere were largely un-
known, Douglas predicted that little harm would come from the short flights (a
few minutes) envisioned for the D-558-3. However, “proper precautions to pre-
vent any one pilot from making too many successive flights in a weeks or months
time interval should be taken....”'*

One of the technical innovations of the eventual X-15 program was the “ball
nose” that sensed the angle of attack and angle of sideslip during high-speed and
high-altitude flight. The Douglas study foresaw the need for a new pitch and yaw
sensor “capable of sensing exceedingly low forces or pressures, but capable of
withstanding the maximum dynamic pressures encountered during the complete
pullout.” However, Douglas thought that “the instrument need not be precise,
for it is only to serve as a guide for pointing the nose into the wind at heights
where a pilot might otherwise lose all sense of orientation.” Four possible solu-
tions emerged:'*

A weathervane, either direct or remote-reading

A pitch or yaw indicator that measured the relative Mach

number or pressure ratio on opposite sides of a symmetri-

cal sphere, cone, or other convenient shape

3. Avane inside a conventional instrument case that indicat-
ed the direction of the resultant momentum from two jets
of air brought in by a pair of symmetrical external tubes

4. Adevice similar to the Reichardt gage

N

Douglas dismissed the first two (although the second one is what was eventu-
ally built for the X-15) since they did “not seem very satisfactory.” The external
weathervane would need to feature rugged construction to resist the high aero
loads and would therefore be too insensitive at high altitudes. Douglas discount-

141 “High Altitude and High Speed Study,” p. 28; quotes from “Technical Report on High Altitude and High Speed
Study,” pp. 79-80. Most subsequent analyses estimated that an escape capsule would impose a much larger
weight penalty than 150 pounds.

142 “Technical Report on High Altitude and High Speed Study,” p. 77.

143  Ibid, pp. 45-46.
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ed the sensing sphere since engineers doubted they could construct one rugged
enough to survive reentry. The third alternative was satisfactory, although the is-
sue of how to protect the system from reentry heat appears to have been ignored.
Ultimately, Douglas decided the fourth idea was best. Here is the description of
their modified Reichardt gage:'*

Air is picked up by the yawed total head tubes and carried into
the two chambers L [left] and R [right] of the meter. The cham-
bers are separated by a pivoted flat plate [shown on the accom-
panying drawing as the vane and pointer] which has a small
clearance on all four sides so that it is completely free to pivot.
The pivot is quite free and without any spring restraint. When
the pressure is higher at R than L the needle will move to the left
to allow more air to flow through the porous or perforated plate.
The complete flow system has been analyzed, and the equations
show that the needle position will be a function only of the ratio
of the pressure rises, independent of the dynamic pressure. The
needle fluctuation is almost proportional to the pressure ration.
The vane system used can be very sensitive...since there is nei-
ther torque nor load on the vane, it should be satisfactory at very
high indicated speeds.

Considering the short time they had to work on the study, the engineers con-
sidered a wide variety of details. For instance, they considered the chances of a
meteor hitting the aircraft: “For a projected area of 225 square feet, the chances of
being hit by a meteor capable of penetrating more than 0.08-inches of aluminum
are about one in 450,000 in any one flight.” Given that there were no data on the
number or size of high-altitude micrometeorites at the time, exactly how the engi-
neers arrived at this probability is uncertain.'?

Nevertheless, despite the seemingly thorough study, Douglas noted that there
were many uncertainties since they were entering previously unknown areas of
aeronautical science. Highlighting this, the final report contained statements such
as “[t]here is no method available for the calculation of the supersonic, zero-lift,
pressure drag of a finite wing with a laminar flow airfoil section” and “no theo-
retical methods have been devised for the calculation of the theoretical supersonic
section drag coefficient of a blunt nose airfoil.” It was all very speculative.'*

Other areas of concern were calculating (or even understanding) the com-
pressibility effects of turbulent flow at high speeds. The compressibility effects in
laminar flow were calculated using factors corresponding to the results of Crocco
and Van Driest, but engineers noted that the corresponding correction for turbu-
lent flow was “difficult to determine.” At the time there were a number of different
theories for the turbulent corrections, all of which appeared equally valid but led

144 Ibid, pp. 44-46.

145  “High Altitude and High Speed Study,” p. 26. At the time, almost no data actually existed on the number or size
of micrometeorites, or the likelihood of their striking an orbiting object.

146  “Technical Report on High Altitude and High Speed Study,” pp. 11-12.
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to widely divergent results when extended to higher Mach numbers. The proper
choice of a compressibility correction was important because between Mach num-
bers 3 and 10 the uncorrected skin friction accounted for 40-50% of the total zero-
lift drag. Douglas chose to use the Van Driest results that predicted a relatively
large decrease in turbulent skin friction as Mach numbers increased, although the
engineers noted that the results “may be somewhat optimistic.” These were many
of the same problems investigated by John Becker, Charles McLellan, and others
at Langley.'*

According to the Douglas representative at the 16 July meeting with the
NACA and ONR, the next step would be a more detailed study that would cost
$1,500,000 and take a year to complete. Given that a new joint project was about
to be undertaken, the ONR declined to further fund the Douglas study, and the
company began to concentrate its high-speed efforts on the Model 684 that would
be proposed to the Air Force for Project 1226.

Overall, Douglas anticipated many of the problems that were ultimately en-
countered during the development of the eventual hypersonic research airplane. It
would not have surprised any of the engineers working on the Douglas study that
the solutions they proposed for some of the problems were not the ones that were
ultimately implemented. Still, they touched on almost all of the pitfalls that would
hamper the development of the eventual X-15. It is difficult to say whether Doug-
las could have done the job better, faster, or cheaper (to use a much later vernacu-
lar). It is likely, however, that they ultimately would have succeeded in building a
useful research aircraft if the government had continued down that road.

147 lIbid, p. 13. Luigi Crocco and E. R. Van Driest had conducted a great deal of research into boundary-layer com-
pressibility at North American Aviation. See, for instance: Luigi Crocco, North American report CF-1038, “The
Laminar Boundary Layer in Gases,” December 1946; Luigi Crocco, NACA technical note 2432, “Transformations
of the Hodograph Flow Equation and the Introduction of Two Generalized Potential Functions,” August 1951; and
E. R. Van Driest, NACA technical note 2597, “Investigation of the Laminar Boundary Layer in Compressible Fluids
Using the Crocco Method,” January 1952.
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CHAPTER 2

A HYPERSONIC RESEARCH
AIRPLANE

he 9 July 1954 meeting at NACA Headquarters and the resulting release
of the Langley study served to announce the seriousness of the hypersonic research
airplane effort. Accordingly, many government agencies and aircraft manufacturers
sent representatives to Langley to examine the project in detail. On 16 July three
representatives from the Air Research and Development Command (ARDC)—the
Air Force organization that would be responsible for the development of the air-
plane—visited John Becker to acquaint themselves with the NACA presentation
and lay the groundwork for a larger meeting of NACA and ARDC personnel.!
Independently of any eventual joint program, approval for the first formal
NACA research authorization was granted on 21 July 1954. This covered tests
of an 8-inch model of the Langley configuration in the 11-inch hypersonic tunnel
to obtain six-component, low-angle-of-attack and five-component, variable-angle-
of-attack (to about 50 degrees) data up to Mach 6.86.> Research authorizations
were the formal paperwork that approved the expenditure of funds or resources on
a research project. At the time, it was not unusual—or worthy of comment— for
the NACA laboratories to conduct research without approval from higher head-
quarters or specific funding. This type of oversight would come much later.

1 Memorandum for the files (Langley), subject: minutes of the meeting with ARDC representatives, 16 July 1954.
2 Letter, NACA Headquarters to Langley, subject: research authorization, 21 July 1954.
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During late July, Richard V. Rhode from NACA Headquarters visited Robert
R. Gilruth to discuss the proposed use of Inconel X in the new airplane. Rhode
indicated that Inconel was “too critical a material” for structural use, and the pro-
gram should select other materials more representative of those that would be in
general use in the future. Rhode later put this in writing, although Langley ap-
pears to have ignored the suggestion. This harkened back to the original decision
that the research airplane was not meant to represent any possible production
configuration (aerodynamically or structurally), but instead was to be optimized
for its research role.?
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Figure 2.. Suggested configuration for research airplane. NACA
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The overall configuration of the airplane conceived by NACA Langley in 1954 bears a strong resem-
blance to the eventual X-15. This configuration was used as a basis for the aerodynamic and thermody-
namic analyses that took place prior to the contract award to North American Aviation. This drawing
accompanied the invitation-to-bid letters during the airframe competition, althongh it was listed as a

“suggested means” of complying with the requirements. (NASA)

On 29 July, Robert J. Woods and Krafft A. Ehricke from Bell Aircraft visited
Langley as part of the continuing exchange of data with the industry. On 9 Au-
gust, the Wright Air Development Center (WADC) sent representatives from the
Power Plant Laboratory to discuss rocket engines, in particular the Hermes A1
that Langley had tentatively identified for use in the new research airplane. The

3 Letter, Richard V. Rhode, NACA Headquarters, to Robert R. Gilruth, Langley, no subject, 4 August 1954; tele-
phone conversation, John V. Becker with Dennis R. Jenkins, 7 March 2002.
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WADC representatives went away unimpressed with the selection. The next day
Duane Morris and Kermit Van Every from Douglas visited Langley to exchange
details of their Model 671 (D-558-3) study with the Becker team, providing a
useful flow of information between the two groups that had conducted the most
research into the problem to date.*

The Power Plant Laboratory emphasized that the proposed Hermes engine
was not a man-rated design, but concluded that no existing engine fully satisfied
the NACA requirements. In addition, since the Hermes was a missile engine, it
could only operate successfully once or twice, and it appeared difficult to incor-
porate the ability to throttle or restart during flight. As alternatives to the Hermes,
the laboratory investigated several other engines, but suggested postponing the
engine selection until the propulsion requirements were better defined.’

The Hermes engine idea did not die easily, however. As late as 6 December
1954, K. W. Mattison,® a sales engineer from the guided-missile department of
the General Electric Company, visited John Becker, Max Faget, and Harley Soulé
at Langley to discuss using the Al engine in the new airplane. Mattison was in-
terested in the status of the project (already approved by that time), the engine
requirements, and the likely schedule. He explained that although the Hermes
engines were intended for missile use, he was certain that design changes would
increase the “confidence level” for using them in a manned aircraft. He was not
sure, however, that General Electric would be interested in the idea.’

DEVELOPING A CONSENSUS

The WADC evaluation of the NACA proposal arrived at ARDC Head-
quarters on 13 August. Colonel Victor R. Haugen, director of the WADC
laboratories, reported that his organization believed the proposal was tech-
nically feasible. The only negative comment referred to the absence of a
suitable engine. The WADC estimated that the development effort would
cost $12,200,000 and take three or four years. The cost estimate in-
cluded $300,000 for studies, $1,500,000 for design, $9,500,000 for the
development and manufacture of two airplanes, $650,000 for engines and other
government-furnished equipment, and $250,000 for modifications to a carrier

4 Memorandum for the files (Langley), subject: new research airplane visits, 18 August 1954.

5 Letter, Colonel Paul F. Nay, Acting Chief, Aeronautics and Propulsion Division, Deputy Commander of Techni-
cal Operations, ARDC, to Commander, WADC, subject: New Research Aircraft, 29 July 1954. In the files at the
AFMC History Office; memorandum, E. C. Phillips, Chief, Operations Office, Power Plant Laboratory, to Director
of Laboratories, WADC, subject: NACA Conference on 9 July 1954 on Research Aircraft-Propulsion System, 5
August 1954; letter, Colonel Victor R. Haugen, Director of Laboratories, WADC, to Commander, ARDC, subject:
new research aircraft, 13 August 1954. In the files at the ASD History Office; memorandum, J. W. Rogers, Liquid
Propellant and Rocket Branch, Rocket Propulsion Division, Power Plant Laboratory, to Chief, Non-Rotating En-
gine Branch, Power Plant Laboratory, WADC, subject: conferences on 9 and 10 August 1954 on NACA Research
Aircraft-Propulsion System, 11 August 1954. In the files at the AFMC History Office.

6 It was common practice in the 1950s to record only the last name and initials for individuals on official corre-
spondence. First names are provided whenever possible, but in many cases a first name cannot be definitively
determined from the available documentation.

7 Memorandum, John V. Becker to the Associate Director/Langley, subject: new rocket engines, 8 December 1954.
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aircraft. Somewhat prophetically, one WADC official commented informally:
“Remember the X-3, the X-5, [and] the X-2 overran 200%. This project won’t
get started for twelve million dollars.”®

A four-and-a-half-page paper titled “NACA Views Concerning a New Re-
search Airplane,” released in late August 1954, gave a brief background of the
problem and attached the Langley study as a possible solution. The paper listed
two major problems: “(1) preventing the destruction of the aircraft structure by
the direct or indirect effects of aerodynamic heating; and (2) achievement of sta-
bility and control at very high altitudes, at very high speeds, and during atmo-
spheric reentry from ballistic flight paths.” The paper concluded by stating that
the construction of a new research airplane appeared to be feasible and needed to
be undertaken at the earliest possible opportunity.’

A meeting between the Air Force, NACA, Navy, and the Office of the As-
sistant Secretary of Defense for Research and Development took place on 31
August 1954. There was general agreement that research was needed on aero-
dynamic heating, “zero-g,” and stability and control issues at Mach numbers
between 2 and 7 and altitudes up to 400,000 feet. There was also agreement that
a single joint project was appropriate. The group believed, however, that the
selection of a particular design (referring to the Langley proposal) should not
take place until mutually satisfactory requirements were approved at a meeting
scheduled for October."®

Also on 31 August, and continuing on 1 September, a meeting of the NACA
Subcommittee on High-Speed Aerodynamics was held at Wallops Island. Dr.
Allen E. Puckett from the Hughes Aircraft Company was the chair. John Stack
from Langley gave an overview of the proposed research airplane, including a
short history of events. He reiterated that the main research objectives of the new
airplane were investigations into stability and control at high supersonic speeds,
structural heating effects, and aeromedical aspects such as human reactions to
weightlessness. He also emphasized that the performance of the new airplane
must represent a substantial increment over existing research airplanes and the
tactical aircraft then under development. In response to a question about whether
an automatically controlled vehicle was appropriate, Stack reiterated that one of
the objectives of the proposed program was to study the problems associated with
humans at high speeds and altitudes. Additionally, the design of an automatically
controlled vehicle would be difficult, delay the procurement, and reduce the value
of the airplane as a research tool."

The subcommittee subsequently recommended that the project begin as soon
as practical, but recognized that the preliminary Langley concept might not prove
to be the best solution. It also recommended the “skill of all the principle design
teams in the country be brought to bear in the design of the airplane” and that the

8 A published summary of the 9 July NACA presentations did not appear until 14 August; letter, Colonel Victor R.
Haugen to Commander, ARDC, no subject, 13 August 1954; memorandum, R. L. Schulz, Technical Director of
Aircraft, to Chief, Fighter Aircraft Division, WADC, no subject, not dated (presumed about 13 August 1954). Both
in the files at the AFMC History Office. Budget quote from Houston, Section .

9 “NACA Views Concerning a New Research Airplane,” August 1954. In the files at the NASA History Office.

10 Memorandum, Thomas C. Muse to the Deputy Assistant Secretary of Defense (R&D), no subject, 1 September
1954. In the files at the Air Force Historical Research Agency.

11 Minutes of the Meeting of the NACA Subcommittee on High-Speed Aerodynamics, 31 August-1 September 1954.
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establishment of a design competition was the most desirable course of action.
The subcommittee forwarded the recommendation to the Committee on Aerody-
namics for further consideration.'

Major General Floyd B. Wood, the ARDC deputy commander for techni-
cal operations, forwarded an endorsement of the NACA proposal to Air Force
Headquarters on 13 September 1954, recommending that the Air Force “initi-
ate a project to design, construct, and operate a new research aircraft similar to
that suggested by NACA without delay.” Wood reiterated that the resulting ve-
hicle should be a pure research airplane, not a prototype of any potential weapon
system or operational vehicle. The ARDC concluded that the design and fabrica-
tion of the airplane would take about 3.5 years. In a change from how previous
projects were structured, Wood suggested that the Air Force should assume “sole
executive responsibility,” but the research airplanes should be transferred to the
NACA after a short Air Force airworthiness demonstration program.'?

During late September, John R. Clark from Chance-Vought met with Ira H.
Abbot at NACA Headquarters and expressed interest in the new project. He indi-
cated that he personally would like to see his company build the aircraft. It was
ironic since Chance-Vought would elect not to submit a proposal when the time
came. Many other airframe manufacturer representatives would express similar
thoughts, usually with the same results. It was hard to see how anybody could
make money building only two airplanes.'*

The deputy director of research and development at Air Force Headquarters,
Brigadier General Benjamin S. Kelsey, confirmed on 4 October 1954 that the
new research airplane would be a joint USAF-Navy-NACA project with a 1-B
priority in the national procurement scheme and $300,000 in FY55 funding to
get started."

At the same time, the NACA Committee on Aerodynamics met in regular
session on 4 October 1954 at Ames, with Preston R. Bassett from the Sperry
Gyroscope Company as chairman. The recommendation forwarded from the
31 August meeting of the Subcommittee on High-Speed Aerodynamics was the
major agenda item. The following day the committee met in executive session
at the HSFS to come to some final decision about the desirability of a manned
hypersonic research airplane. During the meeting, various committee mem-
bers, including De Elroy Beeler, Walt Williams, and research pilot A. Scott
Crossfield, reviewed historic and technical data. Williams’s support was crucial.
Crossfield would later describe Williams as “the man of the 20th Century who made
more U.S. advanced aeronautical and space programs succeed than all the others
together.... He was a very strong influence in getting the X-15 program launched
in the right direction.” Williams would later do the same for Project Mercury.'®

12 Ibid.

13 Letter, Major General Floyd B. Wood, Deputy Commander of Technical Operations, ARDC, to Director of R&D,
USAF, subject: new research aircraft, 20 September 1954. In the files at the ASD History Office.

14 Memorandum for the files (NACA Headquarters), from Ira H. Abbott, no subject, 1 October 1954. Scott Crossfield
remembers that none of the contractors were thrilled with the prospects of a two-airplane contract. Unlike today, com-
panies generally made little money on research and development; the profits came from large production quantities.

15 Letter, Brigadier General Benjamin S. Kelsey, Deputy Director of R&D DCS/D, to Commander, ARDC, subject:
new research aircraft, 4 October 1954. In the files at the AFMC History Office.

16 Letter, Scott Crossfield to Dennis R. Jenkins, 30 June 1999. Largely because he wanted to become more in-
volved in the X-15 development, Crossfield would leave the NACA in 1955 to work for North American Aviation.



54 CHAPTER 2: A HYPERSONIC RESEARCH AIRPLANE

The session at the HSFS stirred more emotion than the earlier meeting in
Washington. First, Beeler discussed some of the more general results obtained
previously with various research airplanes. Then Milton B. Ames, Jr., the com-
mittee secretary, distributed copies of the NACA “Views” document. Langley’s
associate director, Floyd Thompson, reminded the committee of the major conclu-
sion expressed by the Brown-O’Sullivan-Zimmerman study group in June 1953:
that it was impossible to study certain salient aspects of hypersonic flight at alti-
tudes between 12 and 50 miles in wind tunnels due to technical limitations of the
facilities. Examples included “the distortion of the aircraft structure by the direct
or indirect effects of aerodynamic heating” and “stability and control at very high
altitudes at very high speeds, and during atmospheric reentry from ballistic flight
paths.” The study admitted that the rocket-model program at Wallops Island could
investigate aircraft design and operational problems to about Mach 10, but this
program of subscale models was not an “adequate substitute” for full-scale flights.
Having concluded that the Brown group was right, and that the only immediate
way known to solve these problems was to use a manned aircraft, Thompson
said that various NACA laboratories had then examined the feasibility of design-
ing a hypersonic research airplane. Trying to prevent an internal fight, Thompson
explained that the results from Langley contained in the document Milton Ames
had just distributed were “generally similar” to those obtained in the other NACA
studies (which they were not), but were more detailed than the other laboratories’
results (which they were).!”

Williams and Crossfield followed with an outline of the performance required
for a new research airplane and a discussion of the more important operational as-
pects of the vehicle. At that point, John Becker and Norris Dow took over with a
detailed presentation of their six-month study. Lively debate followed, with most
members of the committee, including Clark Millikan and Robert Woods, strongly
supporting the idea of the hypersonic research airplane.

Surprisingly, Clarence L. “Kelly” Johnson, the Lockheed representative, op-
posed any extension of the manned research airplane program. Johnson argued
that experience with research aircraft had been “generally unsatisfactory” since
the aerodynamic designs were inferior to tactical aircraft by the time research
flights began. He felt that a number of research airplanes had developed “startling
performances” only by using rocket engines and flying essentially “in a vacuum”
(as related to operational requirements). Johnson pointed out that “when there
is no drag [at high altitude], the rocket engine can propel even mediocre aero-
dynamic forms to high Mach numbers.” These flights had mainly proved “the
bravery of the test pilots,” Johnson charged. The test flights generated data on
stability and control at high Mach numbers, Johnson admitted, but aircraft manu-
facturers could not use much of this information because it was “not typical of
airplanes actually designed for supersonic flight speeds.” He recommended that
they use an unmanned vehicle to gather the required data instead of building a
new manned airplane. If aeromedical problems became “predominant,” Johnson

17 “Minutes of the Meeting, Committee on Aerodynamics,” 4-5 October 1954. In the files at the NASA History Office.
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Clarence 1. “Kelly” Johnson, the legendary founder of the Iockheed Skunk Works,
was the only representative on the NACA Committee on Aerodynamics to vote
against proceeding with the development of the X-15. Previons X-plane experience
had left Johnson jaded since the performance of the research airplanes was not signifi-
cantly advanced from operational prototypes. As it turned out, the X-15 would be the
excception, since no operational vebicle, except the Space Shuttle, has yet approached the
velocity and altitnde marks reached by the X-15. (Lockheed Martin)

said, a manned research airplane could then be designed and built, and it should
have a secondary role as a strategic reconnaissance vehicle.'

Various members of the committee took issue with Johnson. Gus Crowley
from NACA Headquarters explained that the NACA based its proposal on the
X-1 concept “to build the simplest and soundest aircraft that could be designed
on currently available knowledge and put into flight research in the shortest time
possible.” In comparing manned research airplane operations with unmanned, au-
tomatically controlled vehicles, Crowley noted that the X-1 and other research air-

18 Ibid, Appendix I, p. 2. Johnson is one of the modern legends in the aerospace community. Founder of the Lockheed
“Skunk Works,” Johnson was largely responsible for such landmark designs as the P-80, U-2, F-104, and SR-71.
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planes had made hundreds of successful flights despite numerous malfunctions."
In spite of the difficulties—which, Crowley readily admitted, had occasionally
caused the aircraft to go out of control —research pilots had successfully landed
the aircraft an overwhelming percentage of the time. In each case the human pilot
permitted further flights to explore the conditions experienced, and in Crowley’s
opinion, automated flight did not allow the same capabilities.?

After some further discussion, and despite Johnson’s objections, the
committee passed a resolution recommending the construction of a hypersonic
research aircraft:?'

RESOLUTTON ADOFTED BY NACA
COMMITTEE ON AERCDYNAMICS, 5 OCTOEER 1954

WHEREAS, The necessity of maintaining supremacy
in the air continues to place great urgency on solving
the problems of flight with man-carrying aircraft at
greater speeds and extreme altitudes, and

WHEREAS, Propulsion systems are now capeble of
propelling such aircraft to speeds and altitudes that
impose entirely new and unexplored aircraft design
problems, and

WHEREAS, It now appears feasible to construct a
research airplane capable of initial exploration of
these problems,

HE IT HEREBY RESOLVED, That the Committee on
Aerodynamics endorses the proposal of the immediate
initiation of a project to design and construct a
research airplane capable of achieving speeds of the
order of Mach Number 7 and altitudes of several hundred
thousand feet for the exploration of the problems of
stability and control of manned aircraft end aerodynamic

_heating in the severe form associated with flight at
extreme speeds and altitudes,

The “requirements” of the resolution conformed to the conclusions from
Langley, but were sufficiently general to encourage fresh approaches. Appended
to the specification under the heading of “Suggested Means of Meeting the Gen-
eral Requirements” was a section outlining the key results of the Becker study.*

Kelly Johnson was the only member to vote nay. Sixteen days after the meet-
ing, Johnson sent a “Minority Opinion of Extremely High Altitude Research Air-

19 If Crowley was talking about high-speed X-planes, he was stretching the point. By the end of 1954, the high-
speed research airplanes had barely made 200 flights and, excluding the X-15, would never get to 300 flights.

20 “Minutes of the Meeting, Committee on Aerodynamics,” 4-5 October 1954.

21 Resolution, 5 October 1954. In the files at the NASA History Office.

22 Hugh L. Dryden, “General Background of the X-15 Research Airplane Project,” a paper presented at the NACA Con-
ference on the Progress of the X-15 Project, Langley Aeronautical Laboratory, 25-26 October 1956, pp. xvii-Xix.



X-15: EXTENDING THE FRONTIERS OF FLIGHT 57

plane” to Milton Ames with a request that it be appended to the majority report,
which it was.?

On 6 October 1954, Air Force Headquarters issued Technical Program Re-
quirement 1-1 to initiate a new manned research airplane program “generally in
accordance with the NACA Secret report, subject: ‘NACA Views Concerning a
New Research Aircraft’ dated August 1954.” The entire project was classified
Confidential. The ARDC followed this on 26 October with Technical Require-
ment 54 (which, surprisingly, was unclassified).*

In the meantime, Hartley Soulé and Clotaire Wood held two meetings in
Washington on 13 October. The first was with Abraham Hyatt at the Navy Bu-
reau of Aeronautics (BuAer) to obtain the Navy’s recommendations regarding
the specifications. The only significant request was that provisions should exist to
fly an “observer” in place of the normal research instrumentation package. This
was the first (and nearly the only) official request from the Navy regarding the
new airplane, excepting the engine. In the second meeting, Soulé discussed the
specifications with Colonel R. M. Wray and Colonel Walter P. Maiersperger at the
Pentagon, and neither had any significant comments or suggestions.

With an endorsement in hand, on 18 October Hugh Dryden conferred with
Air Force (colonels Wray and Maiersperger) and Navy (Admiral Robert S. Hatch-
er from BuAer and Captain W. C. Fortune from the ONR) representatives on
how best to move toward procurement. The parties agreed that detailed technical
specifications for the proposed aircraft, with a section outlining the Becker study,
should be presented to the Department of Defense Air Technical Advisory Panel
by the end of the year. The Navy reiterated its desire that the airplane carry two
crew members, since the observer could concentrate on the physiological aspects
of the flights and relieve the pilot of that burden. The NACA representatives were
not convinced that the weight and cost of an observer could be justified, and pro-
posed that the competing contractors decide what was best. All agreed this was
appropriate. Again, the Air Force requested little in the way of changes.”

Hartley Soulé met with representatives of the various WADC laboratories on
22 October to discuss the tentative specifications for the airplane. Perhaps the ma-
jor decision was to have BuAer and the Power Plant Laboratory jointly prepare
a separate specification for the engine. The complete specification (airplane and
engine) was to be ready by 17 November. In effect, this broke the procurement into
two separate but related competitions: one for the airframe and one for the engine.

During this meeting, John B. Trenholm from the WADC Fighter Aircraft
Division suggested building at least three airplanes, proposing for the first time
more than the two aircraft contained in the WADC cost estimate. There was also
a discussion concerning the construction of a dedicated structural test article. It
seemed like a good idea, but nobody could figure out how to test it under mean-
ingful temperature conditions, so the group deferred the matter.

23 Letter, Clarence L. Johnson to Milton B. Ames, secretary, Committee on Aerodynamics, subject: Minority Opinion
of Extremely High Altitude Research Airplane, 21 October 1954.

24 USAF Technical Program Directive 1-1, 6 October 1954; ARDC Technical Requirement 54, 26 October 1954.
Both in the files at the Air Force Historical Research Agency.

25 Memorandum for the files (NACA Headquarters), from Clotaire Wood, 26 October 1954; invitations from NACA to
Colonel Wray, Colonel Maiersperger, Admiral Hatcher, and Captain Fortune dated 11 October 1954.
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Also on 22 October, Brigadier General Benjamin Kelsey and Dr. Albert
Lombard from Air Force Headquarters, plus admirals Lloyd Harrison and Robert
Hatcher from BuAer, visited Hugh Dryden and Gus Crowley at NACA Headquar-
ters to discuss a proposed Memorandum of Understanding (MoU) for conducting
the new research airplane program. Only minor changes to a draft prepared by
Dryden were suggested.”® The military representatives told Dryden that a method
of funding the project had not been determined, but the Air Force and Navy would
arrive at a mutually acceptable agreement for financing the design and develop-
ment phases. During the 1940s and 1950s it was normal for the military services
to fund the development and construction of aircraft (such as the X-1 and D-558,
among others) for the NACA to use in its flight research programs. The aircraft
resulting from this MoU would be the fastest, highest-flying, and by far the most
expensive of these joint projects.

The MoU provided that technical direction of the research project would
be the responsibility of the NACA, acting “with the advice and assistance of a
Research Airplane Committee” composed of one representative each from the
Air Force, Navy, and the NACA. The New Developments Office of the Fighter
Aircraft Division at Wright Field would manage the development phase of the
project. The NACA would conduct the flight research, and the Navy was essen-
tially left paying part of the bills with little active roll in the project, although
it would later supply biomedical expertise and a single pilot. The NACA and
the Research Airplane Committee would disseminate the research results to the
military services and aircraft industry as appropriate based on various security
considerations. The concluding statement on the MoU was, “Accomplishment of
this project is a matter of national urgency.”?’

The final MoU was originated by Trevor Gardner, Air Force Special Assistant
for Research and Development, in early November 1954 and forwarded for the
signatures of James H. Smith, Jr., Assistant Secretary of the Navy for Air, and
Hugh L. Dryden, director of the NACA, respectively. Dryden signed the MoU on
23 December 1954 and returned executed copies to the Air Force and Navy.?

John Becker, Norris Dow, and Hartley Soulé made a formal presentation to
the Department of Defense Air Technical Advisory Panel on 14 December 1954.
The panel approved the program, with the anticipated $12.2 million cost coming
from Department of Defense contingency funds as well as Air Force and Navy
research and development funds.”

26 Memorandum of Understanding, signed by Hugh L. Dryden, Director of NACA, James H. Smith, Jr., Assistant
Secretary of the Navy (Air), and Trevor Gardner, Special Assistant for R&D, USAF, subject: Principles for the
Conduct by the NACA, Navy, and Air Force of a Joint Project for a New High-Speed Research Airplane, 23
December 1954. In the files at the NASA History Office; Walter C. Williams, “X-15 Concept Evolution,” a paper in
the Proceedings of the X-15 30th Anniversary Celebration, Dryden Flight Research Facility, Edwards, California,
8 June 1989, NASA report CP-3105, p. 11.

27 System Development Plan, X-15 Research Aircraft, Supporting Research System Number 447L, 22 March 1956,
In the files at the AFFTC History Office; Memorandum of Understanding for the X-15. The Research Airplane Com-
mittee was separate from the Research Airplane Projects Panel or the Research Airplane Program Committee.

28 Memorandum of Understanding for the X-15; letter, James H. Smith Jr. Assistant Secretary of the Navy (Air),
to Hugh L. Dryden, Director of NACA, 21 December 1954; letter, Hugh L. Dryden to Trevor Gardner returning a
signed copy of the MoU, 23 December 1954. In the files at the NASA History Office.

29 Memorandum, A. L. Sea, Assistant Chief, Fighter Aircraft Division, to Director of Weapons Systems Office, WADC,
subject: new research aircraft, 29 December 1954. In the files at the ASD History Office.
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After the Christmas holidays, on 30 December, the Air Force sent invita-
tion-to-bid letters to Bell, Boeing, Chance-Vought, Convair, Douglas, Grumman,
Lockheed, Martin, McDonnell, North American, Northrop, and Republic. Inter-
ested companies were asked to attend the bidders’ conference on 18 January 1955
after notifying the procurement officer no later than 10 January. An abstract of the
NACA Langley study was attached with a notice that it was “representative of
possible solutions” but not a requirement to be satisfied.*
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Also accompanying the invitation-to-bid letters was a simple chart that showed the expected flight trajec-
tory for the new research airplane. 1t was expected that each flight would provide about 130 seconds of
good research data after engine burnout. This performance was almost exactly duplicated by the X-15
over the course of the flight program. (NASA)

This was undoubtedly the largest invitation-to-bid list yet for an X-plane, but
many contractors were uncertain about its prospects. Since it was not a production
contract, the potential profits were limited. Given the significant technical chal-
lenges, the possibility of failure was high. Of course, the state-of-the-art experi-
ence and public-relations benefits were potentially invaluable. It was a difficult
choice even before Wall Street and stock prices became paramount. Ultimately,
Grumman, Lockheed, and Martin expressed little interest and did not attend the
bidders’ conference, leaving nine possible competitors. At the bidders’ conference,
representatives from the remaining contractors met with Air Force and NACA per-
sonnel to discuss the competition and the basic design requirements. The list of
participants read like a Who's Who of the aviation world. Robert Woods and Walter
Dornberger from Bell attended. Boeing sent George Martin, the designer of the
B-47. Ed Heinemann from Douglas was there. Northrop sent William Ballhaus.*!

During the bidders’ conference the Air Force announced that each compa-
ny could submit one prime and one alternate proposal that might offer an un-

30 Letter, Colonel Carl F. Damberg, Chief, Aircraft Division, Air Materiel Command, to Bell Aircraft Corporation et
al., subject: competition for new research aircraft, 30 December 1954; memorandum, A. L. Sea, to Director of
WSO, WADC, no subject, 29 December 1954; letter, John B. Trenholm, Chief, New Development Office, Fighter
Aircraft Division, WADC, to Commander, ARDC, subject: New Research Aircraft, 13 January 1955. In the files at
the AFMC History Office.

31 Minutes from the X-15 Bidder’s Conference, 18 January 1955. The attendance sheet was attached as an exhibit.
In the files at the AFMC History Office.
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conventional but potentially superior solution. The Air Force also informed the
prospective contractors that an engineering study only would be required for a
modified aircraft in which an observer replaced the research instrumentation, per
the stated Navy preference. A significant requirement was that the aircraft had to
be capable of attaining a velocity of 6,600 fps and altitudes of 250,000 feet. Other
clarifications included that the design would need to allocate 800 pounds, 40 cu-
bic feet, and 2.25 kilowatts of power for research instrumentation. A requirement
that would come back to haunt the procurement was that flight tests had to begin
within 30 months of contract award.

ENGINE OPTIONS

The engine situation was somewhat more complicated. Given that everybody
now agreed that the General Electric A1 (Hermes) engine was unacceptable, the
Power Plant Laboratory listed the Aerojet XLR73, Bell XLLR81, North American
NA-5400, and Reaction Motors XLLR10 as engines the airframe contractors could
use. The four engines were a diverse collection.*

The Aerojet XLLR73-AJ-1 had a single thrust chamber that used white fum-
ing nitric acid and jet fuel as propellants. As it then existed, the engine developed
10,000 1bf at sea level, but a new nozzle was available that raised that to 11,750
Ibf. The engine was restartable in flight by electric ignition and was infinitely vari-
able between 50% and 100% thrust. A cluster of several engines was necessary
to provide the thrust needed for the new research airplane. At the time the Power
Plant Laboratory recommended the engine, it had passed its preliminary flight
rating qualification, with a first flight scheduled for April 1956.%

The development of the Bell XLR81-BA-1, usually called the Hustler en-
gine, was part of Project MX-1964 —the Convair B-58 Hustler. The B-58 was a
supersonic bomber that carried its nuclear weapon in a large external pod, and the
XLR81 was supposed to provide the pod with extra range after it was released
from the bomber. The engine was a new design based on the engine used in the
GAM-63 RASCAL missile. A single thrust chamber used red, fuming nitric acid
and jet fuel to produce 11,500 Ibf at sea level and 15,000 Ibf at 70,000 feet. Suf-
ficient thrust for the hypersonic research airplane would come from a cluster of
at least three engines. The existing XLLR81 was not throttleable or restartable in
flight. Since ignition occurred after the B-58 dropped the weapons pod, the engine
included a minimum number of safety components to save weight. At the time the

32 Memorandum, J. W. Rogers to Chief, Power Plant Laboratory, 4 January 1955. In the files at the AFMC History
Office; WADC report 54MCP-199342, Confidential, no date. In the files at the AFFTC History Office. Discussions
concerning the Reaction Motors LR8 and XLR11 get confusing. They were essentially identical engines, both
based on the Reaction Motors 6000C4. Within each family some variants used turbopumps, while others relied
on pressurized propellant tanks. All of the engines provided “thrust stepping” by igniting and extinguishing various
combinations of the four thrust chambers. The Air Force evaluated the XLR11 since they had that engine under
contract; the results were equally applicable to the LR8. At the time, Navy rocket engines used even numbers in
the designations, and Air Force engines used odd numbers.

33 WADC confidential report 54MCP-199342, no title, no date, no page numbers. In the files at the AFFTC His-
tory Office.
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Power Plant Laboratory recommended the engine, it had passed its preliminary
flight rating qualification, with a first flight scheduled for January 1957.%*

Although the Power Plant Laboratory included the engine on its list of candi-
dates, and history papers often mention it, the NA-5400 apparently had little to of-
fer the program. North American was using the effort as the basis for component
development, with no plans to assemble a complete engine. If they had, it would
only have developed 5,400 Ibf at sea level (hence its company designation). The
turbopump assembly was theoretically capable of supporting engines up to 15,000
Ibf, and the power plant proposed for the new research airplane consisted of three
separate engines arranged as a unit. The engine was restartable in flight using a
catalyst ignition system. The propellants were hydrogen peroxide and jet fuel,
with the turbopump driven by decomposed hydrogen peroxide.*

The Reaction Motors XLR10 Viking engine presented some interesting op-
tions, although Reaction Motors had already abandoned further development in
favor of the more powerful XLR30 “Super Viking” derivative. As it existed, the
XLR10 produced 20,000 Ibf at sea level using liquid oxygen and alcohol propel-
lants. The XLLR30 then under development produced 50,000 Ibf using liquid oxy-
gen and anhydrous ammonia. The Power Plant Laboratory preferred to connect two
XLR10 thrust chambers to a single XLLR30 turbopump, believing this arrangement
took better advantage of well-developed components and lowered the risk. The
fact that the XLLR10/XLR30 discussion used over two pages of the four-and-a-half-
page engine report showed the laboratory’s enthusiasm. Interestingly, as designed,
the engine was not throttleable or restartable in flight, nor was it man-rated.*

In response to one contractor’s comment that three of the four engines ap-
peared unsuitable because they lacked a throttling capability, the government in-
dicated it would undertake any necessary modifications to the engine selected by
the winning airframe contractor.”’

Between the time of the airframe bidders’ conference and the 9 May sub-
mission deadline, Boeing, Chance-Vought, Grumman, and McDonnell notified
the Air Force that they did not intend to submit formal proposals. This left Bell,
Convair, Douglas, North American, Northrop, and Republic. It would seem that
Bell and Douglas would have the best chances, given their history of developing
X-planes. The Navy D-558-3 study would also appear to provide a large advantage
to Douglas. On the other hand, although Convair, North American, and Republic
had no particular experience in developing X-planes, they were in the process of
either studying or developing high-speed combat aircraft or missiles. Northrop
had little applicable experience of any sort, but had a long history of producing
innovative designs.

34 Bell report 02-945-106, “Project 1226: X-15 Liquid Rocket Engine Proposal,” Secret, 25 February 1955. Courtesy
of Benjamin F. Guenther; WADC confidential report 54MCP-199342.

35 WADC confidential report 54MCP-199342.

36 WADC confidential report 54MCP-199342; Reaction Motors report TR-9405-C, “Rocket Engine for New Re-
search Airplane,” Secret, 26 February 1955. Courtesy of Benjamin F. Guenther. This was the engine used by the
Martin Viking sounding rocket, which eventually formed the first stage of the Vanguard launch vehicle. Reaction
Motors had begun developing the engine for this vehicle on 1 October 1946, and the first launch was on 3 May
1949. Fourteen Vikings were launched at White Sands Missile Range in New Mexico.

37 Letter, Colonel Carl F. Damberg, Chief, Aircraft Division, AMC, to Bell et al., subject: Project 1226 competition, 2
February 1955. In the files at the AFMC History Office.
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During this period, representatives from the airframe contractors met with
NACA personnel on numerous occasions and reviewed technical information on
various aspects of the forthcoming research airplane. The NACA also provided
data from tests in the Ames 10-by-14-inch and Langley 11-inch tunnels. Coordi-
nation on the NACA side became easier when Arthur W. Vogeley, an aeronauti-
cal research scientist from the Flight Research Division at Langley, became the
NACA project engineer on 10 January 1955. Vogeley would act as a single point
of contact for the NACA, with offices at both Langley and Wright Field.*

On 17 January 1955, NACA representatives met with Wright Field personnel
and were informed that the research airplane was identified as Air Force Project
1226, System 447L, and would be officially designated the X-15.% The Fighter
Aircraft Division of the WADC managed the project since the requirements for
the aircraft most closely resembled those for a contemporary jet fighter. In reality,
except for some procurement and oversight functions, the division would have
little to do because the X-15 Project Office and the Research Airplane Commit-
tee actually controlled most aspects of the project. The X-15 enjoyed a national
priority of 1-B, with a category of A-1. The Air Force also announced that the
WADC project engineer would be First Lieutenant (soon to be Captain) Chester E.
McCollough, Jr. BuAer subsequently selected George A. Spangenberg® as the
Navy project engineer.*!

Early in March the NACA issued a research authorization (A73L179) that
would cover the agency’s work on Project 1226 during the design competition
and evaluation. The contractors concentrated on preparing their proposals and
frequently consulted with both the NACA and WADC. For instance, on 15 April
John I. Cangelosi from Republic called John Becker to obtain information on the
average recovery factors used for swept-wing heat transfer. Later that day Becker
transmitted the answer to NACA Headquarters, which then forwarded it to each
of the competing contractors on 26 April.*?

The Air Force and the NACA also were working on the procedures to evalu-
ate the proposals. During March the NACA Evaluation Group was created with
Hartley Soul€ (research airplane project leader), Arthur Vogeley (executive secre-
tary), John Becker (Langley), Harry J. Goett (Ames), John L. Sloop (Lewis), and
Walt Williams (HSFS) as members.

In early February, ARDC Headquarters sent a letter to all parties emphasizing
that the evaluation was a joint undertaking, and the ultimate selection needed to
satisfy both the military and the NACA. The evaluation involved the X-15 Project

38 Letter, Clotaire Wood to Ames, Lewis, Langley, HSFS, NACA Liaison Office, no subject, 2 February 1955.
39 Interestingly, the designation was “Confidential” until after the mockup was approved.

40 Spangenberg joined the Naval Air Factory in Philadelphia, Pennsylvania, in 1935. In 1939 he transferred to the
then Bureau of Aeronautics (BuAer) in Washington, DC, and became director of the Evaluation Division of the
Naval Air Systems Command in 1957, serving in that position until his retirement in 1973.

41 R&D Project card, DD-EDB(A)48, Project 1226, 7 March 1955. In the files at the AMC History Office; A “rewritten”
project card dated 22 March 1956 can be found in the AFFTC History Office. The latter card lists the requirements
as “to provide exploratory data on the aerodynamic, structural, and physiological problems of manned flight at
speeds up to 6,600 fps [Mach 6.0] and at altitudes up to 250,000 feet.”

42 Letter, Clotaire Wood to Bell, Convair, Douglas, North American, Northrop, and Republic, no subject, 26 April
1955. It is normal in competitive environments for the contractors to ask questions to clarify various points of the
competition. Under the procurement rules, the government must make the answers to all questions available to
every contractor in order to keep the playing field level.
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Office, the WADC laboratories, and the NACA, while the Air Materiel Command
and Navy played subordinate roles. The four evaluation areas were the capability
of the contractor, the technical design, the airplane performance, and the cost.**

The Research Airplane Committee would begin evaluating the proposals
when it met on 17 May at Wright Field. Slightly complicating matters, the Air
Force raised the security classification on most X-15-related activities from Con-
fidential to Secret. This restricted access to the evaluation material by some en-
gineers and researchers, but mostly placed additional controls on the physical
storage locations for the material.*

THE COMPETITION

The airframe proposals from Bell, Douglas, North American, and Republic
arrived on 9 May 1955. Convair and Northrop evidently decided they had little to
offer the competition. Two days later the various evaluation groups (the WADC,
NACA, and Navy) received the technical data, and the results were due to the
X-15 Project Office by 22 June.*

In mid-May, Soulé, as chair of the NACA evaluation group, sent the evalu-
ation criteria to the NACA laboratories. The criteria included the technical and
manufacturing competency of each contractor, the schedule and cost estimates,
the design approach, and the research utility of each airplane. Each NACA labora-
tory had specific technical areas to evaluate. For instance, Ames and Langley were
assigned to aerodynamics; Ames, the HSFS, and Langley to flight control; HSFS
to crew provisions and carrier aircraft; and the HSFS and Lewis to the engine and
propulsion system. Soulé expected all the responses no later than 13 June, giving
him time to reconcile the results before submitting a consolidated NACA position
to the Air Force on 22 June. Later arrangements ensured that engine evaluations,
also coordinated among the WADC, NACA, and Navy, would be available to the

43 Letter, Brigadier General Donald R. Ostrander, Director of Development, Deputy Commander of Technical Opera-
tions, ARDC, to Commander, WADC, subject: X-15 Special Research Airplane, 2 February 1955. letter, Brigadier
General Donald R. Ostrander to Commander, WADC, no subject, 2 February 1955; letter, Brigadier General
Howell M. Estes, Jr., Director of WSO, WADC, to Commander, ARDC, subject: X-15 research aircraft, 11 April
1955. Both in the files at the AFMC History Office; letter, Brigadier General Howell M. Estes, Jr., to Commander,
ARDC, no subject, 11 April 1955. In the files at the ASD History Office. At first the X-15 was coordinated by the
WADC Project Office staff since it was not yet an officially-funded program. Once Project 1226 was created as its
own entity, the X-15 Project Office was created within Detachment One of the WADC Project Office to oversee the
new research airplane. On 2 April 1951, a collection of independent Air Force laboratories located at Wright Field
were consolidated to form the WADC. When the WADC became the Wright Air Development Division (WADD) on
15 December 1959, the WADC Project Office became the Weapon System Project Office (WSPO) and reported
to ARDC Headquarters. The X-15 entity was renamed the X-15 WSPO. Some of the WSPOs became system
program offices (SPOs) on 9 January 1961, but the X-15 office does not appear to have been one of these. When
the Aeronautical Systems Division came into being on 17 March 1961, the X-15 WSPO again became the X-15
Project Office and moved under the Deputy for Systems Management, Defense Systems Program Office (ASZDX).
For simplicity, this text uses X-15 Project Office throughout.

44 Letter, Colonel Paul F. Nay, Chief, Aeronautics and Propulsion Division, Deputy Commander of Technical Operations,
ARDC, to Commander, WADC, subject: X-15 research aircraft, 26 April 1955. In the files at the ASD History Office.

45 Letter, Hugh L. Dryden, Director of NACA, to Deputy Director of R&D DCS/D, USAF, no subject, 20 May 1955;
letter, Rear Admiral Robert S. Hatcher, Assistant Chief of R&D, BuAer, USN, to Commander, WADC, subject:
Agreements Reached by ‘Research Airplane Committee’ on Evaluation Procedure for X-15 Research Airplane
Proposals, 31 May 1955. In the files at the Navy History Center.
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Research Airplane Committee on 12 July. The final evaluation would take place
during a meeting at Wright Field on 25 July.*

Given the amount of effort that John Becker and the Langley team had
put into their preliminary configuration, one might have thought that all of the
contractors would use it as a starting point for their proposals. This was not
necessarily the case. The Air Materiel Command had made it clear from the be-
ginning that the Becker concept was “representative of possible solutions.” Beck-
er agreed with this; he in no way thought that his was an optimal design, and the
bidders were encouraged to look into other configurations they believed could
meet the requirements.*’

As it turned out, each of the four proposals represented a different approach to
the problem, although to the casual observer they all appeared outwardly similar.
This is exactly what the government had wanted —the industry’s best responses
on building the new airplane. Two of the bidders selected the Bell XLR81 engine,
and the other two chose the Reaction Motors XLLR30. Despite this, all of the air-
planes were of approximately the same size and general configuration. In the end,
the government would have to evaluate these varied designs and determine which
would most likely allow the desired flight research.

The Bell Proposal

Bell would have seemed a logical choice to develop the new research air-
plane since the company had developed the X-1 series and X-2 high-speed re-
search aircraft that had ushered in a new era of flight research. They were also
doing studies on much faster vehicles in search of the BoMi boost-glide bomb-
er. The company had direct experience with advanced heat-resistant metals and
with the practical issues of powering manned aircraft using liquid-fueled rocket
engines. In fact, Bell had an in-house group that built rocket engines, includ-
ing one under consideration for the X-15. Lawrence Bell, Robert Woods, and
Walter Dornberger were already legends. Somehow, all of this was lost in
the proposal.*®

Unsurprisingly, Bell engineers decided the Bell-manufactured XLR81 was
the most promising engine, and it became the baseline; however, the XLLR30 of-
fered certain advantages and Bell proposed the alternative D-171B variant using
this engine. The design had three XILR81s arranged in a triangular pattern with
one engine mounted above the others, much like the later Space Shuttle Orbiter.
Bell believed that the ability to operate a single XLR8&1 at its 8,000-1bf “half-
thrust” setting was an advantage, based on a reported comment from the NACA

46 Suborder, John B. Trenholm, Chief, New Development Office, Fighter Aircraft Division, to Chief, Rocket Section,
Power Plant Laboratory, WADC, subject: X-15 Research Aircraft, 20 June 1955. In the files at the ASD History Of-
fice; memorandum, Brigadier General Howell M. Estes, Jr., Director of WSO, to Director of Laboratories, WADC,
subject: X-15 Evaluation, 28 June 1955. In the files at the Air Force Historical Research Agency.

a7 Dryden, “General Background” pp. xvii-xix; letter John V. Becker to Dennis R. Jenkins, 29 June 2003.

48 Author’s note. Reading the Bell proposal and accompanying data, it is easy to see why the company was scored
low in the evaluation. Although it was readily apparent that Bell had a great deal of talent, the proposal never of-
fered the reader a sense that the Bell representatives had their hands wrapped around the problem of building a
hypersonic research aircraft. Almost every innovation they proposed was hedged in such a manner as to make the
reader doubt that it would work. The proposal itself seemed rather poorly organized, and was internally inconsistent
(i.e., weights and other figures frequently differed between sections). The design appeared to be an attempt to build
an operational aircraft instead of one intended to do research into the high-temperature structural environment.
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that “a high percentage of the flight testing would be conducted in the lower speed
and altitude ranges.” Bell did not record who made the comment, but given that
only 36 of the eventual 199 X-15 flights were below Mach 3, it was obviously
incorrect. Unfortunately, it seemed to influence the Bell proposal throughout.*

A throttle lever controlled engine thrust by actuating a series of switches
arranged so that thrust increased as the pilot pushed the lever forward in the con-
ventional manner. The initial switch fired the first engine at its 8,000-1bf half-
power setting. The second switch caused this engine to go to 14,500-1bf full power.
The next switch fired the second engine at its 14,500-1bf setting, resulting in a
29,000-1bf thrust. The last switch started the third engine, resulting in a full thrust
of 43,500 Ibf. The engineers did not consider the slightly asymmetrical thrust
provided by the triangular engine to be a problem.*

The selection of a conventional aerodynamic configuration simplified the ar-
rangement of the fuselage and equipment systems. The fuselage had six major
sections. The forward section contained the pilot’s compartment, nose gear, and
research instrumentation, followed by the forward oxidizer tank. A center section
housed the wing carry-through, main landing skids, and pressurization systems,
followed by the aft oxidizer tank and fuel tank. The aft section contained the
engine and empennage. A pressurized area just behind the cockpit contained the
hydraulic and electrical systems, environmental control equipment, and research
instrumentation. The hydrogen peroxide supply, the main landing gear, and the
structure for suspending the research airplane from the carrier aircraft were locat-
ed in the center of the fuselage between the two oxidizer tanks. A flush-mounted
canopy minimized drag and avoided discontinuities in the airflow that could result
in thermal shocks on the glass.’!

One of the unfortunate consequences of selecting the XLLR81 was that the red,
fuming nitric acid required a large storage volume, which caused the oxidizer to be
stored in two tanks (one on either side of the wing carry-through). This was neces-
sary to maintain the center of gravity within acceptable limits, but complicated the
attachment of the wing to the fuselage. Bell investigated bolting the wing directly
to the oxidizer tank or passing the structure through the tank. This, however, was
not considered ideal “since it would present a hazard in the form of a possible
fatigue failure as the result of the combination of localized wing loads and tank
pressurization loads.” The 61S-T aluminum propellant tanks were generally simi-
lar to those used on the Bell MX-776 (GAM-63) RASCAL missile program.*

The wing had a leading-edge sweep of 37 degrees to moderate center-of-
pressure shifts at subsonic and transonic speeds. Engineers had discovered that
higher sweep angles resulted in pitch-up and damping-in-roll difficulties that Bell
wanted to avoid. At the same time, researchers found that the aspect ratio was
not particularly important, so it was set to provide decent subsonic and landing

49 Bell report D171-945-004, “X-15 Research Airplane Proposal Aircraft Design Report,” 6 May 1955, pp. 11-12;
Bell report D171-945-003, “X-15 Airplane Proposal Summary Report,” 5 May 1955, p. 8.

50 “X-15 Airplane Proposal Summary Report,” p. 8.
51 “X-15 Research Airplane Proposal Aircraft Design Report,” pp. 15-16.
52 “X-15 Airplane Proposal Summary Report,” pp. 9-10.
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attitudes. The total wing area was 220 square feet, allowing a reasonable landing
speed of 170 mph.>

Approximately one-third of the vertical stabilizer area was located under the
fuselage to maintain high-speed stability. This ventral stabilizer was added “to
provide sufficient directional stability to M=7.0. This lower surface is very effec-
tive at high Mach numbers because of the compressive flow field below the wing.”
Bell attempted to provide as much area as possible while still maintaining suffi-
cient clearance for the D-171 to be loaded into the carrier aircraft without resorting
to a folding or retractable design. Before the airplane could land, the pilot would
jettison the ventral stabilizer to provide sufficient clearance for the landing gear. A
parachute lowered the ventral to a safe landing, although Bell noted that deleting
the parachute would save a little weight, with the ventral becoming expendable.*

Landing skids were a logical choice to save weight but the exact nature of
these skids was the subject of some study. A two-skid arrangement—one forward
and one aft—was considered too unstable during landing, although a drag chute
could be used to overcome this, as was done on the SM-62 Snark missile. Still,
the arrangement was undesirable. A nose wheel with a single aft skid was stati-
cally stable, but model tests showed that it was dynamically unstable. A good pilot
could land the aircraft with this arrangement, but Bell rejected the configuration
because it placed too placed a great burden on the pilot. Two forward skids and a
single aft skid offered neutral stability, but experience with the Sud-Est SE5003
Baroudeur showed that it still placed a high burden on the pilot. Bell finally se-
lected a conventional tricycle arrangement with a nose wheel and two main skids
located midway aft on the fuselage. Both the nose gear and skids were retractable
and covered with doors, unlike the eventual X-15 where the rear skids did not
retract inside the fuselage.”

The fully loaded airplane weighed 34,140 pounds at launch, including 21,600
pounds of propellants. The estimated landing weight was 12,595 pounds. Based
on a launch at Mach 0.6 and 40,000 from a B-36 carrier aircraft, Bell estimated
that the D-171 could exceed the basic performance requirements. The projected
maximum altitude during the “space leap” was 400,000 feet. At altitudes between
85,000 and 165,000 feet, the velocity was in excess of 6,600 fps, with a maximum
of 6,850 fps at 118,000 feet.>

A set of reaction controls used eight hydrogen peroxide thrusters: one pointed
up and another down at each wing tip for roll control, one up and one down at the
tail for pitch control, and one pointing left and one right at the tail for yaw control.
A single control stick in the cockpit controlled the thrusters and aerodynamic
control systems. Bell noted that “no criteria are available for the design of such

53 Ibid, p. 14.
54 Ibid, p. 15.

55 Ibid, p. 3. The Baroudeur was a small lightweight fighter designed by the French during the early 1950s. The
nationalized SNCASE Company (later shortened to Sud-Est, a predecessor of Aerospatiale) set out to produce
a conventional, swept-wing, transonic fighter that could operate out of pastures and plowed fields that were too
rough for most other aircraft. The resulting aircraft took off using a rocket-propelled sled and recovered using
a skid landing gear consisting of two forward units and another built into its ventral stabilizer. The prototype SE
5000 first flew on 1 August 1953. The results were encouraging enough that the French government ordered
three pre-production SE 5003 aircraft. The SE 5003s passed their initial operational tests, but a combination of
political and budget problems forced the cancellation of the program before production began.

56 “X-15 Airplane Proposal Summary Report,” 5 May 1955, p. 16.
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controls,” so the company arbitrarily assumed that aerodynamic controls would be
ineffective at dynamic pressures below 10 psf. Bell expected the X-15 to operate
in flight regimes that required reaction controls for about 115 seconds per high-
altitude mission, and provided 550 pounds of hydrogen peroxide. Operating all of
the thrusters for the entire 115-second flight (something that obviously would not
happen) used only 49% of the available propellant.”’
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The Bell entry in the X-15 competition bore a subtle resemblance to their X-2 research airplane
that bhad such an unhappy career. Bell had considerable theoretical experience with thermal protection
systems as part of its ongoing work on the Air Force BoMi and RoBo programs, and much practical
experience with high-speed X-planes such as the X-1 and X-2. Ultimately, the Bell proposal finished
third in the competition. (Bell Aircraft Company)

The researchers at Bell did not believe the hot-structure data provided by the
NACA from the Becker studies. This may have reflected a bias on the part of Bell
engineers who had been working on alternate high-speed structures for several
years. The Bell proposal contained a detailed discussion on why conventional or
semi-conventional structures would not work, and the hot-structure concept fell
into the latter category.

A survey of available materials showed that Inconel X was the best avail-
able high-temperature alloy for a conventional structure—the same conclusion
reached at Langley. Bell estimated that an Inconel X airframe would weigh ap-
proximately 180% as much as an equivalent structure made from aluminum
75S-T. Bell noted that the “usual expedient” of adding additional material would
not relieve all of the thermal stresses unless sufficient material were added to
absorb the entire expected heat load, leading to a structure that would be too

57 Ibid, pp. 17-18.
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heavy to accomplish its assigned mission. The Bell engineers also thought
that “the stresses and deformations produced by temperature gradients cannot
generally be reduced by the simple addition of more material.”®

The second approach was to use what Bell called semi-conventional struc-
tures. In addition to adding sufficient material to absorb the heat load, the design-
ers attempted to develop structures that would be free to warp and bend as they
heated. Bell believed that all of the design approaches they tried would fail in
operation. For instance, Bell designers decided it would be impossible to use in-
tegral propellant tanks in a hot-structure airframe because “no suitable structural
arrangement has been found for attaching propellant tank ends and baffles to the
outer shell without introducing serious thermal stresses.” When they investigated
the use of separate tanks, they found the weight penalty to be severe.

Bell also briefly investigated actively cooled structures, such as the “water
wall” concept developed early in the BoMi studies. The basic structure weighed lit-
tle more than a conventional aluminum airframe, but including the weight of cool-
ant and pumping equipment resulted in the concept being 200-300% heavier.*

In a fuzzy look at things to come for the Space Shuttle, Bell investigated a
structure protected by external insulation and concluded that “[c]Jeramic materials
would seem attractive for insulation, except that the present state of development
for this application is not well enough advanced....”*

As it turned out, Bell had an alternative, developed during the ongoing BoMi
studies. This unique double-wall structure used air as an insulator, permitting
heat transfer by radiation in addition to conduction. The outer wall consisted of a
0.005-inch-thick Inconel X skin panel, approximately 4 inches long and 8 inches
wide, welded to a corrugated sheet of Inconel X. The corrugations were 0.3125
inch deep with 0.3125-inch spacing. An outside retaining strip of Inconel X (ap-
proximately 1.25 inches wide and 0.056 inch thick), running along each edge,
held each panel in place. The edges of the corrugations, top and bottom, were jog-
gled 0.056 inch so that the outer surface was flush. In the bottom, joggled portion
of each of the corrugations, 0.015-inch-deep protruding dimples provided support
for the outer wall panels to the inner structure. The combination of the dimple and
joggle raised the outer wall panel to a height slightly over 0.375 inch from the in-
ner structure, providing the necessary air space for insulation. The retaining strip
was broken into 4-inch lengths to permit expansion relative to the inner structure,
and two screws and two floating inverted-type anchor nuts held each retaining
strip to the structure. These provided the required air space between the inner and
outer walls to minimize heat conduction into the inner structure. Narrow strips of
fibrous insulation located beneath the retaining strips prevented boundary air
from leaking between the outer panels and their retaining strips.®'

This arrangement allowed the outer wall panels to expand in the direction
parallel to the corrugations simply by sliding further under the retaining strips.
Separating the skin into elements only 4 inches wide accommodated the thermal

58 Ibid, pp. 20-23.
59 Ibid, pp. 19-23.
60 Ibid, p. 23.

61 Ibid, pp. 23-24.
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expansion of the outer skin of the outer wall. In order to prevent the parallel, free
edges of this very thin skin from lifting due to aerodynamic forces, “Pittsburgh”
joints interconnected the edges of adjacent panels. This is a standard sheet-metal
joint, but in this application “considerable clearance” was used so that the adjacent
panels were free to move relative to one another to permit thermal expansions.®

Two pins set in the basic structure restrained each of the 4-by-8-inch outer
wall panels against lateral movement. One of these pins fit snugly into a hole in
a small square plate welded to the bottom of two adjacent corrugations, thus pre-
venting any translations. The other pin fit into a slotted hole, permitting expansion
but preventing rotation. Thus the outer wall had complete freedom of expansion
relative to the underlying aluminum alloy structure. Its shallow depth (0.3125
inch) and uniformity minimized thermal gradients through the wall. Although
they cost considerably more to manufacture, Bell proposed using Haynes 188 or
similar alloys in areas where temperatures exceeded the capability of Inconel X.
Researchers expected that ceramic panels or various sandwich materials could
eventually replace the Inconel outer wall.®

The primary advantage of the double-wall system was that it weighed some
2,000 to 3,000 pounds less than an Inconel X hot structure. The double-wall con-
struction also minimized development time, according to Bell, since the primary
structure of the airframe was conventional in every way, including its use of alu-
minum alloys. This limited, in theory, any development problems for the outer
wall. Interestingly, Bell believed that the double-wall construction provided an
advantage when it came to research instrumentation. Since the outer panels were
easily removable, it greatly simplified the installation of thermocouples, strain
gages, pressure orifices, and other sensors.*

The wing and empennage used the same double-wall construction, but the
leading edges were of unique construction. Bell noted that “it cannot be assumed
that the optimum design has been selected since the evaluation...requires a great-
er time than afforded in this proposal period.” Bell engineers did not believe they
could accurately predict the heat transfer coefficients, but noted that the equilib-
rium temperature of the leading edges could approach 2,500°F. At this tempera-
ture, Bell was not sure that any metallic alloy would be sufficient, or whether a
ceramic was necessary instead. Nevertheless, Bell proposed a metal heat sink. A
0.040-inch-thick Inconel X shell formed the desired leading-edge shape with a
chord-wise dimension of approximately 6.5 inches (normal to the leading edge).
Properly spaced, welded ribs provided attachment fittings, and intermediate ribs
provided support to ensure that air pressure would not deform the shell. Lithium,
beryllium, magnesium, or sodium (listed in descending order of preference) filled
the leading edge shell as a heat sink.%

All of the leading edges were easily removable, facilitating the substitution
of various types of leading-edge designs for flight research and evaluation. The

62 Ibid, p. 23. Essentially, a “Pittsburgh” joint is made by folding a length of the edge of two pieces of sheet metal
back upon itself (bending the sheet 180 degrees), and then with one sheet upside down relative to the other,
sliding the folds together.
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65  Ibid, pp. 27-30.



70 CHAPTER 2: A HYPERSONIC RESEARCH AIRPLANE

wing leading edges were single-piece structures on each side of the airplane. The
inboard attachment was fixed, but the other attach points were designed to allow
span-wise motion to accommodate differences in linear expansion between the
wing structure and the leading edge.®

At first, Bell selected a Boeing B-50 Superfortress for its carrier aircraft,
mainly because it had experience with this type of airplane from the X-1 and X-2
programs. It soon became apparent, however, that the B-50 did not have the capa-
bility to carry the D-171 and its support equipment to the altitudes required. At-
tention then turned to the Convair B-36. A comparison of the two aircraft showed
that the B-36 had a much better rate of climb, and could launch the D-171 at Mach
0.6 and 40,000 feet compared to Mach 0.5 and 30,000 feet for the B-50.5

The basic installation in the B-36 was straightforward, and Convair already
had data on the B-36 carrying large aircraft in its bomb bays from Project Fighter
Conveyer (FICON).® Loading the D-171 was the same as loading the X-1 or
X-2: a pair of hydraulic platforms under the B-36 main landing gear allowed
the ground crew to tow the research airplane underneath the raised bomber. Al-
ternately, the bomber straddled an open pit in the ground and crews raised the
research airplane into the bomb bays. The D-171 took up the forward three of the
four B-36 bomb bays in order to keep the mated center of gravity at an acceptable
position. This also minimized B-36 control problems when the D-171 dropped
away from the bomber.®

As had been the case with previous research airplanes, the mated pair would
take off with the research airplane pilot in the carrier aircraft—not in the D-171.
As the carrier climbed through 15,000 feet, the pilot would climb into the research
airplane and the canopy would close. Equipment checks of the research airplane
would begin as the carrier climbed through 35,000 feet. When the checks were
completed, the carrier aircraft would drop the research airplane.”

Along with the baseline D-171 design, Bell proposed two slight variations.
The D-171A two-seat version was a required response to the government request
for proposal. Bell noted that that since the equipment compartment had a dif-
ferential pressure of 2.5 psi to support the instrumentation, a small increase in
structural weight would allow the higher pressure differential necessary to carry a
second crew member. The observer would be seated on an upward-firing ejection
seat and have two small side windows in a separate canopy. The gross weight was
unchanged at 34,140 pounds since the weight of the observer and the ejection seat
exactly matched the research instrumentation load normally carried. Performance
was also unaffected because the propellant load was identical.”

66  Ibid, pp. 30-31.

67  Ibid, p. 51.

68 Beginning in January 1954 Convair had modified 10 GRB-36Ds to carry a Republic RF-84K Thunderflash recon-
naissance fighter in their bomb bays as part of Project FICON. This was a method of extending the range of
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the late 1950s before being phased out in favor of the Lockheed U-2 spy plane. For further details on the B-36
and FICON, see Dennis R. Jenkins, Magnesium Overcast: The Story of the Convair B-36, (North Branch, MN:
Specialty Press, 2001).

69 “X-15 Airplane Proposal Summary Report,” 51-53.

70  Ibid, pp. 51-53.

71 Ibid, pp. 63-64.



X-15: EXTENDING THE FRONTIERS OF FLIGHT 71

The second variant was the D-171B powered by a Reaction Motors XLLR30
“Super Viking” engine. Although Bell preferred to use three XLR81 engines, it
realized that the XLR30 offered some advantages. The D-171B had an empty
weight about 200 pounds more than the baseline configuration, but a launch
weight of some 1,000 pounds less. Bell listed the fact that the XLLR30 used lig-
uid oxygen as its oxidizer as its greatest disadvantage since this would require a
top-off system in the carrier aircraft, which Bell believed would add “consider-
able greater weight” to the B-36.7> Bell also thought that the minimum thrust
capability of the XLLR30 (13,500 1bf) was unsatisfactory compared to the Hustler
engine (8,000 1bf). On the positive side, the internal propellant tank arrangement
for the XLR30-powered airplane was superior because only a single oxidizer tank
would be needed, greatly simplifying propellant management for center-of-grav-
ity control. Bell agreed that the single XLLR30 thrust chamber (versus three for the
XLRS81 installation) was also an advantage. Although no two-seat XLLR30 aircraft
was described in the proposal, it is easy to imagine a two-seat variant since the
forward fuselage was identical to that of the D-171.7

Bell expected to have the basic design established six months after the con-
tract was signed, and to finalize the design after 18 months. The first airplane
would be available for ground tests 34 months after the start of the contract.
Bell indicated that they attempted to compress the schedule into the required 30
months, but were unable to do so. It would take 40 months to get to the first glide
flight, and six additional months before the first powered flight. Bell expected
the government to provide a complete test engine in the 27th month, and a final
propulsion system had to be delivered to Bell simultaneously with the first aircraft
entering ground tests.”

The Douglas Proposal

The Model 684 was a conceptual follow-on to the successful
D-558-1 and D-558-2 research airplanes that Douglas had built under
Navy sponsorship beginning in 1944. It also benefited from the experience
Douglas gained from investigating the Model 671, which is generally referred
to as the D-558-3, during the “High Altitude and High Speed Study.””

Douglas took a unique approach to designing the structure of the Model
684, somewhat following the hot-structure concept developed at NACA Langley,
but adding several new twists. The most obvious was that instead of Inconel X,
Douglas chose a magnesium alloy “of sufficient gage that the structure [sic] tem-

72 Exactly why Bell thought carrier aircraft weight was an issue is not clear. The B-36 had a maximum bomb capacity
of 84,000 pounds, not including several tons of 20-mm cannon and ammunition, plus military electronics (radar,
ECM, etc.), all of which would have been removed. The 34,000-pound research airplane, with or without a liquid-
oxygen top-off system, was hardly pushing the lifting ability of the bomber.
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75 The information presented here came from the various Douglas proposal documents. See, for example, Douglas
report ES-17926, “USAF Project 1226, Douglas Model 684 High Altitude Research Airplane,” 20 May 1955;
Douglas report ES-17918, “Strength Analysis and Criteria,” 29 April 1955; Douglas report 19720, “Estimated
Weight and Balance, Substantiation of Weights, and Moment of Inertia,” 29 April 1955. All were originally clas-
sified Secret and provided courtesy of Benjamin F. Guenther. For a slightly more in-depth look at the Douglas
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perature will not exceed 600°F.” The use of copper for the leading edges per-
mitted temperatures approaching 1,000°F. All of the proposed structure could be
manufactured using conventional methods’®

The Model 684 weighed only 25,300 pounds fully loaded and had a landing
weight of 10,450 pounds, making it the lightest of the competitors. The single
Reaction Motors XLR30 allowed the airplane to exceed the performance speci-
fications, with a maximum 6,655 fps velocity at 110,000 feet altitude expected.
Douglas noted that it appeared “possible to explore altitudes up to approximately
375,000 feet without exceeding the structural limits of the airplane or the physi-
ological limits of the pilot.””’
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Oddly, Donglas did not just dust off the work it had accomplished for the Navy on the D-671 and
submit it for the X-15 competition. The D-684 was a much different design that intrigned many of the
evaluators during the competition, and Douglas ultimately lost largely because the Inconel X hot-struc-
ture on the North American entry better supported thermal research. The Douglas proposal finished
second in the competition. (Douglas Aircraft Company)

The most controversial aspect of the Douglas proposal was the material se-
lected for the hot structure. In advance, Douglas defended this action: “a careful
study was made of all the various metals that have satisfactory strength proper-
ties at elevated temperatures.” During this study Douglas eliminated everything
except Inconel X and a thorium-zirconium alloy of magnesium called HK31.7

76 “USAF Project 1226, Douglas Model 684 High Altitude Research Airplane,” no page numbers.
77 Ibid.

78 Ibid. Interestingly, thorium is slightly radioactive, and in 2006 the U.S. Air Force decided that objects constructed
from the various thorium-magnesium alloys could no longer be displayed in public museums.
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Douglas noted that the structural properties of Inconel X and HK31 fell off
rapidly as the temperature approached 1,200°F and 600°F, respectively, and ob-
served that “[s]ince we are concerned with heating of short duration, not with sta-
bilized temperature, the specific heat™ of the material becomes a very important
factor.” The study showed that HK31 had twice the specific heat of Inconel X.
Since the strength-to-weight ratios of the two metals were roughly equal, Douglas
believed the magnesium alloy was a better choice. “One must realize that less
heat will be re-radiated by magnesium because of its lower temperature,” allow-
ing less internal insulation around critical components such as the instrumentation
and pilot.®

Inconel X is difficult to machine, making Douglas engineers skeptical they
could provide the exact thickness for a specific heat region. The magnesium alloy,
on the other hand, was easy to machine, “so that the minimum required thickness
at each point on the structure could be attained.” Douglas also found that less
internal structure was required to support the magnesium skin. Combined with
the ability to machine the metal more precisely, Douglas estimated that a magne-
sium airframe would weigh approximately 25% less than an equivalent Inconel X
airframe. The weight of the Model 684 seemed to confirm this.?!

The choice of magnesium was not a surprise, since Douglas had manufac-
tured the fuselage for both the D-558-1 and D-558-2 from a similar alloy. Never-
theless, it was a departure from the C-110M titanium-alloy structure investigated
for the earlier Model 671. Of course, that airplane would have required an ablative
coating—something that was not desirable on the X-15 because of the desire to do
research into high temperature structures.®

Douglas summarized the advantages of HK31 as follows:*

1. There will be far fewer parts due to the greater skin thick-
ness and all of the parts can be manufactured and as-
sembled with existing manufacturing facilities. An Inco-
nel airplane would require special tooling and techniques
[further details omitted].

2. The reduction in the required amount of internal structure
provides greater access to all control and instrumentation
equipment, wiring, hydraulic actuators and piping, and al-
lows better placing of this equipment.

3. The 600°F temperature limit for the magnesium greatly
eases the temperature problem for the pilot and equipment
in the airplane. This should result in less design time.

4. A psychological advantage in favor of magnesium might

79 The heat required to raise one unit of mass one degree of temperature.

80 “USAF Project 1226, Douglas Model 684 High Altitude Research Airplane,” no page numbers.
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82 Ibid; Douglas report ES-17657, “High Altitude and High Speed Study,” Navy contract Nonr-1266(00), 28 May

1954, pp. 1-14 and 20-21; Douglas report ES-17673, “Technical Report on High Altitude and High Speed Study,”
Navy contract Nonr-1266(00), 28 May 1954, pp. 55-57.

83 “USAF Project 1226, Douglas Model 684 High Altitude Research Airplane,” no page numbers.



74 CHAPTER 2: A HYPERSONIC RESEARCH AIRPLANE

be that the pilot would prefer to fly in a gray airplane at
600°F rather than in one that is glowing red at 1200°F.

The last point was probably questionable, but the reduction in internal struc-
ture was striking. Photographs accompanying the proposal showed a typical wing
panel constructed of each material. The HK31 panel used skin almost 0.5 inch thick
and needed support only along the four edges of the panel. The Inconel X structure,
on the other hand, used skin only 0.1 inch thick and needed support across its entire
surface. Both samples could withstand the same aero and thermal loads.*

The HK31 skin was thick throughout the vehicle. Skin gages on the upper half
of the fuselage varied from 0.38 inch near the nose to 0.12 inch at the end of the
ogive. On the lower surface, the gage varied from 0.92 inch near the nose to 0.25
inch at the end of the ogive on the bottom centerline. The skin on the upper surface
of the wing was 0.35 inch thick over the entire exposed area, and 0.25 inch thick
where the wing crossed inside the fuselage. The lower surface of the wing tapered
from 0.64 inch near the leading edge to 0.43 inch 4 feet aft of the leading edge.®

The wing used seven truss-type spars that ran continuously through the fu-
selage. The skin used thick, tapered sheets stiffened by the spars and truss-type
chord-wise ribs. Increasing the skin thickness at the wing-fuselage intersection
created heat sinks to absorb the heating load. All of the leading edges (wing, em-
pennage, and canopy frame) were made of copper that extended far enough aft to
conduct the extremely high temperatures in the stagnation areas away to cooler
areas of the airframe.%

The forward part of the fuselage consisted of the pressurized instrumentation
compartment and the cockpit. If desired, the airplane could carry an observer in
lieu of the normal research instrumentation, although the accommodations were
cramped, and the observer had no visibility and sat in an awkward position. An-
other small, pressurized compartment (2.5-psi differential) was located in the aft
fuselage to contain the gyros, accelerometers, and other subsystems.®’

In case of an emergency, the entire forward fuselage separated from the rest of
the airplane via explosive bolts and a JATO bottle located near the center of grav-
ity of the nose section. Afterwards, a 5-foot-diamter metal drogue chute would
deploy in the reefed position. When the load reached a predetermined level, the
reefing device would automatically release and the metal drogue chute would ful-
ly open. A 50-foot-diamter fabric main parachute deployed when the load on the
open drogue chute dropped below a predetermined value or the altitude reached
15,000 feet.®®

Douglas hedged its bets slightly: “It is too early to determine whether this
escape system will be satisfactory in the event of an emergency at extremely high
altitudes, but no other system will be as good.... The jettisonable nose will be the
most satisfactory system for escape under the high Mach number, high Q, and
high G conditions at which this airplane is most likely to get into trouble.” As

84  Ibid.
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86 Ibid; Douglas report ES-17918, “Strength Analysis and Criteria,” 29 April 1955, p. 3.

87 “USAF Project 1226, Douglas Model 684 High Altitude Research Airplane,” no page numbers.
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events with the Bell X-2 would later show, the capsule concept did not signifi-
cantly alter the chance of survival. Of course, the Douglas system did have one
advantage over the X-2: as proposed for the Model 684, the entire nose would
descend to the ground, at which time the pilot would unbuckle and walk out of the
capsule. In the X-2, the pilot had to unbuckle and jump out of the capsule after it
separated but before it hit the ground. This assumed that the pilot had remained
conscious during what was sure to be violent tumbling and accelerations during
the escape. The pilot of the Model 684 had a small back-type parachute “in case
he prefers to bail out in the conventional manner.” ¥

A liquid air supply provided a maximum differential pressure of 5 psi for the
cockpit and instrumentation compartment. The pressurized areas were insulated
from the structural heating by a 0.25-inch layer of high-temperature fiberglass in-
sulation located near the skin, followed by a light-gage stainless-steel radiant bar-
rier that was covered by another 1.5 inches of batt insulation. The liquid air also
cooled a heat exchanged that conditioned the recirculated cockpit air to a constant
80°F, and the instrumentation compartment to 150°F. There was sufficient liquid
air for 30 minutes of full-load operation, and a warning system told the pilot to
turn off the instrumentation if the liquid air supply ran low. The pilot’s pressure
suit used air diverted from the cockpit supply, and a small electric heater warmed
the air to maintain the pilot’s comfort.”

The windshield consisted of a 0.75-inch panel of high-temperature glass insu-
lated by a 0.25-inch air gap from a 0.25-inch safety glass panel on the inside of the
cockpit. Douglas calculated that the outer panel would not exceed 500°F, which
was well within the capabilities of the glass. The tinted inner panel resisted radiant
heat and ultraviolet light. One of the items Douglas had trouble with was develop-
ing a canopy seal. The heat surrounding the cockpit structure made a normal in-
flated rubber seal impractical. Engineers discovered that the preferred Teflon seal
gave off a “small quantity of fluorine” between 400°F and 600°F. This was con-
sidered toxic and corrosive, but might be tolerable given that the cabin pressure
differential was in the right direction (i.e., fumes would be expelled overboard). If
a Teflon seal was used, it would have to be replaced after every flight.”!

Unlike the other competitors, Douglas proposed a conventional landing gear
consisting of two main wheels, a nose wheel, and a tail wheel. The nose gear was
located far back on the fuselage (behind the cockpit), while the main gear retract-
ed into compartments under the wing. The ventral stabilizer housed the tail wheel,
which was needed because of the relatively high approach attitude of the research
airplane. Ground-clearance issues during takeoff dictated that the ventral and tail
wheels be retracted on the ground prior to loading in the carrier aircraft. They
automatically rotated into the proper position for flight when the pilot started the
auxiliary power units prior to launch.’?

A single liquid-oxygen tank was located forward of the wing, but to maintain
the correct center of gravity there were two ammonia tanks: one in the upper fu-

89 Ibid. For additional information of the Bell X-2 see Jay Miller, The X-Planes: X-1 to X-45, (Hinckley, England: Mid-
land Publishing, 2001).
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selage over the wing carry-through and another behind the wing. All of the main
propellant tanks were integral parts of the structure. Three hydrogen peroxide
tanks were located under the wing carry-through between the main gear wells.
A single 62-gallon tank powered the XLR30 turbopump, and two smaller tanks
supplied the reaction control system. The Douglas proposal noted that the com-
partment that contained these tanks “must be kept clean to prevent combustion in
the event of fuel spillage and it is therefore sealed, vinyl coated and vented to an
adjacent compartment through a filter that will prevent dirt contamination.”?

Two completely independent power systems each used a separate Wal-
ter Kidde ethylene-oxide auxiliary power unit with sufficient propellant for a
30-minute flight. Each auxiliary power unit drove a hydraulic pump and an AC/
DC generator, and operated simultaneously, although either could provide all the
required power.*

The flight controls were completely conventional, with the all-moving hori-
zontal stabilizer, rudder, and ailerons all being power-boosted. Hydraulically
operated two-position speed brakes located in the extreme aft end of the fuse-
lage provided a constant deceleration of 1.5-g when opened. The speed brakes
automatically closed at pressures above 1,000 psf.”

The Douglas proposal acknowledged that “there are many formidable prob-
lems in the design of an airplane to operate over the wide Mach number and alti-
tude ranges encountered by this airplane.” Douglas embraced the wedge principle
developed by Charles McLellan at Langley, and used the shape for the vertical
and horizontal stabilizers. Douglas also flared the aft fuselage to provide addi-
tional stability at high Mach numbers.?

“Flight out of the atmosphere is another new problem” that caused Douglas
to provide a reaction control system with 12 hydrogen peroxide thrusters, two in
each direction about each axis. Two completely independent systems were pro-
vided (hence the two thrusters at each location), and either system was capable of
maneuvering the airplane. The thrusters were powerful enough to rotate (and stop)
the airplane through an angle of 90 degrees in 14 seconds when both systems were
operational. The pitch and yaw thrusters were rated at 50 1bf each, while the roll
thrusters were rated at 12.5 Ibf each. Because of the large uncertainties involved,
Douglas provided 640% of the amount of propellant estimated necessary for a
single flight. In a note of caution, Douglas “recommended that a device be con-
structed for the purpose of training the pilot in this type of flight.””’

The Model 684 was light enough that a Boeing B-50 Superfortress was a sat-
isfactory carrier aircraft. This seemingly ignored the maintenance problems and
low in-service rate of the B-29 and B-50 carrier aircraft experienced at Edwards,
and was a radical step backwards from the apparent use of a B-52 in the earlier
D-558-3 study. Surprisingly, the existing X-2 carrier aircraft required very little
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modification to accommodate the Model 684 —mainly the front and rear bomb
bay openings had to be made a little larger.”

Douglas conducted preliminary wind-tunnel tests on the Model 684 on
21-22 April 1955 in the company-owned facility in El Segundo. Normally,
Douglas would have used the more elaborate tunnel at the Guggenheim
Aeronautical Laboratory at the California Institute of Technology (GALCIT),
but there was insufficient time to build the more sophisticated model required at
GALCIT. The El Segundo tunnel had a test cell that measured 30 by 45 inches and
could generate a dynamic pressure of 60 psf. The tests did not generate any truly
useful data, but demonstrated that the 6.5% scale model was reasonable stable at
low speeds.”

The North American Proposal

North American seemed to be at a disadvantage, having never built an
X-plane of any description. The company, however, did have a great deal of ex-
perience in building early missile prototypes. Their Missile Development Divi-
sion conducted Project NATIV experiments during the late 1940s using captured
German V-2 rockets, and then built major parts of similar vehicles itself. The
company had almost completed the design of the Navaho, a large intercontinental
cruise missile designed to fly at Mach 3. In addition, the company had developed
what were arguably the three highest-performance fighters of their eras: the P-51
Mustang of World War II; the F-86 Sabre, which made its mark in Korea; and
the F-100 Super Sabre, the first operational supersonic aircraft. North American
was also involved in studies that would eventually lead to the fastest and most
advanced bomber ever built: the XB-70A Valkyrie. They were on a roll, and the
designers embraced the idea of building a hypersonic aircraft.'®

Unlike the other competitors, who went in their own directions, Hugh Elkin
and the North American Advanced Design Group stayed fairly true to the con-
figuration that John Becker and the team at Langley had proposed; in fact, the
resemblance was striking. Their goal was also similar: “the design objective must
be to provide a minimum practical and reliable vehicle capable of exploring this
regime of flight. Limiting factors are time, safety, state of the art, and cost.”!*!
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North American truly grasped what the government was trying to accomplish
with the project. The other competitors—even Douglas, who otherwise came
closest—worked at designing an airplane that met the performance requirements.
North American, on the other hand, “determined that the specification perfor-
mance can be obtained with very moderate structural temperatures; however, the
airplane has been designed to tolerate much more severe heating in order to pro-
vide a practical temperature band within which exploration can be conducted.”
Put another way, “This performance is attained without recourse to untested or
complicated solutions to design problems. This should allow the major effort to
be expended on obtaining the desired research information.” This was, after all,
the point of the whole exercise.!??

North American engineers spent a great deal of time talking to the research-
ers and other personnel at Edwards, recognizing that “a secondary, but important,
factor considered in preliminary design is the desirability of meshing with the
present operational pattern for research aircraft. By following the established pat-
tern of operations, a considerable saving in learning time should be achieved.”
Given the significant increase in performance promised by the X-15, this was not
completely possible, but it showed that North American was attempting to elimi-
nate as many variables as possible. Along the same lines, North American did not
attempt to design an operational aircraft, recognizing that a “compromise in favor
of extreme simplicity in order to assure a high degree of ruggedness and reliabil-
ity” would go a long way toward improving the aircraft’s research utility.'®

An interesting passage from the proposal, especially considering the current
trend toward trying to eliminate all programmatic risk, is found in the summary:
“Detailed definition and solution of all problems which will be encountered in this
program are believed impossible for a proposal of this scope; indeed, if this were
possible, there would be little need for a research airplane.” Nevertheless, North
American attempted to mitigate the inherent risk “by allowing for easy modifica-
tion of critical areas if the need arises,” again showing an understanding of the
fundamental intent of the program. An example was that the forward nose section,
the leading edges, and the wing tips were made easily replaceable “to allow panel
structures and aerodynamic shapes to be tested economically.” Unfortunately,
some of these innovations would never make it off the drawing board.'**

All of the bidders, as well as the NACA and Air Force, recognized that struc-
tural heating would be the major design problem. “At a Mach number of 7, the
boundary layer recovery temperature will be on the order of 3,499°F and the skin
equilibrium temperature, where heat input is balanced by radiation output, will
exceed 1,200°F even at altitudes above 100,000 feet.” North American noted that
this approached the upper limits of Inconel X, but believed the conditions were

102 Ibid. Authors’ note: As an engineer for several large aerospace companies working on NASA contracts, | both
wrote and reviewed too many proposals over the years. Reading through the X-15 proposals, two things struck
me. The Bell proposal (as mentioned in that section) was terrible—you walked away not entirely sure that Bell had
committed themselves to the project. The opposite was true of the North American proposal. From the opening
page, you knew that North American understood the goals of the X-15 program and would attempt to design an
airplane that would help accomplish the task, not just meet the performance specifications (which did not fully
describe the intent of the program).

103  North American report NA-55-221, “X-15 Advanced Research Airplane Design Summary,” p. 2.
104 Ibid, pp. 2 and 6.
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survivable “if flight duration is low and the skins are thick enough to form a heat
sink of sufficient capacity.”'®

North American noted that the wing leading edges might experience temper-
atures of 1,400°F during extreme conditions, well beyond the ability of Inconel.
To allow this without causing permanent damage to the aircraft, the company pro-
posed to use a laminated glass cloth that would “melt or burn locally during these
extreme cases.” The flight-test group could replace the leading-edge sections after
each flight, and alter the shape and material as desired or necessary.'*

—SEEREF— NA-55-221

PERFORMANCE
MAX. VELOCITY AT BURNOUT (DESIGN MISSION) . 6800 FT. PER. SEC.
MAX. ALTITUDE DURING COAST (DESIGN MISSION). ... .. 250, 000 FT.
TOTAL FLIGHT TIME {DESIGN MISSION) . . ..o v v v v v v nn 20 MIN,
MAX., ATTAINABLE ALTITUDE. ... oo uuvnnnnnnnnns 800, 000 FT.
MAX. TIME OF “WEIGHTLESS" FLIGHT.........00uvuuns 6.5 MIN.
WEIGHT
EMPTY L ot iunnnarnnreoonnnnnansnoronnsannsns 9,959 LB,
USEFULLOAD . . i\ tvit s vncennnnnnnnannsnnnns 17,763 LB,

[PROPELLANT ONLY). . 40 v v v s i ss s snnncannnnnns (16,410 LB.)
GROBS . it sna s e eciannnnntonnsnnanannnn 27,722 LB.
POWER PLANT
REACTION MOTORS INC. . ... cunurennnrvannnnann XLR-30RM2
MAX. THRUST, 40,000 FT . ..o vvunnnrvnnnannnnnnns 57, 000 LBS.
WING
AREA ..t viiitiinnaraasaat it nnanaananas 200 5Q. FT
- 25 DEGREES
THICKNESS ... ..cicecenasststssivsnsnnansannas 5 PERCENT
ASPECTRATIO. . o vvv s vnenasancnnnrnnsansannnsn 2.5

NORTH AMERICAN AVIATION, INC.

INTERNATIONAL AIRPORT « LOS AMNGELES 45, CALIFORNIA
—SERRET—

The North American Aviation entry in the competition bore the greatest overall resemblance to the original
NACA Langley study, but the company had refined the concept into a vehicle that would support all of the
required research without compromising the safety of the pilot. The North American proposal placed first in

the evaluation. (North American Aviation)

The North American design was structurally similar to the one developed at
Langley. Fabricating the basic wing as a complete semi-span assembly ensured
rigidity, and fuselage ring frames transferred the wing skin loads across the fuse-
lage. The ring frames were made of titanium alloy with numerous web beads to
minimize thermal stresses. The wing structural box extended from the 25% chord
line to the 75% chord line, and a span-wise series of shear beams made from cor-

105  Ibid, pp. 6-7.
106 Ibid, p. 7.



80 CHAPTER 2: A HYPERSONIC RESEARCH AIRPLANE

rugated 24S-T aluminum and titanium-manganese alloy attach points provided
the support for the taper-milled Inconel X skins. The spar corrugations resisted the
normal crushing loads and served to relieve thermal stresses. The relatively low
modulus of elasticity of the titanium-manganese attach angles reduced the thermal
stresses induced from the hot Inconel X skins. The skin panels varied from 0.060
inch thick at the tips to 0.125 inch thick at the fuselage fairing intersection.'®’

—SEeRE—
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North American met the required performance requirements with an anticipated maximum altitude
of 250,000 feet and a velocity of 7,000 fps. In reality, the eventual X-15 would greatly exceed the
predicted altitude, while not quite meeting the velocity estimate. Still, the slight performance short-
Jfall did not compromise the research data and the airplane met the expectations of the researchers.

(North American Aviation)

One controversial aspect of the North American design was the use of
large fuselage side fairings to carry propellant lines, control cables, and wiring
around the integral propellant tanks. Oddly, a similar fairing located on top of the
Douglas Model 684 received much less comment from the government. Insula-
tion was required around the liquid-oxygen tank to keep the cold temperatures out
of the tunnel, and all along the outer skin to protect against the hot temperatures.
Segmenting the Inconel X fairings every 20 inches reduced the thermal deflections
and stresses.'® Initially the government was concerned about possible aero- and
thermodynamic effects of the tunnels, but early wind-tunnel studies helped North
American reshape them slightly and they actually ended up providing beneficial

107 Ibid, p. 9.
108  Ibid, pp. 10 and 12.
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lift. It was later determined that the panels were susceptible to hypersonic panel
flutter, and additional stiffeners were added during the flight program.

Unlike Bell, which did not believe that a hot structure was compatible with
integral propellant tanks, North American proposed such an arrangement from
the beginning. The liquid-oxygen and anhydrous-ammonia tanks each consisted
of four sections (top, bottom, and beaded sides) welded together with intermedi-
ate Inconel X bulkheads and end-dome bulkheads. Beading the sides of the lig-
uid-oxygen tank reduced stress in areas shielded from the temperature of the air
stream by the fuselage side tunnels. One bulkhead in each tank had a manhole that
allowed access to the tank for maintenance.'®

In the sections of the fuselage that were not part of the propellant tanks,
North American decided to use a series of bulkheads spaced 25 inches apart as the
primary support for a semi-monocoque structure. The bulkheads used a series of
radial beads to stiffen them and reduce thermal stresses. Engineers worried that
using conventional longerons and stiffeners would lead to unwanted temperature
gradients that would cause the structure to warp or fail, so they avoided this tech-
nique. Instead, thick Inconel skins covered a simple Inconel X structure.'®

The pressurized areas used an aluminum-alloy inner shell to retain compart-
ment pressurization. The canopy seal was isolated from the hot skins, permitting
the use of a conventional “blow-up” seal operated by nitrogen. This was in con-
trast to the problems Douglas expected with their Teflon canopy seal. The wind-
shield consisted of heavy fused silica or Pyrex outer panes and stretched acrylic
inner panes. The inner low-temperature panels provided the normal pressure seal.
All of the panes were flat to simplify fabrication and eliminate distortion.'"'

Although it was a landmark preliminary design, the Langley study intention-
ally ignored many of the details necessary to build an airplane. One such detail
was keeping the internal temperatures at an acceptable level for the pilot and
instrumentation. North American noted that “the lack of any convenient source
of large quantities of either compressed air or ram air, such as is associated with
conventional jet aircraft, requires that a new and different approach be taken to the
solution of pressurization and cooling.” The company’s approach—using com-
pressed gas (in this case nitrogen)— was hardly unique, being similar to that taken
by the other competitors. The cryogenic nitrogen, plus the available heat absorp-
tion inherent in its vaporization, formed the necessary heat sink for refrigeration.
The resulting gaseous nitrogen served as the atmosphere and pressurizing agent
for the cockpit and equipment compartments.''?

This led directly to one North American proposal that occupied quite a bit of
discussion after contract award. The company also wanted to pressurize the pilot’s
full-pressure suit with nitrogen, providing breathing oxygen to the pilot through
a separate inner breathing mask.'"* Done partly for simplicity, engineers believed
that keeping oxygen exposure to the minimum was the simplest method to guard

109  North American report NA-55-577, “Structure Thermal Suitability Data for an X-15 Research Aircraft, Project 1226
(NAA Designation ESO-7487),” 9 May 1955, pp. 30-31.

110 North American report NA-55-221, “X-15 Advanced Research Airplane Design Summary,” p. 10.
111 Ibid, p. 11.

112 Ibid, p. 8.

113 Ibid, p. 8.
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against fire in the cockpit or suit. Many within the NACA and the Air Force dis-
agreed with this approach, and discussions surrounding the full-pressure suits (and
the use of a neck seal or a face seal) would come up many times during the first year
of development, with Scott Crossfield leading the charge for North American.

Like the choice of a face-mask oxygen system, North American’s decision
to provide a simple ejection seat and a full-pressure suit for the pilot would later
prove controversial. This combination resulted in “minimum weight and complex-
ity” and exceeded the survival probabilities of “any capsule of acceptable weight
which could be developed within the allowable time period.” North American
went on:''*

In the event the pilot is required to bail out, the normal procedure
will be to use the ejection seat. The design dynamic pressures
encountered are not higher than those assumed for present-day
high performance aircraft, so the pilot in his seat should be able
to clear the aircraft satisfactorily at any altitude. The protec-
tion afforded by the pressure suit will probably conserve body
heat and provide sufficient oxygen for a free fall from very high
altitudes. However, the two relatively unknown effects of high
stagnation temperatures attained on the exterior of the suit upon
entering the atmosphere after falling through space, and the
possible high rates of angular rotation of the pilot’s body during
free fall will have to be studied in detail to determine the maxi-
mum altitudes at which it is feasible to bail out. Current devel-
opments at NAA [North American Aviation] indicate that with
the protection against the air stream afforded by a full pressure
suit, a suitably stabilized ejection seat may be designed which
will assure escape under extreme conditions.

The wedge principle developed at Langley was evident in the vertical stabi-
lizer proposed by North American. The dorsal stabilizer had a 10% wedge sec-
tion; the ventral used a 15-degree wedge. Like the Douglas entry, the vertical was
nominally a double-edge shape with the thickest part at 50% chord. A split trailing
edge could open to form a “relatively obtuse blunt wedge” that greatly increased
the lift curve slope at high Mach numbers and provided “sufficient directional
stability without actual increase of tail area.”"'s

Another innovative feature that was the subject of some debate after the con-
tract was awarded was the use of all-moving “rolling” horizontal stabilizers instead
of conventional ailerons and elevators.''® These operated symmetrically for pitch
control and differentially for roll control. “Available aerodynamic data indicates
that the configuration presented is reasonable when the complete speed range is
considered. The all-movable surfaces for pitch, roll, and directional control are

114 lbid, pp. 11 and 40.
115 Ibid, p. 14.

116  Other competitors bid all-moving horizontal stabilizers, but only North American proposed to operate them dif-
ferentially (“rolling”) for roll control instead of providing conventional ailerons.
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known to be satisfactory at the higher Mach numbers. Negative dihedral is incor-
porated on the horizontal tail to lessen abrupt trim changes due to shock impinge-
ment or wake immersion.” There was an all-moving dorsal stabilizer that provided
directional control, and a smaller fixed smaller ventral stabilizer. Split speed brakes
were located on the sides of both the dorsal and ventral stabilizers."”

A separate “space control system” for use outside the atmosphere used Re-
action Motors XLR32-RM-2 thrusters (four 90-1bf units in a cruciform arrange-
ment at the nose, and one 17-1bf thruster at each wing tip). Unlike several of
the other competitors that used the same control stick for the aerodynamic and
reaction systems, North American used a separate lever on the right console. The
amount of propellant for the reaction controls seemed low by comparison with
the other competitors: whereas Bell provided 47 gallons of hydrogen peroxide
and Douglas provided nearly the same amount, North American provided only
3.15 gallons (36.2 pounds). The company expected this to be sufficient for “five
gross attitude changes about each axis at approximately 6 degrees per second.”''®
This shows the amount of uncertainty that existed regarding the amount of use
the reaction controls would receive —the first manned space flight was still six
years away.

Like Douglas (and the alternate, Bell), North American chose the Reaction
Motors XLR30 engine, but stated that “it appears feasible to use any engine or
engines in the same performance category.” Propellants would be stored in seam-
welded Inconel X tanks, with the liquid-oxygen and main ammonia tanks being
integral parts of the fuselage. A smaller, nonstructural ammonia tank slightly in-
creased the fuel supply. Helium for propellant system pressurization was stored
at 3,000 psi and —300°F in an Inconel X tank located on the centerline inside the
liquid-oxygen tank. Surprisingly, there were only sufficient pressurizing gas and
igniter propellants for three starts.'”

Electrical and hydraulic power came from a pair of Reaction Motors
X50AP-1 monopropellant gas turbine auxiliary power units in the aft fuselage.
The systems were redundant, and either could provide sufficient power to operate
the airplane. North American used two bladder-type tanks for both the APU and
reaction control propellant, with 68.5% allocated to the APUs.'*

North American believed it had a handle on the problem of acquiring air data
in the hypersonic flight regime, and that “development time for this system will be
minimized.” The multipurpose air data system used existing components to mea-
sure pitot-static pressures, differential dynamic pressures due to angle of attack
and angle of sideslip, and air-stream temperatures. North American never stated

117 North American report NA-55-229, “Space Control System Data for the X-15 Research Airplane (NAA Designa-
tion ESO-7487),” 9 May 1955, pp. 1-5; North American report NA-55-221, “X-15 Advanced Research Airplane
Design Summary,” 9 May 1955, pp. 2 and 19; Bell report D171-945-003, “X-15 Airplane Proposal Summary
Report,” 5 May 1955, pp. 9-10;

118  Ibid.

119 North American report NA-55-574, “Propulsion System Operation for a X-15 Research Aircraft, Project 1226
(NAA Designation ESO-7487),” 9 May 1955, pp. 2-5; North American report NA-55-221, “X-15 Advanced Re-
search Airplane Design Summary,” 9 May 1955, p. 2 and 22.

120  North American report NA-55-221, “X-15 Advanced Research Airplane Design Summary,” 9 May 1955, p. 16.



84 CHAPTER 2: A HYPERSONIC RESEARCH AIRPLANE

—StHE—
DESIGN MISSIONS

... temperature vs. time

1400 T T
-~ = e HIGH TEMPERATURE MISSION
’ N e DESIGN MISSION
l
1200 + S
I ~ FUSELAGE STATION 150, BOTTOM
g ! A .06 SKIN THICKNESS
. h
~
v 1000 e
=] N~ L WING LOWER SURFACE 5% CHORD
% 1 “....\ .12 SKIN THICKNESS
]
£ a0 >
E T I T e S
1 - iy
a | f”‘ %E:uh -~ —
S 600 — - it I e, = - Ml
a 1 A T I it ST
; | lo** /=FUSELAGE STATION 100, BOTTOM -
g ! 7 .08 SKIN THICKNESS
# 400 ; ”/’ e WING LOWER SURFACE 25% CHORD
| s f—ﬂ% .08 SKIN THICKNESS
200 1 \ |
Fs . WING LOWER SURFACE 5% CHORD
DA .12 SKIN THICKNESS
0
-200
0 50 100 150 200 250 300 350 400 450 500 550 600

TIME FROM LAUNCH - SECONDS
—SEEREF—

The temperature-versus-time estimates generated by North American essentially agreed with those made earlier
at NACA Langley. The North American proposal used the same non-insutated Inconel X hot-structure air-
frame conceived at 1angley, and this was one of the primary criteria that resulted in North American winning

the competition. (North American Aviation)

exactly where the pressure data would be sensed, although two devices originally
designed for the Navaho missile program were the basis for the system.'*!

The landing gear consisted of two strut-mounted skids that retracted against
the outside of the fuselage beneath the wing leading edge and a two-wheel nose
gear located far forward. The pilot deployed the landing gear via a manual cable
release of the uplocks, with gravity and a bungee spring taking care of the rest. A
small “tail bumper” skid in the aft edge of the ventral stabilizer protected the aft fu-
selage during landing. North American solved the problem of developing a landing
system that was compatible with the large ventral stabilizer “by simply allowing the
airplane to touch down and ‘rotate in’ about the tail bumper and providing adequate
energy absorption in the main and nose gears.” No retraction mechanisms existed,
and the ground crew manually retracted the landing gear after each flight.'?

North American chose the skids as much because they saved space inside the
relatively small airframe as for any other reason: “the stowage of a wheel would

121 Ibid, p. 25. The two Navaho devices would be the North American static error compensator (NASEC) and the
North American rate of descent indicator (NARODI). Each of these instruments was meant for fast-moving ve-
hicles, and was believed to be accurate up to 100,000 feet (well beyond the operating altitude of the Navaho).
Given the failure of the Navaho flight program, neither device received much actual flight testing.

122 North American report NA-55-228, “Alighting Gear Data for a Research Airplane X-15 (NAA Designation ESO-
7487)," 9 May 1955, pp. 1-2; “X-15 Advanced Research Airplane Design Summary,” pp. 2 and 23.
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not adapt itself to the configuration of the airplane without increasing the cross
section area and wetted area.” The friction between the skid and the ground ac-
complished braking, and the estimated landing rollout was 8,000 feet, well within
the limits of the dry lakes at Edwards.'*

In order to accommodate ease of maintenance, North American attempted
to “incorporate the absolute minimum of systems and components which require
servicing.” Access to most wiring, cables, and hydraulic lines was gained through
the easily removable side fairing panels. The research instrumentation was con-
centrated in a single equipment compartment equipped with large doors on each
side. The fuselage panels around the engine were removable for service and in-
spection. All hydraulic components were concentrated in the aft fuselage.'**

As required by the government, North American performed an engineering
study on a two-seat X-15 to meet the Navy’s desire to “provide an observer.” A
second cockpit and ejection seat took the place of the research instrumentation,
and an entirely new one-piece clamshell canopy covered both cockpits and faired
into the upper fuselage further back than the normal canopy. The observer had
large flat-pane side windows, an intercom, and “an abbreviated presentation of
flight and research data.” The engineers estimated that “inasmuch as the launch
and burn-out weights and airplane drag are identical to those of the single-place
version, no change in performance will result.”'*

The proposal and its included reports contained an extensive discussion on
carrier aircraft. Of course, North American was the only company without some
directly related experience with carrier aircraft. Bell and Douglas had both built
research airplanes that were air launched, while Republic was manufacturing the
RF-84Ks that were carried in the bomb bay of Convair GRB-36Ds as part of the
FICON project.

North American chose a B-36 mostly because the only other available air-
craft—the Boeing B-50 Superfortress—could not lift the X-15 above 25,000
feet, and North American wanted a higher launch altitude. From a modification
perspective, the B-36 appeared to be excellent; only one bulkhead needed to be
replaced, and the FICON project had already accomplished the basic engineering.
The flight profiles developed by North American assumed a launch at Mach 0.6
and 30,000 feet, but the proposal suggested that the B-36 could actually achieve
38,000 feet with no difficulty. North American expected the separation character-
istics to be excellent.'?

The Republic Proposal
Republic also seemed at a disadvantage in the X-15 competition, for many of

the same reasons North American was. However, the company was working on a
Mach 3+ interceptor, the XF-103, and had developed the first supersonic combat-

123  “Alighting Gear Data for a Research Airplane X-15 (NAA Designation ESO-7487),” pp. 1-2; “X-15 Advanced Re-
search Airplane Design Summary,” pp. 2 and 23.

124 “X-15 Advanced Research Airplane Design Summary,” pp. 33-35.
125  Ibid, pp. 44-45.

126 Ibid, p. 39; North American report NA-55-227, “Carrier Modification Data for an X-15 Research Aircraft, Project
1226 (NAA Designation ESO-7487),” 9 May 1955, pp. 1-2.
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type aircraft, the experimental XF-91. With the XF-91, the company had gained
experience in integrating a liquid-fueled rocket engine into a manned aircraft. The
XF-103 was providing a wealth of experience (most of it unhappy), including
information concerning the effects of high-speed heating on aircraft structures.
In addition, Republic had Alexander Kartveli, one of the most innovative aircraft
designers in the world.'”

The Republic AP-76 was the heavyweight of the competitors, with a launch
weight of 39,099 pounds. Nevertheless, Republic expected the design to exceed
very slightly the speed specification at 6,619 feet per second, although it fell
somewhat short of the altitude requirement at only 220,000 feet.'*®

Like Bell, Republic opted for XLR81-BA-1 engines, although the heavy-
weight AP-76 used four of them. Each of the engines produced 14,500 Ibf, so a
total of 58,000 1bf was available at 40,000 feet. Republic justified their choice by
noting that “a sacrifice in weight was made in order to use these four units in place
of a single thrust chamber engine. The increased safety of numbers as well as the
increased reliability of starting one or more units influenced this choice.” The
engines used a fuel called JP-X that consisted of 40% unsymmetrical dimethylhy-
drazine (UDMH) and 60% jet fuel. The oxidizer was red, fuming nitric acid. The
combination was hypergolic, so no ignition system was required. The thrust line
of each engine chamber passed through the center of gravity of the airplane, elimi-
nating any directional component of single- or multiple-chamber operations.'?

A switch panel at the normal throttle location on the left console controlled
the engines, based on experience gained on the XF-91 interceptor. The XF-91 had
both switches and a conventional throttle quadrant, but the pilots preferred using
the switches. A fixed handgrip next to the switches ensured that the pilot’s hand
would be near the switches at all times. There were nine two-position switches on
the panel: a “master arm” switch, four individual “arm” switches, and four “on”
switches. Igniting varying numbers of the engines varied the thrust, just as it had
on the X-1 and D-558. Republic did not seem to incorporate the ability to use the
“half-thrust” feature of the XLR81.'*

Much like the XF-103, Republic eliminated the conventional canopy enclo-
sure and submerged the pilot inside the fuselage. Three glass panels on each side
of the fuselage provided side vision from launch until the airplane had descended
to approximately 25,000 feet. Once the AP-76 had slowed to Mach 0.7, a hatch
on the upper surface of the cockpit raised 13 degrees at its leading edge to expose
a mirror system that provided forward vision during approach and landing. The

127  The information presented here came from the various Republic proposal documents. See, for example: Republic
report ED-AP76-101, “Static and Dynamic Stability and Control for the Republic AP-76 Airplane,” 6 May 1955;
Republic report ED-AP76-200, “Estimated Weight and Balance and Mean Aerodynamic Chord for AP-76,” 6
May 1955; Republic report ED-AP76-900, “Summary of Engineering Data for Republic AP-76 Research Airplane
Under Project 1226 Competition,” 6 May 1955; Republic report 55WCS-9231-A, “AP-76: Project 1226 Summary
Brochure,” 6 May 1955; Republic report 55WCS-9231-AA, “Preliminary Model Specification (ES-348): Republic
Model AP-76 Research Airplane,” 6 May 1955. All were originally classified Secret and provided courtesy of Ben-
jamin F. Guenther. For an slightly more in-depth look at the Republic AP-76, see Dennis R. Jenkins, “The X-15
Research Airplane Competition: The Republic Aviation Proposal,” Aerospace Projects Review, volume 4, number
3, May-June 2002, pp. 3-19.

128 “AP-76: Project 1226 Summary Brochure,” p. 6.

129  Ibid, p. 40.

130 “Preliminary Model Specification (ES-348): Republic Model AP-76 Research Airplane,” pp. 74-75; “AP-76: Project
1226 Summary Brochure,” p. 41.
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system used two mirrors—one in the front of the hatch reflected an image down-
ward to a second mirror on top of the instrument panel. The pilot looked at the
second image. This system was similar to the one that had been developed for
the XF-103 and had received favorable comments from the pilots during simula-
tions. Surprisingly, the system offered good depth perception and minimal loss of
brightness. Republic chose this unique system “because the problem of protecting
the pilot from the high temperatures and, if need be, from cosmic radiation in a
[conventional] canopy arrangement seem almost impossible.” The cockpit and
forward instrument compartment used gaseous nitrogen to maintain 40—-100°F at
a 5-psi differential, while the aft compartment had a 2.5-psi differential.'*'
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The Republic AP-76 was large, heavy, and although Republic indicated it conld slightly exceed the velocity
requirements, it fell about 15 percent short of the desired altitude capability. In reality, very few believed it
could attain the performance numbers generated by Republic, especially given the weight gains that seem to occur
during any development exercise. The Republic entry placed last in the evaluation. Republic Aviation)

To assist the pilot in flying the predetermined trajectory, Republic proposed
installing a “flight program indicator.” This display presented the pilot with a sec-
ond-by-second trace that showed the proper speed, altitude, angle of attack, and
path angle during powered flight. The pilot simply guided the airplane to match
the cues on the display. It would have been a useful tool.'*

Normal Air Force fighter standards (4+7.33/~3.00 g at burnout weight, but a
great deal lower at full gross weight) provided the structural requirements for the
AP-76, in contrast to the other competitors that only stressed their designs for
+5 g. To accomplish this, and to withstand the expected heating environment,
Republic proposed a novel structure for the fuselage. The main structure consisted

131 “Summary of Engineering Data for Republic AP-76 Research Airplane Under Project 1226 Competition,” pp. 10-
11; “AP-76: Project 1226 Summary Brochure,” pp. 6-7 and 20.
132 “Summary of Engineering Data for Republic AP-76 Research Airplane Under Project 1226 Competition,” p. 86.
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of longitudinal titanium “Z” stringers. The structural titanium skin attached to
the inner leg of the stringers, and the outer leg held a series of 0.020-inch-thick
corrugated Inconel X shingles that formed a heat shield. The corrugations were
very mild, with a 0.08 depth-to-length ratio, and permitted circumferential growth
resulting from high transient temperatures. In between the heat shield and inner
skin were 0.5-inch-thick blocks of Marinite insulation made by the Johns Man-
ville Company. The 2-foot-wide Inconel outer skin sections stretched over three
frames and used elongated attachment holes that allowed the sheets to expand
and contract without warping. With the Inconel outer skin at its full 1,200°F, the
interior titanium structure would never exceed 300°F.'*

Aft of the rear instrument compartment were two nitric acid tanks, separat-
ed by the wing carry-through structure. In the space above and below the carry-
through structure were two hydrogen peroxide tanks to power the APUs and the
reaction control system. Liquid nitrogen pressurized all of the propellant tanks, and
storage bottles were located below the wing carry-through structure. To the rear of
the second nitric acid tank was the JP-X tank. The titanium oxidizer and fuel tanks
were an integral part of the fuselage, but because nitric acid reacts with titanium at
elevated temperatures, the acid tanks had removable aluminum liners.'*

The trapezoidal wing used a slightly rounded leading edge with a flat airfoil
between the 20% and 80% chord lines and a blunt trailing edge. Unlike the fuse-
lage, Republic did not attempt to insulate the wing structure, and designed it to
carry the design loads at elevated temperatures without developing high thermal
stresses. The wing used three main sections: 1) the main wing structure, 2) the
leading edge, and 3) the trailing edge, which consisted of a conventional sin-
gle-slotted landing flap and a conventional aileron. The primary load-carrying
structure was a tapered multi-cell box that ran from tip to tip and attached to the
fuselage at four points (two per side). Intermediate spars were located on 5.5-inch
centers with 15 spars at the root and four at the tip. The Inconel X skins were on
average 0.10 inch thick. The leading edges were made of kentanium (a titanium
carbide alloy) castings segmented into six parts per wing.'®

The vertical and horizontal stabilizers were “of conventional size made pos-
sible by the use of double wedge type sections with rounded leading edges.” The
included angles were 10 and 12 degrees, respectively. The horizontal surfaces
were all moving, but the airplane used conventional ailerons instead of the dif-
ferentially moving horizontals found on the North American design. The vertical
surfaces consisted of a dorsal stabilizer and a jettisonable ventral stabilizer. Wind-
tunnel data from the XF-103 provided data for the rudder design, although the
overall shape was different. The rudder consisted of the upper 46% of the surface
and the entire trailing edge aft of the 70% chord line. Spilt flaps, consisting of
the trailing 30% and 35% of the vertical and horizontal stabilizers, respectively,
opened through a maximum angle of 50 degrees to increase drag and reduce the
speed of the aircraft during reentry. Like the ailerons, these split flaps were each

133  “Summary of Engineering Data for Republic AP-76 Research Airplane Under Project 1226 Competition,” pp. 12-
13; “AP-76: Project 1226 Summary Brochure,” pp. 20-21.

134 “AP-76: Project 1226 Summary Brochure,” pp. 7 and 21-23.

135 “Summary of Engineering Data for Republic AP-76 Research Airplane Under Project 1226 Competition,” p. 14;
“AP-76: Project 1226 Summary Brochure,” pp. 6 and 23.
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divided into three sections to permit operation while under thermal stresses. The
stabilizers were generally of the same construction as the wings, and, like the
wing, the leading edges of the empennage were made of cast kentanium.'

Thelanding gear consisted of two main skids and one tail skid. The 48-by-5-inch
main skids, installed externally on the side of the fuselage bottom just ahead of
the center of gravity, extended 18.5 inches using pneumatic shock absorbers. Just
before landing, the tail skid automatically extended when the pilot jettisoned the
ventral stabilizer. The landing gear could accommodate descent velocities of only
6 feet per second, considerably less than the 9 fps that tactical aircraft were design
to absorb. The rationale was that “highly experienced pilots only are expected to
fly this airplane.” In fairness to Republic, the NACA had conducted an analysis of
earlier research airplane landings and found that the majority were well below the
6-fps figure.'?’

Two hydrogen peroxide auxiliary power units each drove an alternator and
hydraulic pump. A 60-gallon supply of the monopropellant could drive the power
units for 30 minutes and operate the reaction control system for 3 continuous
minutes. The reaction control system used six 90-1bf thrusters (one on each wing
tip and four at the rear of the fuselage). Republic linked the thrusters to the same
control column that the aerodynamic controls used, and a switch in the cockpit
activated them when necessary. At the time of the proposal, the thrusters were
throttleable, but Republic noted that “studies of a ‘bang-bang’ system, that is ‘full-
on’ or ‘full-off’...appear very promising.”'*

Given the amount of effort committed to developing an encapsulated escape
system during the protracted XF-103 program, it is surprising that Republic opted
for a simple ejection seat for the AP-76. “Consideration was given to the use of a
pilot’s escape capsule in the AP-76. It was found to be extremely difficult to de-
sign a capsule which would have the necessary stability characteristics in the low
density air of the high altitudes attained by the AP-76.” Similarly, Republic found
it was almost impossible to provide drag devices that would retard the capsule’s
descent to the degree necessary to prevent excessive skin temperatures. In its
place was an escape seat with leg (but no arm) restraints; the pilot would rely on
his partial-pressure suit for protection during ejection.'*

Not surprisingly, given the weight of the AP-76, Republic chose a Convair
B-36 bomber as the carrier aircraft. Republic had some experience in using the
B-36 since the company manufactured the RF-84K parasite fighter used in the
FICON project. The AP-76 was sufficiently large that it took up the majority of all
four B-36 bomb bays. The lifting frame and main attach points were mounted on
the B-36 wing box and attached to the AP-76 on top of the fuselage over its wing.
It was necessary to modify two main bomb bay frames on the B-36 to clear the

136 “Summary of Engineering Data for Republic AP-76 Research Airplane Under Project 1226 Competition,” p. 16;
“AP-76: Project 1226 Summary Brochure,” p. 6.

137  “Summary of Engineering Data for Republic AP-76 Research Airplane Under Project 1226 Competition,” pp. 17
and 68; for the landing data, see Wendell H. Stillwell, NACA Research Memorandum H54K24, “Results of Mea-
surements Made During the Approach and Landing of Seven High-Speed Research Airplanes, 4 February 1955;
“Preliminary Model Specification (ES-348): Republic Model AP-76 Research Airplane,” p. 23.

138 “Summary of Engineering Data for Republic AP-76 Research Airplane Under Project 1226 Competition,” pp. 10-
11; “AP-76: Project 1226 Summary Brochure,” p. 44.

139 “AP-76: Project 1226 Summary Brochure,” pp. 47-48.
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research airplane, and to add sway braces to “suitable strong points on the lower
longerons of the bomb bay truss.” A fairing with a soft gasket sealed the bomb bay
when the B-36 was carrying the AP-76.'%

Unfortunately, Republic appears to have misread the intentions of NACA and
the Air Force, and its proposal stated that “the achievement of the speed [6,600
fps] is paramount whereas flight at very high altitudes has a secondary role.”
Because of this, Republic concentrated on designing an aircraft that would be
capable of meeting the velocity requirement, while ignoring the altitude require-
ment to some degree. Although the proposal listed 220,000 feet as the maximum
altitude of the aircraft, other data submitted with the proposal indicated that the
company believed the aircraft could achieve almost 300,000 feet if necessary.'*!

The typical high-speed flight profile for the AP-76 began with the airplane be-
ing carried aloft by a B-36H'* carrier from Edwards AFB. The research airplane
pilot would be riding in the comparative comfort of the pressurized compartment
of the bomber. The B-36 would carry the AP-76 to a predefined release point
approximately 540 miles from Edwards and launch the airplane at an altitude of
40,000 feet and a true air speed of 350 knots. After the AP-76 dropped clear of the
B-36, the pilot would ignite all four rocket engines and pull into a 20-degree climb
before running out of propellants after 105 seconds at approximately 140,000
feet. The AP-76 would then continue a free-flight trajectory to a peak altitude of
220,000 feet about 69 seconds after burnout. During the climb through 100,000
feet, the pilot would activate the switch that armed the reaction control system;
thereafter, the movement of the control column and/or rudder pedals would
activate the thrusters in addition to the now-useless aerodynamic controls.

The airplane would continue on a ballistic trajectory until it reached an al-
titude of 150,000 feet, where the aerodynamic controls would regain effective-
ness. The airplane would go through a series of pull-ups and glides while the
pilot maintained the angle of attack at a constant 6 degrees. The speed brakes on
the horizontal and vertical stabilizers would open as needed. When the descent
reached 25,000 feet and the speed reduced to Mach 0.7, the pilot would jettison
the ventral stabilizer since it was no longer required for directional stability, and
raise the hatch to expose the mirror system to provide forward visibility. Finally,
the airplane would glide to a landing on its skids on Rogers Dry Lake.'*?

The Republic approach to the required two-seat engineering study was a little
different from and decidedly more useful than the other proposals. All of the other
competitors had simply deleted all of the research instrumentation and installed
accommodations for an observer, although North American, at least, had provided
a proper canopy arrangement. Republic, however, stretched the constant-section
of the fuselage just ahead of the forward propellant tank by 29 inches. On the
single-seat aircraft, two compartments held the research instrumentation (550
pounds ahead of the pilot and 250 pounds behind the pilot). For the two-seat

140 Ibid, pp. 50-53.
141 Ibid, pp. 10 and 14.

142  Republic was the only competitor to specify an explicit model for the carrier aircraft. Given the priorities in the Stra-
tegic Air Command at the time of the proposals, it is unlikely that an H-model (which was the latest in the inventory)
would have been made available. More likely, it would have been a D-model similar to the FICON GRB-36Ds.

143 “AP-76: Project 1226 Summary Brochure,” pp. 10 and 51.
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airplane the 250 pounds in the rear compartment were deleted, and, combined
with the 29-inch extension, this provided a full-size cockpit for the observer. The
airplane could still carry the other 550 pounds of instrumentation—in fact, it was
the only proposed two-seat aircraft that could carry any. The empty weight of
the airplane increased 380 pounds and the launch weight increased 610 pounds,
resulting in a degradation of performance of 170 fps.'*

144 Ibid, pp. 52-53.



92 CHAPTER 2: A HYPERSONIC RESEARCH AIRPLANE

Comparison of Physical Characteristics

Bell Douglas NAA | Republic

D-171 Model 684 ESO-7487 AP-76
Fuselage:
Length (feet): 44.42 46.75 49.33 52.58
Frontal area (square feet): 25.00 21.00 ? ?
Maximum diameter (feet): 5.15 5.16 4.50 5.00
Fineness ratio: 8.62 9.06 ? 10.5
Wing:
Airfoil: biconvex (mod) | Clark Y (mod) 66005 (mod) | hexagonal
Span (feet): 25.67 19.50 22.36 27.66
Root section (percent): 5.0 7.0 5.0 5.0
Tip section (percent): 6.0 4.5 1.0 7.5
Root chord (feet): 13.16 10.40 10.80 16.00
Tip chord (feet): 3.86 2.75 3.00 2.25
Area (square feet): 220.0 150.3 200.0 254.0
Flap area (square feet): 15.25 14.44 ? 28.80
Aileron area (square feet): 16.00 9.88 n/a 15.80
Angle of incidence (degrees): 0 0 0 0
Dihedral (degrees): 0 0 0 0
Aspect ratio: 3.00 2.53 2.50 3.00
Taper ratio: 0.30 0.22 ? 0.14
Aileron deflection (degrees): +15 +20 n/a +17/-12
Flap deflection (degrees): 45 45 -40 -38
Leading-edge sweep 37.0 40.0 25.0 38.4
(degrees):
MAC (inches): 112.50 105.26 123.23 130.87
Horizontal Stabilizer:
Airfoil: biconvex (mod) 5° wedge | 66005 (mod) | 10° wedge
Span (feet): 13.75 11.83 17.64 15.70
Root chord (feet): 7.05 7.66 7.02 7.08
Tip chord (feet): 2.11 1.66 2.10 1.83
Area (square feet): 63.00 55.20 51.76 69.70
Aspect ratio: 3.00 2.54 2.81 3.48
Taper ratio: 0.30 0.22 0.22 0.26
Leading-edge sweep 35.5 40.0 45.0 223
(degrees):
Deflection (degrees): +10/-20 +5/-20 +15/-45 +7/-20
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Bell Douglas NAA | Republic

D-171 Model 684 ESO-7487 AP-76
Dorsal Stabilizer:
Airfoil: biconvex (mod) diamond 10° wedge | 12° wedge

(mod)

Area (square feet): 45.30 39.25 38.14 47.60
Rudder area (square feet): 13.5 7.85 ? 32.0
Aspect ratio: 0.8 1.277 1.25 1.6
Leading-edge sweep 45.0 40.0 52.0 27.9
(degrees):
Rudder deflection (degrees): +20 +30 +45 +20
Ventral Stabilizer:
Airfoil: 10° diamond 7° edge 15° wedge | 10° wedge
Area (square feet): 22.70 12.08 11.42 12.30
Leading-edge sweep 45.0 60.0 52.0 45.0
(degrees):
Weights:
Launch (pounds): 34,140 25,300 27,722 39,099
Burnout (pounds): 12,942 10,600 10,433 15,300
Landing (pounds): 12,595 10,450 10,200 14,800
Empty (pounds): 11,964 9,208 9,959 14,388
Propellants (pounds): 21,600 14,700 16,410 23,660
Propulsion:
Number of engines: 3 1 1 4
Engine type: XLRS81 XLR30 XLR30 XLR81
Total thrust (1bf): 43,500 57,000 57,000 58,000
Fuel type: JP-X NH3 NH3 JP-X
Fuel quantity (gallons): 704 1,142 1,239 710
Oxidizer type: RFNA LOX LOX RFNA
Oxidizer quantity (gallons): 1,358 816 907 1,430
Performance (estimated):
Maximum speed (fps): 6,850 6,655 6,950 6,619
Maximum altitude (feet): 400,000 375,000 800,000 220,000
Cost and Schedule:
R&D plus three aircraft $36.3 $36.4 $56.1 $47.0
(millions):
Estimated First flight: Jan. 59 Mar. 58 Nov. 57 Feb. 58
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THE AIRFRAME EVALUATION

The airframe evaluation process lasted from mid May until late July, with the
Air Force, NACA, and Navy conducting independent evaluations based on a num-
ber of preestablished criteria. The preliminary NACA evaluation of the proposals
consumed the better part of three weeks before each of the laboratories forwarded
preliminary results to Hartley Soulé. On 3 June 1955, Ames tentatively ranked
the submissions as 1) Douglas, 2) North American, 3) Bell, and 4) Republic. The
Douglas ranking resulted from “the completeness and soundness of design study,
awareness of factors in speed and altitude regime, and relative simplicity of ap-
proach.” Ames, however, expressed skepticism over the Douglas magnesium hot-
structure wing because it would preclude the study of problems associated with
insulated-type structures that would potentially be used in future aircraft intended
for greater flight duration. This seemed to be a major disconnect between Ames
and Langley. It appears that Ames wanted to test a structure that would be repre-
sentative of some future production aircraft; Langley just wanted to test a structure
that would survive. Another problem that worried the Ames evaluators was the
flammability of magnesium. It seemed that “only a small area raised to the ignition
temperature would be sufficient to destroy the aircraft.” The researchers at Ames
held that if Douglas should win the competition, the company should build two
aircraft with the proposed HK31 structure, but a third aircraft “should have a wing
based upon the alternative higher temperature insulated type of design approach.”
The Ames report continued to stress the need for a wing of greater leading-edge
sweep angle (at least 53 degrees) “for the purpose of minimizing the rate of heat
transfer to the leading edge.”'*

At Langley, on 6 June, researchers rated the North American proposal
number one, followed by Douglas, Bell, and Republic. According to the Lang-
ley assessment, led by John Becker, the research utility of the North American
hot-structure approach outweighed the advantages of the simplicity of the magne-
sium structure proposed by Douglas. Slightly rebuffing Ames, Langley noted that
the 21% reduction in heat transfer gained by increasing the leading-edge sweep
from the proposed 40 degrees to 53 degrees did not seem to justify the alteration
of the planform. This was particularly true because the structure appeared capable
of handling the heat load.'*

In a reminder to the evaluation teams, also on 6 June, Arthur Vogeley and
Captain McCollough reiterated that the purpose of the evaluation was “to select
a contractor rather than a particular design.” Although certain features of the
winning design could be unsatisfactory, it was the basic design approach as de-
scribed in the proposal that might best be relied upon to produce an acceptable
research airplane.'*’

145  Letter, Harry J. Goett/Ames Evaluation Group to Hartley A. Soulé/Research Airplane Project Leader, no subject,
3 June 1955.

146  Letter, John V. Becker/Langley Evaluation Group, to Hartley A. Soulé/Research Airplane Project Leader, no sub-
ject, 6 June 1955.

147 Memorandum, William J. Underwood to the Director/NACA, no subject, 6 June 1955.
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On 10 June 1955, the HSFS sent its airframe results to Soulé, detailing the
design approach and research utility aspects of the airframe, flight control sys-
tem, propulsion unit, crew provisions, handling and launching, and miscellaneous
systems. Researchers at the HSFS ranked the proposals as 1) Douglas, 2) North
American, 3) Bell, and 4) Republic, although the proposals from Douglas and
North American were essentially equal.'*®

The final evaluation by Ames, on 10 June, ranked the proposals as 1) North
American, 2) Douglas, 3) Bell, and 4) Republic. This represented a change from
the earlier Ames evaluation, based largely on researchers considering the North
American structure superior in terms of research utility —an opinion voiced ear-
lier by Langley. The Ames evaluators had apparently changed their minds about
wanting to test a production-representative structure. The laboratory had also fi-
nally given up on advocating an insulated structure since no serious support for
their earlier recommendation of equipping the third aircraft with a different wing
structure had materialized (sufficient funds to construct an alternate wing were
simply not available).'*

The final evaluation from Langley on 14 June ranked the proposals as
1) North American, 2) Douglas, 3) Republic, and 4) Bell. Although researchers
at Langley thought the magnesium wing structure of Douglas was feasible, they
feared that local hot spots caused by irregular aerodynamic heating could weaken
or destroy the structure. The use of Inconel X by North American presented an
advantage with regard to thermal limits —not only from the standpoint of margins
for maneuverability within the design temperatures, but also from a safety view-
point if the airplane ever exceeded its design temperature.

A few days after receiving all of the final evaluations, Soulé sent cop-
ies of each to the WADC Project Office, along with a consolidated result.
The final NACA ranking was (points based on a scale of 100) as follows:'>

Design Approach Research Utility

B D N R B D N R
Airframe 70 80 85 75 70 80 90 80
Flight controls 70 80 75 70 70 75 75 75
Propulsion 80 80 90 30 75 40 40 75
Crew provisions 55 85 80 40 55 85 80 35
Handling/launching 95 65 75 65 90 70 70 70
Miscellaneous 70 85 70 70 70 85 70 70
Average 73 79 79 58 72 73 71 68

148 Letter, Walter C. Williams/HSFS Evaluation Group, to Hartley A. Soulé/Research Airplane Project Leader, 10 June
1955. In the files at the DFRC History Office.

149 Letter, Harry J. Goett/Ames Evaluation Group to Hartley A. Soulé/Research Airplane Project Leader, no subject,
10 June 1955.

150 Letter, Hartley A. Soulé/Research Airplane Project Leader to NACA Liaison Officer at Wright-Patterson AFB, 17
June 1955. The average scores shown were not broken out in the letter, but are shown here to ease understand-
ing of the ultimate ratings.
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Oddly, the final order representing the overall NACA evaluation was 1) North
American, 2) Douglas, 3) Bell, and 4) Republic, despite the fact that Douglas
scored slightly more points in the evaluation (152 versus 150 for North Ameri-
can). Soulé pointed out that although Ames, Langley, and the HSFS did not rank
the four proposals in the same order, the final ranking did represent an overall
NACA consensus. All of the laboratories involved in this portion of the evaluation
considered both the Douglas and North American proposals to be much superior
to those submitted by Bell and Republic. While researchers preferred the Inconel
X structure of the North American proposal, the design was not without fault. For
instance, the NACA thought that the landing-gear arrangement was undesirable,
the differentially-operated horizontal stabilator design in lieu of ailerons was an
overly complicated arrangement, and (at least at Langley) the replaceable fiber-
glass leading edges were unacceptable.

John Becker wrote to Hartley Soulé on 16 June attempting to clarify why the
North American design was superior to that of Douglas. The letter listed the ther-
mal limits expected for the new aircraft, and showed that the Inconel X structure
on the North American design was “impressively superior” to the magnesium
alloy used by Douglas. The data were shown for three categories: 1) performance
within the design temperature limits in terms of allowable velocity, altitude, and
dependence on speed brakes; 2) reserve heat capacity (in case the design tem-
peratures were exceeded by a moderate margin) such that the structure would
still have a fair possibility of remaining intact; and 3) the possibility of melting or
burning in case the design temperatures were greatly exceeded in local hot spots.
There appears to be no further correspondence on this subject, so Becker’s expla-
nation seems to have answered whatever unasked questions existed.'>!

During the first two weeks in July, the WADC evaluation teams sent their
final reports to the WADC Project Office. As with the NACA evaluations, the Air
Force found little difference between the Douglas and North American designs,
point-wise, with both proposals considered significantly superior to those of Bell
and Republic.

George Spangenberg was in charge of the Navy evaluations, which got
off to a late start and ended up being cursory. In the end, the Navy found much
the same thing as the NACA and ranked the airframe proposals as 1) Douglas,
2) North American, 3) Republic, and 4) Bell. Given the Navy’s long—and suc-
cessful —association with Douglas airplanes, the order was not surprising. Most
Navy concerns centered on the selection of an engine. As Clotaire Wood ex-
plained, “the airframe-engine combination was to be evaluated and not the engine
alone, since it had been agreed that the engine of the winning design would be
the engine supported by the special development program.” This was not how the
Power Plant Laboratory saw the process, but it seemed to put the Navy at ease.

151 Memorandum, John V. Becker to John W. Crowley, no subject, 16 June 1955. In the Becker Archives, Virginia
Polytechnic Institute, Blacksburg, VA. John Becker has no specific memory of why he wrote this letter, but as-
sumes that Harley Soulé wanted technical justification for North American being considered better than Douglas,
despite the point system.



X-15: EXTENDING THE FRONTIERS OF FLIGHT 97

In addition, Wood indicated that “it would be of real value to have the Bureau’s
[BuAer] recommendations regarding an engine development program once the
winner of the competition is determined.”'*

In early July the Navy began to raise questions about the various airframe
proposals. For instance, the BuAer electronics group did not believe the Bell de-
sign had a satisfactory electrical power system, and Navy researchers rated the
North American design last from an equipment (e.g., life support) perspective.
The Douglas and Republic designs had the best potential flying qualities, and
BuAer researchers felt that North American had incorrectly assumed laminar flow
over much of their design, and had therefore underestimated the heating values.
It was a bit late to be raising concerns, but most of the issues were minor and did
not materially affect the outcome of the competition. After conferring with his
Air Force and NACA counterparts, on 15 July George Spangenberg finalized the
Navy’s position as Douglas, North American, Republic, and Bell.'>

On 26-28 July, the Air Force, NACA, and Navy evaluation teams met at
Wright Field to select an airframe contractor. George Spangenberg stated that it
was unfortunate that the point system used in the evaluation “appeared to give no
conclusive winner,” since a contractor could score highly in one area and low in
another yet still have a winning score, while another that was satisfactory in all
areas would be rated lower. He also indicated that the goals of the project seem to
have shifted somewhat, resulting in a “firm requirement” for 1,200°F skin tem-
perature research instead of the previous “desire” for high temperatures.'>*

Presaging events to come, discussions ensued concerning the amount of work
recently awarded to North American and Republic, and whether additional awards
would spread their engineering groups too thin. Other discussions included the
possibility of selecting Douglas but directing it to redesign its aircraft using an
Inconel hot structure instead of magnesium. In the end, the Air Force and the
NACA concluded that the North American proposal best accommodated their re-
quirements. The Navy did not want to cast the only dissenting vote and, after short
deliberation, agreed to go along with the decision.'>

During the week of 1-5 August 1955, the WADC Project Office prepared the
final evaluation summary and oral presentation: “the evaluation of the proposals
submitted in competition was made in five areas: performance, technical design,
research suitability, development capability, and cost.” It is interesting to note
that this competition was not about the “lowest bidder,” and none of the propos-
als were anywhere near the original $12.2 million estimate. The results of these
evaluations were as follows:'3

152  Letter, Clotaire Wood to George A. Spangenberg, no subject, 19 June 1955. In the files at the Naval History Center.

153 Letter, Clotaire Wood to Langley, no subject, 13 July 1955; memorandum, George A. Spangenberg to the BuAer
assistant chief for R&D, no subject, 15 July 1955; Memorandum, George A. Spangenberg to the BuAer assistant
chief for R&D, no subject, 15 July 1955. Both in the files at the Naval History Center.

154  Memorandum, George A. Spangenberg to the BuAer assistant chief for R&D, no subject, 1 August 1955. In the
files at the Naval History Center.

155  Ibid.

156  Air Force report RDZ-280, “Evaluation Report on X-15 Research Aircraft Design Competition,” 5 August 1955, no
page numbers. In the files at the Air Force Historical Research Agency.



98

CHAPTER 2: A HYPERSONIC RESEARCH AIRPLANE

Performance: The performance evaluation consisted of a
check of the probability of the different designs, considering
present uncertainties, of meeting the specified speed and alti-
tude requirements. The probabilities were calculated to be best
for the North American proposal, equal for the Bell and Doug-
las proposals, and least for the Republic proposal; but because
of the assumptions of the analysis, all designs were judged able
to meet the requirements.

Technical Design: This factor was judged on the awareness
shown by the contractor of the problems of high-speed, high-
altitude flight and of the means, as indicated by the airplane de-
signs, the contractor proposed for exploring and studying these
problems. The general design competency of the contractor also
was judged from the designs submitted: North American 81.5
points; Douglas 80.1 points; Bell 75.5 points; and Republic
72.2 points. No design, as submitted, was considered safe for
the use intended. The Douglas design was considered best in
this regard, but did not include adequate margins for ignorance
factors and operational errors.

Research Suitability: In this area, the fundamental differences
in the proposed structures were examined and rated because of
their decisive importance in the research uses of this aircraft.
North American was rated acceptable because of the Inconel X
“hot-structure” heat-sink, which was most suitable for research
and which was potentially the simplest to make safe for the mis-
sion. Republic and Bell were considered unsatisfactory because
of the hazardous aspects associated with the insulated structures
used, and Douglas was considered unsatisfactory because of the
low safety margins available and because of the limited future
usefulness of the “cool” magnesium heat-sink principle.

Development Capability: Ratings were based on the physi-
cal equipment and manpower the contractor had available for
pursuing the project, and the resulting time proposed for de-
velopment. Evaluation of this factor resulted in the following
ratings: (1) Douglas was acceptable; (2) North American was
acceptable; (3) Bell was less acceptable; (4) Republic was less
acceptable. North American, Republic, and Douglas estimated
that the first flight date would be within 30 months, but the
Republic estimate was not believed to be credible, hence their
lower score. Bell promised a first flight date within 40 months.

Costs: Costs for three aircraft plus static test article, engines,
and spares as adjusted by AMC to a comparable basis are: Bell,
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$36.3 million; Douglas, $36.4 million; Republic, $47.0 million;
and North American, $56.1 million.

On 9 August, Captain McCollough presented the results of the evaluation to
Brigadier General Howell M. Estes, then chief of the Weapons Systems Division,
under whose jurisdiction the WADC Project Office fell, and a select group of
senior Air Force officers. McCollough made a second presentation in Baltimore
on 11 August for Generals John W. Sessums and Marvin C. Demler, who were
the commanders of the WADC and ARDC, respectively, and Hartley Soulé from
the NACA."Y’

The final briefing to a combined meeting of Air Force, NACA, and Navy
personnel was at NACA Headquarters on 12 August. The attendees included
Hugh Dryden, Gus Crowley, Ira Abbott, Richard Rhode, and Hartley Soulé from
the NACA; Brigadier General Kelsey, Colonel Donald H. Heaton, Lieutenant
Colonels Gablecki and Maiersperger, and Major Heniesse from the Air Force;
and Captain R. E. Dixon, Abraham Hyatt, and George Spangenberg from BuAer.
Following this, the Research Airplane Committee met, accepted the findings of
the evaluation groups, and agreed to present the recommendation to the Depart-
ment of Defense.'*®

Because the estimated costs submitted by North American were far above
the amount tentatively allocated for the project, the Research Airplane Commit-
tee included a recommendation for a funding increase before signing the final
contract. A further recommendation—one that would later take on greater im-
portance—called for relaxing the proposed schedule by up to 18 months. The
committee approved both recommendations and forwarded them to the Assistant
Secretary of Defense for Research and Development.

SECOND THOUGHTS

Events took an unexpected twist on the afternoon of 23 August 1955 when
the North American representative in Dayton verbally informed the WADC
Project Office that his company wished to withdraw its proposal. Captain
McCollough notified Hartley Soulé, Air Force Headquarters, and BuAer of this
decision, touching off a series of discussions concerning future actions. Within
a week the Air Force asked North American to reconsider its decision. The Air
Materie] Command recommended that Douglas be declared the winner if North
American did not reconsider. The Research Airplane Committee, however, cau-
tioned that the Douglas design would require considerable modification before

157  Memorandum, Hartley A. Soulé/Research Airplane Project Leader to the Members of Project 1226 Evaluation
Group, 23 September 1955. In the files at the NASA History Office. The ARDC was activated in April 1951 from
the engineering assets of the Air Materiel Command at Wright-Patterson AFB, and in June 1951 it moved its new
headquarters to Baltimore, MD. In January 1958 the ARDC moved to Andrews AFB, MD, and was redesignated
the Air Force Systems Command in 1961.

158 Dryden, Kelsey, and Dixon were members of the Research Airplane Committee. Captain Dixon had replaced Rear
Admiral Robert Hatcher when he retired.
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it satisfied Air Force and NACA requirements. On 30 August, North American
sent a letter to the Air Force formally withdrawing its proposal because sufficient
resources were not available to complete the X-15 program within the 30-
month schedule.'®

On 1 September Hugh Dryden informed Soulé that he and General Kelsey
had decided to continue the procurement, pending receipt of official notification
from North American. The letter arrived sometime later in the week, and on 7
September, Soulé contacted Dryden and recommended that the Research Airplane
Committee consider the second-place bidder. Dryden responded that he wanted to
reopen the competition rather than award the contract to Douglas.

Despite North American’s request to withdraw, the procurement process con-
tinued. A presentation to the Defense Air Technical Advisory Panel on 14 Septem-
ber presented the selection of North American for formal approval. Naturally, the
Air Force recommended approval, but the Army representative to the panel flatly
opposed the project if it required more Department of Defense funds than previ-
ously discussed. This prompted the Air Force to reduce project costs below earlier
estimates. The panel was also concerned that the program could not be completed
in 30 months, and concurred with the earlier Research Airplane Committee rec-
ommendation that the schedule be relaxed.'®

By 21 September the Department of Defense had approved the selection of
North American, with a caveat: a reduction in annual funding. The same week
General Estes met with John Leland “Lee” Atwood, the president of North Ameri-
can, who announced that an extended schedule would allow North American to
reconsider its position.'!

Two days later, the vice president and chief engineer for North American,
Raymond H. Rice, explained that the company had decided to withdraw from the
competition because it had recently won new bomber (WS-110A) and long-range
interceptor (WS-202A) studies, and had increased activity relating to its ongoing
YF-107 fighter program. Having undertaken these projects, North American said
it would be unable to accommodate the fast engineering labor build-up that would
be required to support the desired 30-month schedule. Rice went on to say that
“due to the apparent interest that has subsequently been expressed in the North
American design, the contractor [North American] wishes to extend two alternate
courses which have been previously discussed with Air Force personnel. The en-
gineering man-power work load schedule has been reviewed and the contractor
wishes to point out that Project 1226 could be handled if it were permissible
to extend the schedule...over an additional eight month period. In the event the

159  Letter, North American to Commander, ARDC, no subject, 6 September 1955. In the files at the Boeing Archives.
160 X-15 WSPO Weekly Activity Report, 22 September 1955; Interview, William J. Underwood, NACA Liaison Officer,
1 October 1955, by Robert L. Perry, Chief, History Branch, WADC. In the files at the AFMC History Office.

161 John Leland Atwood began work as an aeronautical engineer for Douglas in 1930, and moved to North American
in 1934. He became assistant general manager in 1938, and in 1941 was named North American’s first vice

president. He became president in 1948 and served continually until he retired in 1970.
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above time extension is not acceptable and in the best interest of the project, the
contractor is willing to release the proposal data to the Air Force at no cost.”'®?

The approval granted by the Research Airplane Committee and the Defense
Air Technical Advisory Panel to extend the schedule allowed North American to
retract its previous decision to withdraw from the competition once the Air Force
notified the company of its selection. Accordingly, on 30 September, Colonel Carl
F. Damberg, chief of the Aircraft Division at Wright Field, formally notified North
American that the company had won the X-15 competition. The company retract-
ed its letter of withdrawal, and the Air Force thanked the other bidders for their
participation. In the competitive environment that exists in the early 21st century,
this course of events would undoubtedly lead to protests from the losing contrac-
tors, and possibly congressional investigations and court actions. However, as
business was conducted in 1955, it was not considered cause for comment and the
award went forward uncontested.'®?

Within North American, the program had also been the subject of discus-
sions of which the government was probably unaware. The internal concerns were
much the same as those related to the government, but they showed a marked
divide between technical personnel and corporate management. Harrison Storms,
who would be the chief engineer for the North American Los Angeles Division
during the design of the X-15, remembers:'®*

My position at that time was that of manager of research and
development for the Los Angles Division.... I was told that top
corporate management wanted to reject the [X-15] program
since it was small and they were concerned that too many of
the top engineering personnel would be absorbed into the pro-
gram and not be available for other projects that they consid-
ered more important to the future of the corporation. There was
considerable objection to this position in the technical area. I
was finally called into Mr. Rice’s office, the then chief engineer,
and told that we could have the program on the condition that
none of the problems were ever to be brought into his office. He
further elaborated that it would be up to me to seek all the solu-
tions and act as the top NAA representative for the program.
This was fine with me.

Funding was another issue, and on 5 October 1955 a meeting was held at
Wright Field to discuss how to pay for the program. The Defense Coordinating

162 Letter, Raymond H. Rice, Vice President and Chief Engineer, North American Aviation, to Commander ARDC,
no subject, 23 September 1955. In the files at the Boeing Archives. The WS-110A and WS-202A studies would
eventually become the B-70 and F-108 programs. In addition, North American was in the midst of a major Navy
competition that eventually resulted in the North American A3J (A-5) Vigilante. The YF-107A program had started
as an improved F-100 Super Sabre in October 1953, and nine prototypes were ordered in August 1954. Only
three were ever completed. The first YF-107A (55-5118) would not make its maiden flight until 10 September
1956, and the program was canceled in February 1957.

163 X-15 WSPO Weekly Activity Report, 22 September 1955; letter, Colonel Carl F. Damberg, Chief, Aircraft Division,
AMC, to North American Aviation, subject: X-15 Competition, 30 September 1955. In the files at the Air Force
Historical Research Agency; letters, from Colonel Carl F. Damberg to Bell, Douglas, and Republic, no subject, 30
September 1955.

164  Storms, “X-15 Hardware Design Challenges,” p. 33.
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Committee for Piloted Aircraft had tentatively allocated $30,000,000 to the pro-
gram from the Department of Defense general contingency fund, with an expected
burn rate of approximately $10,000,000 per year. The problem was that the new
program estimate was $56,100,000, including a first-year expenditure of almost
$26,000,000. The X-15 Project Office began to reduce expenditures by eliminat-
ing the static-test article (nobody was sure how to test it in any case), reducing
the modifications to the B-36 carrier aircraft, and eliminating some previously
required studies and evaluations. The agreed-upon eight-month extension also
eased the peak annual expenditures somewhat. After some juggling, the revised
cost estimates were $50,063,500-$38,742,500 for the airframes, $9,961,000 for
the engine, and $1,360,000 for the new flight test range at Edwards. The peak
expenditure ($16,600,000) would occur in the third year of the project.'®®

Contract negotiations followed. The Air Materiel Command took revised bud-
get figures to a meeting on 11 October at the Pentagon. By that time, the reduced
estimate was approximately $45,000,000 and the maximum annual expenditure
was less than $15,000,000. The Air Force presented these figures to the Defense
Coordinating Committee for Piloted Aircraft on 19 October. Support for the project
was reconfirmed, although no additional funds were allocated. Nevertheless, the
Department of Defense released funds to continue the procurement process.'*

The AMC Directorate of Procurement and Production drafted a $2,600,000
letter contract for North American on 7 November 1955. Higher headquarters
approved the letter contract on 15 November, and North America returned a
signed copy on 5 December. The detailed design and development of the hyper-
sonic research airplane had been under way for just under a year at this point.
Reaction Motors returned a signed copy of its $2,900,000 letter contract on 14
February 1956.'67

At this point, the X-15 program budget was (in millions):'®®

FY56 FY57 FY5S8 FY59 FY60 Total
Airframe 6.0 10.3 13.9 6.9 0.6 37.7
Engine 2.9 2.8 0.5 0.0 0.0 6.2
Range 0.4 0.9 0.1 0.0 0.0 1.4
Total 9.3 14.0 14.5 6.9 0.6 45.3

165 Memorandum, Arthur W. Vogeley to Hartley A. Soulé/Research Airplane Project Leader, no subject, 13 October
1955; letter, Major General Howell M. Estes, Jr., Assistant Deputy Commander for Weapons Systems at ARDC
to Brigadier General J. Stanley Holtoner, Commander AFFTC, no subject, 10 May 1957. In the files at the AFFTC
History Office.

166 X-15 WSPO Weekly Activity Report, 13 October; 20 October; 27 October; and 15 December 1955; memoran-
dum, Colonel Bruce C. Downs, Chief, Fighter Branch, to Chief, Aircraft Division, Director of Procurement and
Production, AMC, 7 November 1955, subject: Request for permission to negotiate a CPFF [cost-plus-fixed-fee]
type contract P. R. No. 636317 and 198558; Letter, N. Shropshire, Director of Contract Administration, North
American Aviation, to Commander, AMC, subject: Letter Contract AF33(600)-31693, 8 December 1955. In the
files at the ASD History Office.

167  Ibid; memorandum, Colonel B. C. Downs to Chief, Aircraft Division, no subject, 7 November 1955. In the files at
the ASD History Office; Memorandum, Captain Chester E. McCollough, Jr., X-15 Project Officer, ARDC, to Chief,
Non-Rotating Engine Branch, Power Plant Laboratory, Director of Laboratories, WADC, subject: Engine for X-15,
1 December 1955; letter contract AF33(600)-32248, 14 February 1956.

168 Memorandum, Hartley A. Soulé/Research Airplane Project Leader to Members of the Project 1226 Evaluation
Group, no subject, 21 October 1955.
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However, the available funds were only (in millions):'®

FY56 FYS57 FY58 FY59 FY60 Total
Air Force 9.5 8.0 4.0 3.0 0.0 24.5
Navy 0.5 1.8 1.7 1.0 0.0 5.0
Total 10.0 9.8 5.7 4.0 0.0 29.5
Surplus/Deficit ‘ 0.7 ‘ —4.2 ‘ -8.8 -2.9 -0.6 -15.8

There was still less than $30,000,000 available for the project, and an ad-
ditional $16,000,000 needed to be found. In reality, this amount would become
trivial as the project progressed.

The Air Force completed the definitive $5,315,000 contract for North Ameri-
can on 11 June 1956. The contract included three X-15 research airplanes, a
full-scale mockup, various wind-tunnel models, propulsion system test articles,
preliminary flight tests, and the modification of a B-36 carrier aircraft. The costs
did not include government-furnished equipment, such as the engine, research
instrumentation, fuel, and oil, or expenses to operate the B-36. The delivery date
for the first X-15 was 31 October 1958.'7°

All parties signed the final contract for the major piece of government-
furnished equipment, the Reaction Motors engine, on 7 September 1956. The
“propulsion subsystem” effort became Project 3116, which was carried on the
books separately from the Project 1226 airframe. The final $10,160,030 contract,
plus a fee of $614,000, required Reaction Motors to deliver one engine and a
full-scale mockup. Amendments to the contract would cover the procurement of
additional engines.'”!

169  Ibid.

170  Air Force contract AF33(600)-31693.

171 Air Force contract AF33(600)-32248; System Development Plan, X-15 Research Aircraft, Supporting Research
System Number 447L, 22 March 1956. In the files at the AFFTC History Office. As events later demonstrated,
even this erred badly on the side of underestimation. The final fee paid to Reaction Motors was greater than the
original estimate for the total engine development program. The definitive contract exceeded more than 20 times
the original estimate, and more than twice the original total program approval estimate.
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CHAPTER 3

CONFLICT AND INNOVATION

Ithough it gave the appearance of having a rather simple configuration,
the X-15 was perhaps the most technologically complex single-seat aircraft yet
built. The airplane would require the development of the largest and most sophis-
ticated man-rated rocket engine yet, and a heated debate took place regarding the
escape system for the pilot. Given the extreme environment in which it was to oper-
ate, engineers had to either invent or reinvent almost every system in the airplane.
North American’s Harrison A. “Stormy” Storms, Jr., and Charles H. Feltz had a
difficult job ahead of them. Both men were widely admired by their peers, who
considered them among the best in the business (a fact confirmed much later when
both men played key roles during the development of the Apollo spacecraft).

Harrison Storms had studied aeronautical engineering under Theodore von
Karman at the California Institute of Technology during the 1940s before joining
North American Aviation. He was chief engineer for the entire Los Angeles divi-
sion, and although he was greatly interested in the X-15 he had other responsibili-
ties that precluded daily contact with the X-15 program. Nevertheless, he would
be a powerful ally when bureaucratic hurdles had to be overcome or the customer
needed to be put at ease.'

1 Scott Crossfield, Always Another Dawn: The Story of a Rocket Test Pilot, (New York: The World Publishing Com-
pany, 1960), pp. 219-221; letter, Scott Crossfield to Dennis R. Jenkins, 30 June 1999. Crossfield’s book was later
republished, without change (North Stratford, NH: Ayer Company Publishers, 1999).
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Feltz had joined the company in
1940, working on the P-51 Mustang
and B-25 Mitchell during World War
II, and later the B-45 Tornado and
F-86 Sabre. As the X-15 project engi-
neer, Feltz would lead the day-to-day
activities of the design team. In those
days at North American, the project
engineer was in charge of the entire
work force assigned to his airplane.
Surprisingly, the 39-year-old Feltz had
never heard of the X-15 until Storms
pulled him off the F-86 program to be
the project engineer, meaning that he
had not been involved in the proposal
effort and needed to catch up. Fortu-
nately, Storms and Crossfield were
there to help.?

Directly assisting Storms and
Charles H. Feltz had joined North American  Feltzwasthe already legendary NACA
Aviation just before the beginning of World War  test pilot A. Scott Crossfield, who had
1T and had worked on several high-profile projects  joined North American specifically
prior to being assigned as the lead of the X-15  to work on the X-15. Crossfield had
development effort. Feltz would go on to lead North ~ been a Navy instructor pilot stationed
American’s Apollo Command and Service Module  at Corpus Christi, Texas, during World
and Space Shuttle efforts. (Boeing) War II before receiving a bachelor of

science degree in aeronautical engi-

neering and a master’s in aeronauti-
cal science from the University of Washington. Crossfield describes Storms as “a
man of wonderful imagination, technical depth, and courage...with a love affair
with the X-15. He was a tremendous ally and kept the objectivity of the program
intact....” According to Crossfield, Charlie Feltz was “a remarkable ‘can do and
did’ engineer who was very much a source of the X-15 success story.” In 2001,
Crossfield called Feltz “the flywheel of common sense engineering who educated
the world with the X-15, Apollo, and the Space Shuttle.””

The day Crossfield reported for work at North American, he defined his future
role in the program. As he recounted in his autobiography, “I would be the X-15’s
chief son-of-a-bitch. Anyone who wanted Charlie Feltz or North American to ca-
priciously change anything or add anything...would first have to fight Crossfield
and hence, [ hoped, would at least think twice before proposing grand inventions.”
He played an essential role, for instance, in convincing the Air Force that an en-
capsulated ejection system was both impractical and unnecessary. His arguments

2 Crossfield, Always Another Dawn, pp. 219-221; telephone conversation, Charles H. Feltz with Dennis R. Jenkins,
14 June 1999.
3 Letter, Scott Crossfield to Dennis R. Jenkins, 30 June 1999; “flywheel” quote from the foreword to, Dennis R.

Jenkins and Tony R. Landis, Hypersonic: The Story of the North American X-15, (North Branch, MN: Specialty
Press, 2001).
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in favor of an ejection seat capable of permitting safe emergency egress at speeds
between 80 mph and Mach 4, and altitudes from sea level to 120,000 feet saved
significant money, weight, and development time. Crossfield also championed the
development of a full-pressure suit for the X-15 pilot.*

There has been considerable interest in whether Crossfield made the right de-
cision in leaving the NACA, since it effectively locked him out of the high-speed,
high-altitude portion of the X-15 flight program. Crossfield had no regrets: “I made
the right decision to go to North American. I am an engineer, aerodynamicist, and
designer by training... While I would very much have liked to participate in the flight
research program, I am pretty well convinced that I was needed to supply a lot
of the impetus that allowed the program
to succeed in timeliness, in resources,
and in technical return.... I was on the
program for nine years from concep-
tion to closing the circle in flight test.
Every step: concept, criteria, require-
ments, performance specifications,
detailed design, manufacturing, qual-
ity control, and flight operations had all
become an [obsession] to fight for, pro-
tect, and share—almost with a passion.”
Crossfield seldom lacked passion.’

Essential members of the North
American team included assistant proj-
ect engineers Roland L. “Bud” Benner,
George Owl, and Raun Robinson. Others
included powerplant engineer Robert E.
Field, regulators and relief-valve expert
John W. Gibb, chief of aerodynamics
Lawrence P. Greene, project aerody-
namicist Edwin W. “Bill” Johnston,

A. Scott Crossfield resigned as a NACA test

and test pilot Alvin S. White. Storms
remembers that “Al White went through
all the required training to be the backup
pilot to Crossfield and trained for sever-
al years—and was not even allowed one
flight; that’s dedication!” In addition, L.
Robert Carman, who (along with Hubert
Drake) developed one of the earliest
NACA ideas for a hypersonic airplane,
had left the NACA and joined North
American to work on the X-15.°

pilot and joined North American Aviation spe-
cifically to work on the X-15 project. Althongh
an accomplished test pilot with many rocket-
powered flights under bis belt, Crossfield was
primarily an engineer and wanted to apply what

he had learned to the most advanced research
airplane of the era. Crossfield led the charge
on keeping the escape system simple and the air-
plane reliable, and later proved his mettle by
fhying the X-157 first flights. (NASA)

4 The quote is from Crossfield, Always Another Dawn, p. 225.
5 Letter, Scott Crossfield to Dennis R. Jenkins, 30 June 1999.

6 Telephone conversation, Alvin S. White with Dennis R. Jenkins, 8 April 2001; Harrison A. Storms, “X-15 Hardware
Design Challenges,” a paper in the Proceedings of the X-15 30th Anniversary Celebration, Dryden Flight Research
Facility, Edwards, CA, 8 June 1989, NASA CP-3105, p. 33.
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Years later Storms remembered his first verbal instructions from Hartley
Soulé: “You have a little airplane and a big engine with a large thrust margin. We
want to go to 250,000 feet altitude and Mach 6. We want to study aerodynamic
heating. We do not want to worry about aerodynamic stability and control, or the
airplane breaking up. So, if you make any errors, make them on the strong side.
You should have enough thrust to do the job.” Added Storms, “And so we did.””

Soon after the contract was awarded, Storms and Soulé began to know each
other much better as North American and NACA began to interact in technical and
management meetings. Storms insisted that the contractor team members stay in
their own area of responsibility and not attempt to run each other’s areas. Soulé
agreed with the approach and directed the NACA members similarly. At least ini-
tially, Storms and Feltz were somewhat surprised that Soulé insisted on frequent
meetings between small groups —seldom more than 10 to 12 people. Nevertheless,
Storms remembers, “[S]urprisingly, we managed to get much accomplished, and
we all left the meetings with a good concept of what had to be accomplished and
when.” In later years, Storms was appreciative of the work done by Soulé, and in
1989 commented that “I can’t say enough about how well, in my opinion, Hartley
did his job. He was a very outstanding program manager and has been greatly
neglected in recognition.”®

When North American signed the final contract, the X-15 was some three
years away from its first flight. Although most of the basic research into the materi-
als and structural science was complete, largely thanks to the researchers at Lang-
ley, a great deal of work remained. This included the development of fabrication
and assembly techniques for Inconel X and the new hot-structure design. North
American and its subcontractors met the challenge of each problem with a practi-
cal solution that eventually consumed some 2,000,000 engineering man-hours.
These included 4,000 hours logged in 15 different wind tunnels that provided more
than 2 million data points.’

The Air Materiel Command had excluded the Langley study as a requirement
in the invitation-to-bid letter circulated to the airframe contractors. Nevertheless,
the influence of the Becker study was evident in North American’s winning pro-
posal. The North American vertical stabilizers used the thick-wedge airfoil devel-
oped by Charles McClellan, and the dihedral in the horizontal stabilizer had been
a feature of the Langley configuration. In addition, North American used Inconel
X and a multi-spar wing with corrugated webs.

One major difference between the Becker study and that of North American
was that the latter used all-movable horizontal stabilizers, resulting in the elimina-
tion of separate elevators and ailerons. The “rolling tail” allowed the horizontal
stabilizers to deflect differentially to provide roll control, or together for pitch con-
trol. During the proposal evaluation the government considered this a “potential
risk,” and several evaluators believed that it represented an overly complicated
approach. However, the rolling tail allowed North American to eliminate the pro-

7 Storms, “X-15 Hardware Design Challenges,” p. 27.
8 Ibid, pp. 27 and 33.

9 Harrison Storms, “The X-15 Rollout Symposium,” 15 October 1958. Released statements in the files at the AFFTC
History Office.
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tuberances covering the aileron actuators in the thin wing, and allowed a generally
simpler structure for the entire wing. Although the additional drag of the protuber-
ances was of little concern, they would have created another heating problem.'”

Another significant difference between the two designs was that North Ameri-
can chose to use tunnels on the fuselage sides to house the various propellant
lines and wiring ordinarily located inside the fuselage. This was because North
American used full-monocoque propellant tanks instead of the separate tanks in-
side a semi-monocoque fuselage envisioned by Langley. The monocoque tanks
were lighter and stronger than separate tanks, but challenged the designers to find
ways to route plumbing, wiring, and control cables—hence the tunnels."

In mid-October 1955, both Ames and the HSFS sent comments to Hartley
Soulé expressing concerns about the North American design. Ames wanted to
change the structure of the wing leading edge, the fuselage nose, and the ventral
stabilizer, as well as to add an augmentation system to help control longitudinal
damping. Ames also suggested additional study into the overall shape of the fu-
selage and the location of the horizontal stabilizer. Further, as they had during the
proposal evaluation, researchers at Ames continued to believe that North Amer-
ican had overly simplified the heat transfer analysis. The HSFS recommended
changing the design dynamic pressure, the load factors, the wing leading edge, the
aerodynamic and ballistic control systems, the propellant system, the landing pro-
cedure, and various crew provisions. Engineers at the HSFS took this opportunity,
again, to recommend using an interim LR8 engine during the early flight tests.'?

These and other concerns about the North American configuration prompted
a meeting at Wright Field on 24-25 October 1955 that was attended by representa-
tives from North American, Reaction Motors, the Air Force, and the NACA. The
Navy did not attend. Subsequent meetings at the North American Inglewood plant
took place on 27-28 October and 14-15 November; again, the Navy was not in
attendance. Major discussion items included the fuselage tunnels and rolling tail.
NACA researchers worried that vortices created by the side tunnels might interfere
with the vertical stabilizer, and suggested making the tunnels as short as possible.
North American agreed to investigate the tunnels’ effects during an early wind-
tunnel model-testing program. The company also assured the government that the
rolling tail had proven effective in wind-tunnel testing and appeared to offer sig-
nificant benefits with few, if any, drawbacks.'

In early November, Bill Johnston and members of the North American aero-
dynamic staff met with John Becker, Arthur Vogeley, and Hartley Soulé to discuss

10 Research Airplane Committee Report on the Conference on the Progress of the X-15 Project, a compilation of
the papers presented at the Langley Aeronautical Laboratory, 25-26 October 1956, pp. 23-31 (hereafter called
the 71956 Research Airplane Committee Report); letter, Colonel Carl F. Damberg to Bell, no subject, 30 December
1954. In the files at the ASD History Office.

11 1956 Research Airplane Committee Report, pp. 23-31; letter, Colonel Carl F. Damberg to Bell, no subject, 30
December 1954.

12 Letter, Harry J. Goett/Ames to Hartley A. Soulé/Research Airplane Project Leader, no subject, 19 October 1955;
memorandum, HSFS to Hartley A. Soulé/Research Airplane Project Leader, no subject, 20 October 1955.

13 Memorandum, Hartley A. Soulé/Research Airplane Project Leader to Members of the Project 1226 Evaluation
Group, no subject, 10 November 1955; memorandum, Arthur W. Vogeley to Hartley A. Soulé/Research Airplane
Project Leader, no subject, 20 October 1955; North American report NA-55-1237, “Supplementary Data X-15
Technical Evaluation Meeting,” 22 November 1955. Eventually, an Air Force-NACA study team journeyed to
France to study the prototype Sud-Ouest Trident interceptor, which also used a rolling tail. For more information
on the airplane, see “Beyond the Frontiers, Sub-Quest Trident: Mixed-Powerplant Fighter,” Wings of Fame, Aero-
space Publishing Ltd. London, volume 10, p. 32.
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NACA wind-tunnel support for the X-15. North American proposed acquiring
data at Mach numbers between 0.7 and 3.5 with a 1/10-scale model in the Ames
Unitary Tunnel. High-speed information, obtained between Mach numbers 3.0
and 6.3, would come from a 1/50-scale model in the Ames 10 by 14-inch hy-
personic tunnel. The use of Ames was logical because it was nearer to the North
American facilities than Langley, and in the days of travel by car or piston-pow-
ered airliners, distance counted. John Becker and his staff believed that more tests
were required, and proposed two different programs depending upon which facili-
ties were available:'

Plan A: | Mach Number Laboratory | Facility Scale
0.6-1.4 Langley 8-foot transonic tunnel 1/15
1.4-5.0 Langley 4x4-foot unitary complex 1/15
3.0-6.3 Ames 10x14-inch hypersonic tunnel 1/50
6.9 Langley 11-inch hypersonic tunnel 1/50

Plan B: | 0.6-14 Langley 8-foot transonic tunnel 1/15
1.6,1.8,2.0,2.2 Langley 4x4-foot supersonic 1/15

pressure tunnel

2.5,3.0,3.5,4.0 Langley Mach 4 jet facility 1/50
3.0-6.3 Langley 10x14-inch hypersonic tunnel 1/50
6.9 Langley 11-inch hypersonic tunnel 1/50

Not surprisingly, these tests were concentrated in Langley facilities. The
meeting also covered dynamic stability tests, but researchers agreed that the
desirability of such tests would be determined after information from Mach 5
flights at the PARD was evaluated. Two models would be tested —one based on
the original Langley configuration, and the other based on the North American
configuration. North American wanted to obtain the 1/50-scale results quickly to
incorporate them into the 1/15-scale model used to test speed brake and control
surface hinge moments. '

The new rocket engine also came under scrutiny. Meetings held during early
November among the HSFS, Lewis, and Reaction Motors included discussions
about converting the XLLR30 from anhydrous ammonia to a hydrocarbon fuel (JP-
4 or kerosene). An earlier analysis had allowed Lewis to determine that the thrust
and specific impulse would be almost identical between the two fuels. Lewis
pointed out that pressure gages containing copper consistently failed within six
months when used in a test cell with anhydrous ammonia, even though the gages
were never in direct contact with the fuel. Researchers suggested converting the
XLR30 to JP-4 to eliminate the perceived toxicity, corrosion, and handling prob-
lems entailed by the use of ammonia. Lewis also recommended that North Ameri-
can actively participate in the engine development program to ensure airframe

14 Memorandum, Hartley A. Soulé/Research Airplane Project Leader to Members of the Project 1226 Evaluation
Group, no subject, 10 November 1955.

15 Ibid; memorandum, Harry J. Goett/Ames to the Ames director, 23 November 1955.



X-15: EXTENDING THE FRONTIERS OF FLIGHT 111

compatibility. The researchers further suggested that a large number of engine
parameters in the aircraft and on the ground should be recorded during each flight,
and the engine should not be throttled below 50%.'

At the same time, John Sloop at Lewis wrote to Hartley Soulé seconding the
HSFS’s recommendation to use the LR8 as an interim engine for the initial flight
tests. It was already evident that the airframe would be ready long before the en-
gine. For its part, Reaction Motors believed that using the LR8 made a great deal
of sense since the early flights would need little power, and it might be difficult to
throttle the larger engine to such low levels.!”

On an almost humorous note, it appears that when the issuing agency wrote
the contracts for North American and Reaction Motors, it did not understand
that North American had proposed to use integral propellant tanks for their X-15
design. The contracts stated that the engine manufacturer would supply the en-
tire propulsion system, including the necessary propellant tanks. This resulted
in some initial concerns over what parts of the propulsion system would be pro-
vided by which contractor. It obviously made no sense for Reaction Motors to
provide major structural pieces of the airframe. A meeting on 7 November re-
sulted in North American agreeing to furnish all of the tanks for the propulsion
system, while Reaction Motors would supply all of the necessary valves and
regulators. At the same meeting, everybody agreed that Reaction Motors would
supply 12 engines for the program, subject to a contract modification from the
Air Force to provide funds. Of these, two would be used for testing (one a spare),
and one equivalent engine would be used as component spares, leaving nine en-
gines for the flight program. As it turned out, the government later purchased a
few more.'®

CHANGES

The engineers never expected that the design proposed by North American
would be the one actually built—it seldom works that way even for operational
aircraft, much less research vehicles. True to form, the design evolved substan-
tially over the first year of the program, and on 14-15 November 1955 researchers
gathered in Inglewood to resolve several issues. For instance, the North American
proposal used 1,599 psf for the minimum design dynamic pressure, while the
NACA wanted at least 2,100 psf and preferably 2,500 psf. It would take 100
pounds of additional structure to accommodate the higher pressure. On the other
hand, increasing the design load factor from 5.25 g to 7.33 g would cost another
135 pounds, but everybody agreed that raising the design dynamic pressure was a
better use of the weight. Nevertheless, as built, the X-15 was rated at 7.33 g, and

16 Memorandum, John L. Sloop/Lewis to Hartley A. Soulé/Research Airplane Project leader, no subject, undated
(received at Langley on 7 November 1955).

17 Memorandum, Hartley A. Soulé/Research Airplane Project Leader to Members of the Project 1226 Evaluation
Group, no subject, 10 November 1955.

18 Ibid.
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the change was incorporated when it became obvious that the additional weight
was rather trivial after various other upgrades were incorporated."

Researchers also spent considerable effort on evaluating the structural ma-
terials proposed by North American, but a lack of detailed information made it
impossible to reach a final decision on the wing leading-edge material. The group
discussed various ceramic-metallic (cermet), copper, fiberglass, plastic, and tita-
nium carbide materials without conclusion. North American had proposed a wing
leading edge that was easily detachable, and the researchers considered this a
desirable capability even though it drove a slightly more complex structure and a
little additional weight. A weight increase of 13 pounds allowed the use of Inco-
nel X sandwich construction for the speed brakes and provided additional speed
brake hinges to handle the higher dynamic pressure already approved. The use
of 0.020-inch titanium alloy for the internal structure of the wings and stabilizers
instead of 24S-T aluminum gained support, although it involved a weight increase
of approximately 7 pounds.

Other structural discussions included changing the oxygen tank to Inconel X
due to the low-impact strength of the original titanium at cryogenic temperatures.
At the same time, researchers reviewed the need to include a pressurization sys-
tem to stabilize the propellant tanks. Initially the engineers had considered this
undesirable, and North American had not provided the capability in the original
design. However, the additional stresses caused by increasing the design dynamic
pressure made it necessary to accept a large increase in structural weight or in-
clude a pressurization system, and the attendees endorsed the latter. In fact, dur-
ing the flight program, pilots routinely repressurized the propellant tanks after
they jettisoned any remaining propellants to provide an extra margin of structural
strength while landing.?

When the researchers considered a random-direction, 1-inch thrust misalign-
ment, it became obvious that the original large dorsal vertical stabilizer was un-
satisfactory for the altitude mission profile. Based on experience with the X-1, the
researchers knew that an installed engine could be a couple of degrees out of per-
fect alignment, although aerodynamic trim easily corrected this. However, in the
case of the X-15, the thrust of the engine and the extreme velocities and altitudes
involved made the issue a matter of some concern, and the government and North
American agreed to include provisions correcting potential thrust misalignment.
Along with several other issues, this caused engineers to modify the configuration
of the vertical stabilizer.”!

Researchers also concluded that the design would suffer from some level
of roll-yaw coupling, and agreed upon acceptable limits. The government also
pointed out the need for a rate damping (stability augmentation) system in pitch

19 Memorandum for the engineering files (HSFS), Walter C. Williams, 18 November 1955; memorandum, Hartley
A. Soulé/Research Airplane Project Leader to the Members of the Project 1226 Evaluation Group, no subject, 7
December 1955; North American report NA-55-1237, “Supplementary Data X-15 Technical Evaluation Meeting,”
22 November 1955.

20 Ibid.

21 Lawrence P. Greene and Rolland L. Benner, “X-15 Experience from the Designer’s Viewpoint,” a paper in the 1956
Research Airplane Committee Report, p. 321; memorandum for the engineering files (HSFS), Walter C. Williams,
18 November 1955; memorandum, Hartley A. Soulé/Research Airplane Project Leader to the Members of the
Project 1226 Evaluation Group, 7 December 1955; North American report NA-55-1237, “Supplementary Data
X-15 Technical Evaluation Meeting,” 22 November 1955, no page numbers.
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and yaw for a weight increase of 125 pounds. The need to make the dampers re-
dundant would be the subject of great debate throughout the development phase
and early flight program, with the initial decision being not to. Attendees also
decided the ballistic control system did not require a damping system, something
that would change quickly during the flight program.?

North American agreed to provide redundant ballistic control systems and to
triple the amount of hydrogen peroxide originally proposed. Engineers agreed to
provide separate sources of peroxide for the ballistic controls and auxiliary power
units (APUs) to ensure that the power units always had propellant. These changes
added about 117 pounds.?

The configuration of the pilot’s controls was finally established. A conven-
tional center stick mechanically linked to a side-controller on the right console
operated the aerodynamic control surfaces, while another side-controller on the
left console above the throttle operated the ballistic control system. These were
among the first applications of a side-stick controller, although these were me-
chanical devices that bore little resemblance to the electrical side-sticks used in
the much later F-16.%*

In an unusual miscommunication, the attendees at the November meeting be-
lieved the WADC had already developed a stable platform and would provide this
to North American as government-furnished equipment. Separately, the NACA
agreed to supply a “ball nose” to provide angle-of-attack and angle-of-sideslip
data. The ball nose, or something functionally similar, was necessary because
the normal pitot-static systems would not be reliable at the speeds and altitudes
envisioned for the X-15. Although North American proposed a system based on
modified Navaho components, the NACA believed that the ball nose represented
a better solution.”

Per a recent service-wide directive, the Air Force representative had assumed
that the X-15 would be equipped with some sort of encapsulated ejection system.
On the other hand, North American had proposed a rather simple ejection seat.
The company agreed to document their rationale for this selection and to provide
a seat capable of meaningful ejection throughout most of the expected flight enve-
lope, although all concerned realized that no method offered escape at all speeds
and altitudes.”

The November meetings ended with a presentation by Douglas engineer Leo
Devlin detailing their second-place proposal. A presentation on the advantages of
HK31 magnesium alloy for structural use was interesting but provided no com-
pelling reason to switch from Inconel X. Afterwards, Rocketdyne presented a
50,000-1bf rocket engine concept based on the SC-4 being designed for a high-

22 North American report NA-55-1237.

23 Memorandum for the engineering files (HSFS), Walter C. Williams, 18 November 1955; memorandum, Hartley
A. Soulé/Research Airplane Project Leader to the Members of the Project 1226 Evaluation Group, 7 December
1955; “Supplementary Data X-15 Technical Evaluation Meeting.”

24 Memorandum for the engineering files (HSFS), Walter C. Williams, 18 November 1955; memorandum, Hartley
A. Soulé/Research Airplane Project Leader to the Members of the Project 1226 Evaluation Group, 7 December
1955; North American report NA-55-1237.

25 “Supplementary Data X-15 Technical Evaluation Meeting.” A stable platform is a gyroscopically stabilized mecha-
nism that aligns itself to the local vertical to provide a reference plane that can be used for the derivation of altitude,
attitude, velocity, and rate-of-climb information. In essence, it was an early form of an inertial measurement unit.

26 “Supplementary Data X-15 Technical Evaluation Meeting.”
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altitude missile; this was a matter of only passing interest, given that a modi-
fied XLR30 was already under contract. Separately, Hartley Soulé and Harrison
Storms discussed the proposed wind-tunnel program, attempting again to agree
on which facilities would be used and when.”

The research instrumentation for the X-15 was the subject of a two-day meet-
ing between personnel from Langley and the HSFS on 16-17 November. The
group concluded that strain gauges would be required on the main wing spars for
the initial flights, where temperatures would not be extreme, but that wing pres-
sure distributions were not required. The HSFS wanted to record all data in the
aircraft, while Langley preferred to telemeter it to the ground. Unfortunately, a
lack of funds prevented the development of a high-speed telemetry system. The
day following the NACA meeting, representatives from North American drove to
the HSFS and participated in a similar meeting. Charlie Feltz, George Owl, and
D. K. Warner (North American chief of flight test instrumentation) participated
along with Arthur Vogeley, Israel Taback, and Gerald M. Truszynski from the
NACA. The participants quickly agreed that the NACA would provide the instru-
ments and North American would install them. The first few flights would use a
more or less standard NACA airspeed boom on the nose of the X-15 instead of the
yet-to-be-completed ball nose. North American desired to have mockups of the
instrumentation within nine months to facilitate the final design of the airplane,
and the NACA indicated this should be possible.?

The debate regarding engine fuels flared up again briefly at the end of No-
vember when John Sloop at Lewis wrote to Captain McCollough recommending
the use of a hydrocarbon fuel instead of ammonia. Lewis had concluded that it
would be no more difficult to cool a hydrocarbon fuel than ammonia, and the
fuel would be cheaper, less toxic, and easier to handle. No information was avail-
able on repeated starts of a JP-4-fueled rocket engine, but researchers at Lewis
did not expect problems based on recent experience with a horizontally mounted
5,000-1bf engine. The researchers repeated their warning that anhydrous ammonia
would attack copper, copper alloys, and silver, all of which were standard ma-
terials used in research instrumentation. At the same time, the HSFS wrote that
tests exposing a standard NACA test instrument to anhydrous ammonia vapor had
proven disastrous. Both NACA facilities repeated their request for a change to a
hydrocarbon fuel.”

Later the same day, Captain McCollough notified Hartley Soulé that the
Power Plant Laboratory had reviewed the data submitted by Reaction Motors on
the relative merits of substituting a hydrocarbon fuel for ammonia. The labora-
tory concluded that Reaction Motors had grossly underestimated the development

27 Memorandum, Arthur W. Vogeley to Hartley A. Soulé/Research Airplane Project Leader, subject: Project 1226
meetings to discuss changes in the North American Proposal —Wright-Patterson Air Force Base meeting of 24-25
October, and North American Aviation meetings in Inglewood on 27-28 October and 14-15 November 1955, 30
November 1955. In the files at the NASA History Office. Rocketdyne was a division of North American that was
set up to develop rocket engines for the Navaho missile program; the company went on to develop many suc-
cessful rocket engines, including the Space Shuttle main engines.

28 Memorandum for the files (Langley), Israel Taback, no subject, 9 December 1955; letter, Hartley A. Soulé/Research
Airplane Project Leader to the NACA Liaison Officer at WPAFB, no subject, 21 December 1955. Even if Northrop
had completed the ball nose in time for the first flights, it is likely the instrumentation boom would have been used
since it provided a well-established reference for airspeed and attitude.

29 Letter, John L. Sloop/Lewis, to Captain Chester E. McCollough, Jr., no subject, 28 November 1955; letter, HSFS
to Commander WADC, no subject, 28 November 1955.



X-15: EXTENDING THE FRONTIERS OF FLIGHT 115

time for conversion, and recommended the continued use of anhydrous ammonia
as the most expeditious method of meeting the schedule. A meeting on 1 Decem-
ber at Wright Field brought all of the government representatives together to final-
ize the fuel issue. The conclusions were that 1) one fuel had no obvious advantage
over the other insofar as performance was concerned, 2) the corrosive character of
anhydrous ammonia was annoying but tolerable, 3) it would take 6 to 12 months
to switch fuels, and 4) the engine development program should continue with an-
hydrous ammonia. This finally put the issue to rest, although the NACA facilities
still believed the requested change was justified.*

November also saw an indication that Inconel might have unforeseen prob-
lems. A test of the tensile strength of the alloy was published by Langley, and the
results differed significantly (in the wrong direction) from the specifications pub-
lished by the International Nickel Company, the manufacturer of Inconel. NACA
Headquarters asked Langley to explain the discrepancies. The reason was unknown,
but researchers though it could be related to variations in the material, milling pro-
cedures, heat treatment, or testing procedures. Fortunately, further testing revealed
that the results from the first test were largely invalid, although researchers never
ascertained the specific reasons for the discrepancy. Still, the episode pointed out
the need to precisely control the entire life cycle of the alloy.”!

In December, North American engineers visited both Ames and Langley
to work out details of the wind-tunnel program. The participants agreed that
Langley would perform flutter tests on the speed brakes using the 1/15-scale
model. The PARD would make a second flutter investigation, this one of the
wing planform, since North American required data from a large-scale model
at Mach 5 and a dynamic pressure of 1,500 psf—something no existing tunnel
could provide. North American was supplied with additional requirements for a
rotary-derivative model to be tested at Ames, and NACA personnel suggested
that two 1/50-scale models be constructed —one for testing at Ames and one for
Langley. The North American representatives agreed to consider the suggestion,
but pointed out that no funds existed for two models. Ames also announced that
they would take the 10 by 14-inch hypersonic tunnel out of service on 1 May for
several months of modifications. The location was important since the tunnels
were not identical and researchers could not directly compare the results from the
two facilities.*

Ultimately, funds were found to build two 1/50-scale models—one for use at
Langley in the 11-inch hypersonic and 9-inch blowdown tunnels, and one for the
North American 16-inch wind tunnel. It was decided not to use the Ames tunnel
prior to its closing. Langley also tested a 1/15-scale high-speed model while Ames
tested a rotary-derivative model. The wind-tunnel investigations included evalu-
ating the speed brakes, horizontal stabilizers, vertical stabilizer, fuselage tunnels,
and rolling-tail. Interestingly, the tests at Langley confirmed the need for control

30 Memorandum, Hartley A. Soulé/Research Airplane Project Leader to the Members of the Project 1226 Evaluation
Group, no subject, 7 December 1955.

31 Philip J. Hughes, John E. Inge, Stanley B. Prosser. NACA technical note 3315, “Tensile and compressive stress-
strain properties of some high-strength sheet alloys at elevated temperatures,” November 1954; various corre-
spondence between NACA Headquarters and Langley between 15 November and 30 November 1955.

32 Memorandum, Harry J. Goett/Ames to the Ames Director, no subject, 1 December 1955; North American report
NA-55-1264-1, “Proposed Wind Tunnel Test Program, X-15 Research Airplane, Project 1226,” 1 December 1955.
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Varions wind tunnels around the country participated in the X-15 development effort. This 1956 photo
shows an original “high tail” configuration. Note the shock waves coming off the wing leading edge

and a separate showck wave just behind it coming off the front of the landing skid. Very soon, this
confignration would change substantially as the fuselage tunnels were made shorter, the vertical surfaces
reconfignred, and the skids moved further aft. (NASA)

system dampers, while North American concluded they were not necessary. This
was not the final answer, and researchers would debate the topic several more
times before the airplane flew.*

North American had based its design surface temperatures on achieving lam-
inar flow during most of the flight profile. However, most of the heat-transfer
theories in general use at the time assumed fully turbulent flow on the fuselage.
Researchers had previously raised the same issue with no particular solution. Ul-
timately, researchers used the Unitary Plan tunnel at Langley and the Air Force
Arnold Engineering Development Center at Tullahoma, Tennessee, to resolve the
discrepancy. These tests provided heat-transfer coefficients that were even higher
than the theoretical values, particularly on the lower surface of the fuselage. Be-
cause of these results, the Air Force directed North American to modify the design
to withstand the higher temperatures. This proved particularly costly in terms of
weight and performance, adding almost 2,000 pounds of additional heat-sink ma-
terial to the airframe. This is when the program changed its advertising. Instead
of using 6,600 fps (Mach 6.5) as a design goal, the program began talking about
Mach 6; it was obvious to the engineers that the airplane would likely not attain

33 North American report NA-55-1264-1, “Proposed Wind Tunnel Test Program, X-15 Research Airplane, Project
1226,” 1 December 1955.
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the original goal. Later, measurements from the flight program indicated that the
skin temperatures of the primary structural areas of the fuselage, main wing box,
and tail surfaces were actually several hundred degrees lower than the values
predicted by the modified theory; in fact, they were below predictions using the
original theories. However, resolving these types of uncertainties was part of the
rationale for the X-15 program in the first place.**

By January 1956, North American required government guidance on several
issues. A meeting on 18 January approved the use of a removable equipment rack
in the instrument compartment. North American would still permanently mount
some instrumentation and other equipment in the fuselage tunnels, but everybody
agreed that a removable rack would reduce the exposure of the majority of re-
search instruments and data recorders to ammonia fumes during maintenance.®

It soon became evident, contrary to statements at the November meeting, that
no suitable stable platform existed, although the WADC had several units under
development. It was a major blow, with no readily apparent solution.*

Other topics discussed at the 18 January meeting included the speed brake
design and operation. Full extension of the speed brakes at pressures of 2,500 psf
would create excessive longitudinal accelerations, so North American revised the
speed brakes to open progressively while maintaining 1,500-psf pressure until
they reached the full-open position. All in attendance thought that this was an ap-
propriate solution.’

Pilot escape systems came up again during a 2-3 May 1956 meeting at Wright
Field among Air Force, NACA, Navy, and North American personnel. WADC
personnel pointed to a recent Air Force policy directive that required an encapsu-
lated escape system in all new aircraft. Researchers from the WADC argued that
providing some sort of enclosed system would comply with this policy and allow
the gathering of research data on such systems. (This seemed an odd rationale in
that it appeared to assume that the pilot would use the capsule at some point—an
entirely undesirable possibility.) Those opposed to the Air Force view objected to
any change because it would add weight and delay development. The opposing
group, including Scott Crossfield, believed that the safety features incorporated
in the X-15 made the ejection seat acceptable. After the meeting, the Air Force
directed North American to justify its use of an ejection seat, but did not direct the
company to incorporate a capsule.®®

During a 24 May meeting at Langley, representatives from Eclipse-Pioneer
briefed researchers from the NACA, North American, and the WADC on a stable

34 Joseph Weil, NASA technical note D-1278, “Review of the X-15 Program,” June 1962, p. 7; telephone conversa-
tion, Charlie H. Feltz with Dennis R. Jenkins, 12 May 2002; telephone conversation, Scott Crossfield with Dennis
R. Jenkins, 8 August 2002.

35 Memorandum, Walter C. Williams/HSFS to Hartley A. Soulé/Research Airplane Project Leader, subject: Visit to
North American Aviation, Inc. to discuss Project 1226, 27 January 1956.

36 Ibid.
37 Ibid.

38 In reality, very few U.S. aircraft were ever designed with encapsulated escape systems. The Convair B-58 Hustler
and General Dynamics F-111 were the only two that made it to operational service. In addition, the two North
American XB-70A prototypes and first three B-1As were so equipped (but the fourth B-1A and production B-1Bs
were not). Capsules were also investigated for the Republic XF-103, North American XF-108, and were even
toyed with for advanced models of the Lockheed F-104 Starfighter and Republic F-105 Thunderchief, but these
did not materialize. The X-2 and D-558s used partial escape capsules (the forward fuselage separated from the
remainder of the airplane, but the pilot had to jump clear and parachute to a landing).
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platform that weighed 65 pounds and could be ready in 24 months. Later events
would show that these estimates were hopelessly optimistic.*

On 11 June 1956, the government approved a production go-ahead for the
three X-15 airframes, although North American did not cut metal for the first
aircraft until September. Four days later, on 15 June 1956, the Air Force assigned
three serial numbers (56-6670 through 56-6672) to the X-15 program. The Con-
tract Reporting and Bailment Branch furnished this data by phone on 28 May and
confirmed it in writing on 15 June.*

THE FIRST INDUSTRY CONFERENCE (1956)

The public law that established the NACA required the agency to dissem-
inate information to the industry and the public. One of the methods used to
accomplish this was to hold periodic conferences with representatives of the in-
dustry to discuss the results of research into specific areas. By the beginning of
July, Hugh Dryden concluded there had been sufficient progress on the develop-
ment of the X-15 to hold an industry conference at one of the NACA facilities
in October.*!

Langley hosted the first Conference on the Progress of the X-15 Project on
25-26 October 1956, providing an interesting insight into the X-15 development
effort. There were 313 attendees representing the Air Force, NACA, Navy, vari-
ous universities and colleges, and most of the major aerospace contractors. Ap-
proximately 10% of the attendees were from various Air Force organizations, with
the WADC contributing over half. Oddly, however, Air Force personnel made
none of the presentations at the conference. The majority of the 27 authors of the
18 technical papers came from various NACA organizations (16), while the rest
were from North American (9) and Reaction Motors (2). The papers confirmed a
considerable amount of progress, but made it clear that a few significant problems
still lay ahead.*

Another paper summarized the results of tests in eight different wind tunnels.
These tests were conducted at velocities between low subsonic speeds to Mach
6.9, somewhat in excess of the projected maximum speed of the airplane. One of
the surprising findings was that the controversial fuselage tunnels generated near-
ly half of the total lift at high Mach numbers. However, another result confirmed
the NACA prediction that the original fuselage tunnels would cause longitudinal

39 Memorandum, Hartley A. Soulé/Research Airplane Project Leader, subject: Project 1226 —Progress report for
month of May 1956, 7 June 1956. In the files at the NASA History Office.

40 Memorandum, M. A. Todd, Acting Chief, Contractor Reporting and Bailment Branch, Support Division, to Chief,
Fighter Branch, Aircraft Division, Director Procurement and Production, AMC, subject: Confirmation of Serial
Numbers Assigned, 15 June 1956. In the files at the AFMC History Office.

41 Letter, Hugh L. Dryden, Director of NACA, to Chief, Fighter WSPO, ARDC, no subject, 6 July 1956. In the files at
the NASA History Office.

42 1956 Research Airplane Committee Report, passim.
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instability. In subsequent testing, researchers shortened the tunnels ahead of the
wing, greatly reducing the problem.*

One of the more interesting experiments was “flying” small (3- to 4-inch)
models in the hypervelocity free-flight facility at Ames. The models, which were
made of cast aluminum, cast bronze, or various plastics, were fragile. Despite this,
the goal was to shoot the model out of a gun at tremendous speeds in order to ob-
serve shock-wave patterns across the shape. As often as not, what researchers saw
were pieces of X-15 models flying down the range sideways. Fortunately, enough
of the models remained intact for them to acquire meaningful data.*

The hypervelocity free-flight facility at NACA Ames fired small (3-4-inch-long) models of the X-15
to observe shock-wave patterns. It was more of an art than a science to get the models to fly forward

and not break apart, but enongh survived to gain significant insight into shock patterns surrounding
the X-15. (NASA)

Other papers dealt with the ability of the pilot to fly the airplane. Pilots had
flown the preliminary exit and reentry profiles using fixed-base simulators at
Langley and North American. Alarmingly, the pilots found that the airplane was
nearly uncontrollable without damping and only marginally stable during some
maneuvers with dampers. A free-flying model program at the PARD showed that

43 Herbert W. Riyard, Robert W. Dunning, and Edwin W. Johnston, “Aerodynamic Characteristics From Wind Tunnel
Studies of the X-15 Configuration,” a paper in the 1956 Research Airplane Committee Report, pp. 39-56. The
list of wind tunnels included the North American 8.75 by 11-foot tunnel, the Langley 8-foot transonic tunnel, the
North American 16-inch tunnel, the Massachusetts Institute of Technology supersonic tunnel, the Langley 9 by
9-inch Mach 4 blowdown jet, the Ames 10 by 14-inch tunnel, and the Langley 11-inch hypersonic tunnel.

44 Dale L. Compton, “Welcome,” a paper in the Proceedings of the X-15 30th Anniversary Celebration, Dryden Flight
Research Facility, Edwards, CA, 8 June 1989, NASA CP-3105, p. 3. The free-flight tunnel at Ames was conceived
by H. Julian Allen and opened in 1949 at a cost of about $20,000. Its test section was 18 feet long, 1 foot wide,
and 2 feet high. By forcing a draft through the tunnel at a speed of about Mach 3 and firing a model projectile
upstream, one could simulate velocities of up to Mach 18. Schlieren cameras were set up at seven locations
along the test section (three on the side and four on the top) to make shadowgraphs that showed the airflow over
the models. The facility proved to be an important tool not only for the X-15 but also for Project Mercury.
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low-speed stability and control were adequate. Since some aerodynamicists had
questioned the use of the rolling tail instead of ailerons, free-flying models had
investigated that feature, proving that the rolling tail would provide the necessary
lateral control.*

Researchers also reported on the state of the structural design. Preliminary
estimates showed that the airplane would encounter critical loads during the ini-
tial acceleration and during reentry, but would experience maximum temperatures
only during the latter. Because of this, the paper primarily dealt with the load-
temperature relationships anticipated for reentry. The selection of Inconel X was
justified based on its strength and favorable creep characteristics at 1,200°F. The
leading edge would use a bar of Inconel X, since that portion of the wing acted
as a heat sink. This represented a radical change from the fiberglass leading edge
originally proposed by North American. In another major change, the leading
edge of the wing was no longer easily removable, although this fact seemed to
escape the attention of most everybody in attendance, particularly Harry Goett
from Ames.*

The main landing gear brought its own concerns. Originally, it consisted of
two narrow skids attached to the fuselage under the front part of the wing and
stowed externally along the side tunnels during flight. When unlocked, the skis
fell into the down position, with help from airflow and a bungee. Further analysis
indicated that the X-15 would land more nose-high than expected, and that the
rear fuselage would likely strike the ground before the skids. A small tail-skid
had been proposed, but this was found to be inadequate. In its place, engineers
moved the skids aft to approximately the leading edge of the vertical stabilizers,
solving the ground-strike problem. However, the move introduced a new concern.
Now the nose-down rotation after main-skid contact would be particularly jar-
ring, placing a great deal of stress on the pilot and airframe. In fact, it would lead
directly to one early landing accident and be a source of problems throughout the
flight program. Nobody had a suitable solution.*’

The expected acceleration of the X-15 presented several unique human-factor
concerns early in the program. It was estimated that the pilot would be subjected
to an acceleration of up to 5 g. Because of this, North American developed a side-
stick controller that used an armrest to support the pilot’s arm while still allowing
full control of the airplane. Coupled with the fact that there were two separate at-
titude-control systems on the X-15, this resulted in a unique control-stick arrange-
ment. A conventional center stick, similar to that installed in most fighter-type
aircraft of the era, operated the aerodynamic control surfaces through the newly
required stability augmentation (damper) system. Mechanical linkages connected
a side-stick controller on the right console to the same aerodynamic control sur-
faces and augmentation system. The pilot could use either stick interchangeably,
although the flight manual described the use of the center stick “during normal
periods of longitudinal and vertical acceleration.” Another side-stick controller

45 Herbert W. Riyard, Robert W. Dunning, and Edwin W. Johnston, “Aerodynamic Characteristics From Wind Tunnel
Studies of the X-15 Configuration,” a paper in the 1956 Research Airplane Committee Report, pp. 39-56.

46 Richard L. Schleicher, “Structural Design of the X-15 Research airplane,” a paper in the 1956 Research Airplane
Committee Report, pp. 143-146.

47 Wendell H. Stillwell, X-15 Research Results, NASA publication SP-60 (Washington, DC: NASA, 1965).
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above the left console operated the ballistic control system that provided attitude
control at high altitudes. Describing one of the phenomena soon to be discovered
in space flight, the flight manual warned that “velocity tends to sustain itself after
the stick is returned to the neutral position. A subsequent stick movement opposite
to the initial one is required to cancel the original attitude change.” Isaac Newton
was correct after all.*®

From the left, North American test pilot Alvin S. White, Air Force X-15 Project Pilot Captain Iven
C. Kinchloe, and Scott Crossfield discuss the design of the side stick controller for the new research
airplane. The design of these controllers caused quite a bit of controversy early in the program, but
the pilots generally liked them once they acclimated. Crossfield’s influence on the program showed early
in the flight program when some pilots complained the configuration of the cockpit was tailored to
Crossfield’s size and was not sufficiently adjustable to accommodate other pilots. Later modifications
solved these issues. (Alvin S. White Collection)

Engineers had not firmly established the design for the X-15 side-stick
controller, but researchers discussed previous experience with similar control-
lers in the Convair F-102, Grumman F9F, Lockheed TV-2, and North American
YF-107A, as well as several ground simulators. The pilots who had used these
controllers generally thought that the engineers needed to provide a more “natu-
ral” feel for the controllers.*

Based largely on urgings from Scott Crossfield, the Air Force agreed to allow
North American to use an ejection seat instead of a capsule system. The company

48 Sigurd A. Sjoberg, “Some Experience With Side Controllers,” a paper in the 1956 Research Airplane Commit-
tee Report, pp. 167-171; X-15 Interim Flight Manual, FHB-23-1, 18 March 1960, changed 12 May 1961. At the
time the terms “ballistic control system” (BCS) and “reaction control system” (RCS) were used interchangeably;
however, since “ballistic” seemed to show up in more of the documentation, that is what will be used here.

49 Sjoberg, “Some Experience With Side Controllers,” pp. 167-171.
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had investigated four escape systems in depth, including cockpit capsules, nose
capsules, a canopy-shielded seat, and a stable-seat with a pressure suit. Engineers
had tried capsule-like systems before, most notably in the X-2, where the entire
forward fuselage could be detached from the rest of the aircraft. Douglas had
opted for this approach in all of the D-558s and their X-15 proposal. Model tests
showed that these were unstable and prone to tumble at a high rate of rotation, and
they added weight and complexity to the aircraft. Their potential success rate was
unknown at the time.®

ANALYSIS OF X-15 ACCIDENT POTENTIAL
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North American performed a seemingly endless series of analyses to support their selection of an ejection seat
over an encapsulated system. The company determined there was only a 2-percent likelihood of an accident
occurring at high altitude or high speed, eliminating much of the perceived need for the complicated and heavy
encapsulated system. The stabilized ejection seat, coupled with the David Clark Company full-pressure suit,
provided meaningful ejection up to Mach 4 and 120,000 feet. (North American Aviation)

Surprisingly, an analysis by North American showed that only 2% of the acci-
dents would occur at high altitude or speed. Because engineers expected most po-
tential accidents to occur at speeds less than Mach 4, North American had decided
to use a stable-seat with a pressure suit. The perceived benefits of this combina-
tion were its relative simplicity, high reliability, and light weight. North American

50 Walter C. Williams, “X-15 Concept Evolution” a paper in the Proceedings of the X-15 30th Anniversary Celebra-
tion, Dryden Flight Research Facility, Edwards, CA, 8 June 1989, NASA CP-3105, p. 13. On 27 September 1956,
Captain Milburn G. Apt lost control of the X-2 on its first Mach 3 flight (Mach 3.196 was achieved at 70,000 feet).
The escape capsule successfully separated at approximately 40,000 feet, but apparently Apt was unable to jump
clear of the capsule before it impacted the desert. (The capsule was meant to get the pilot away from the aircraft
and to a survivable altitude and speed. Then the pilot needed to jump from the capsule and use his backpack
parachute for the final descent.) Apt was killed, and the X-2 program was terminated.



X-15: EXTENDING THE FRONTIERS OF FLIGHT 123

acknowledged that the seat did not provide meaningful escape at altitudes above
120,000 feet or speeds in excess of Mach 4. However, the designers (particularly
Scott Crossfield) believed that when the seat-suit combination was inadequate,
the safest course of action was for the pilot to simply ride the airplane down to an
altitude and velocity where the ejection seat could function successfully.”!

Lawrence P. Greene, the chief of aerodynamics at North American, presented
the final paper at the 1956 industry conference. This was an excellent summary
of the development effort to date and a review of the major known problems.
Researchers considered flutter to be a potential problem, largely because little ex-
perimental data regarding flutter at hypersonic Mach numbers were available, and
there was a lack of basic knowledge on aero-thermal-elastic relationships. Greene
pointed out that engineers had derived the available data on high-speed flutter
from experiments conducted at less than Mach 3, and not all of it was applicable
to the X-15. As it turned out, the program did encounter panel flutter during the
early flights, leading to a change in the design criteria for high-speed aircraft.>

Inconel X also presented a potential problem because fabrication techniques
for large structures did not exist. By using various alloys of titanium, North
American saved considerable weight in parts of the internal structure that were
not subject to high temperatures. Titanium, while usable to only about 800°F,
weighed much less than Inconel X. Ultimately, the requirements for processing
and fabricating these materials influenced some aspects of the structural design.
Inconel X soon stopped being a laboratory curiosity as the X-15 program devel-
oped techniques to form, machine, and heat-treat it.>*

Overall, the conference was a success and disseminated a great deal of infor-
mation to the industry, along with frank discussions about unresolved issues and
concerns. It also provided a short break for the development team that had been
working hard to meet an extremely ambitious schedule.

MOCKUP INSPECTION

The previous year had resulted in some major configuration changes to the
X-15. The wing size and shape were similar to those proposed by North Ameri-
can, but engineers increased the leading-edge radius (along with the radius on the
empennage and nose) to satisfy aerodynamic heating concerns. The leading edge
was also changed from replaceable fiberglass to a nearly solid piece of Inconel X.
NASA had always harbored concerns about the use of ablative materials on the
leading edge, but this change also eliminated the removable-leading-edge concept

51 Memorandum, Arthur W. Vogeley, to Hartley A. Soulé/Research Airplane Project Leader, subject: Project 1226
meetings to discuss changes in the North American Proposal —Wright-Patterson AFB meeting of 24-25 October,
and North American Aviation meetings in Inglewood on 27-28 October and 14-15 November 1955, 30 November
1955; Scott Crossfield, “X-15 Crew Provisions and Escape,” a paper in the 1956 Research Airplane Committee
Report, pp. 193-212.

52 Lawrence P. Greene, “Summary of Pertinent Problems and Current Status of the X-15 Airplane,” a paper in the
1956 Research Airplane Committee Report, pp. 193-212.

53 Stillwell, X-15 Research Results; Greene, “Summary of Pertinent Problems,” pp. 239-258.
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that was highly prized by Ames. The final configuration also increased the diam-
eter of the fuselage by about 6% in order to increase the propellant capacity.*

A revised landing gear eliminated tail-strikes during landing and improved
directional stability during slide-out. The side fairings, always a point of conten-
tion between North American and the NACA, were shortened ahead of the wing.
The horizontal stabilizer was moved rearward 5.4 inches, the wing was moved
forward 3.6 inches, and the center of gravity was brought forward 10 inches to
improve longitudinal stability. However, perhaps the most visible change was that
the area of the vertical stabilizers was increased from 50 square feet to 75 square
feet. Full 10-degree wedge airfoils replaced the original double-wedge configura-
tion for the vertical stabilizers. The area for the verticals was also redistributed
(55% for the dorsal stabilizer and 45% for the ventral, instead of the original
73/27 configuration). In addition, both the dorsal and ventral stabilizers now had
rudders that were nearly symmetrical and operated together at all times (except
after the ventral had been jettisoned during landing). Originally, only the dorsal
stabilizer had a rudder.”

The development engineering inspection (DEI) took place in Inglewood fa-
cility on 12-13 December 1956. In the normal course of development, the Air
Force inspected full-scale mockups to ensure the design features were satisfactory
before construction of the first airplane began. Of the 49 people who took part in
the inspection, 34 were from the Air Force, with the WADC contributing 22. The
inspection committee consisted of Major E. C. Freeman from the ARDC, Mr. F.
Orazio of the WADC, and Lieutenant Colonel Keith G. Lindell from Air Force
Headquarters. The NACA and the Navy each contributed a single voting member.
Captain Chester E. McCollough, Jr., from the X-15 Project Office, Captain Iven
C. Kincheloe, Jr. (already selected as the first Air Force X-15 pilot), and three
NACA researchers served as technical advisors.>®

The inspection resulted in 84 requests for alterations, of which the board re-
jected 12 and deferred 22 others for further study. Surprisingly, the board rejected
some of the more interesting of the proposed changes. These included suggestions
that the aerodynamic center stick should be capable of controlling the ballistic
controls at the press of a switch, the motions of the aerodynamic and ballistic
side sticks should be similar, or a third controller that combined both functions
should be installed on the right console. The committee rejected these suggestions
since it seemed inappropriate to make decisions on worthwhile improvements or
combinations before evaluating the controllers already selected under actual flight
conditions. Given that two of the three controller suggestions came from future
X-15 pilots (Iven Kincheloe and Joseph A. Walker), it appeared that improve-
ments were necessary.’’

54 Benjamin F. Guenther, “X-15 Research Airplane,” an unpublished manuscript written in 1982, no page numbers.
Supplied by Ben Guenther at LaRC.

55 Guenther, “X-15 Research Airplane.”

56 Air Force report (no numbers), “Development Engineering Inspection of the X-15 Research Aircraft — 13 De-
cember 1956,” Director of Systems Management, ARDC. A “request for alteration” is the form used to request
changes as the result of a mockup or engineering inspection within the Air Force.

57 Air Force report, “Development Engineering Inspection” Director of Systems Management, ARDC.
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An even more surprising rejection occurred concerning changeable leading
edges. North American had disclosed at the 1956 industry conference six weeks
earlier that the leading edges were no longer removable, with little comment.
Nevertheless, Harry Goett from Ames did not agree with the change. Goett want-
ed to widen the front spar lower flange and locate the ballistic roll thrusters at the
back of the same spar. In addition, Goett argued that North American had initially
proposed providing interchangeable wing leading edges. In spite of these logical
arguments, the inspection committee decided the required changes would add 3
pounds to the design and rejected the request. At least one participant opined that
deleting this feature would significantly decrease the value of the hypersonic re-
search airplane.™®
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The X-15 mockup as it was inspected in December 1956. At this point, the airplane looked substan-
tially as it would in final form with short fuselage tunnels and shorter vertical surfaces. This inspection
cleared the way for North American to produce the final manufacturing drawings and begin to cut
metal. (US. Air Force)

Additional wind-tunnel testing resulted in modifications to the vertical
stabilizer, but North American essentially built the configuration inspected in
mockup form during December 1956. However, while the design and construc-
tion of the airframe progressed relatively smoothly, other systems were running
into serious difficulties.

58  Ibid.
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STRUCTURAL FABRICATION

The X-15 was breaking new ground when it came to structural materials, since
it was obvious from the start that most of the wetted surface would be subjected to
temperatures up to 1,200°F. Exotic materials made from the rare elements had not
advanced sufficiently to permit quantity production of these expensive alloys, so
the list of candidate materials was narrowed to corrosion resistant steels, titanium,
and nickel-base alloys (“stainless steels”). The following table shows the strength
properties of the candidate materials at room temperature; various aluminum al-
loys are included as a comparison. All properties are for bare sheet stock, except
for the AM-355 bar stock. Materials marked with an asterisk were heat-treated.”

Material Ultimate | Yield Com- Ultimate | Bearing | Modu-
Tensile Tensile | pressive | Shear Yield lus
Strength | Strength | Yield Strength | (ksi) (x1000
(ksi) (ksi) (ksi) (ksi) psi)
Nickel Inconel X * 155 100 105 018 186 31.0
base Inconel 80 30 32 56 — 31.0
Corrosion- | AM-350 CRES * | 185 150 164 125 268 28.7
;f;;‘am AM-355 CRES * | 200 165 178 131 295 28.7
A-286 CRES * 150 95 99 91 136 29.0
4130 125 103 113 82 180 29.0
(HT125-Mo)
Titanium | 8-Mn 120 110 115 79 180 15.5
5A1-2.5Sn 115 110 110 72 175 15.5
6A1-4V * 160 145 145 99 230 16.3
Aluminum | 2024-T4 * 62 40 40 37 63 10.5
7075-T6 * 78 69 70 47 110 10.3
6061-T6 * 42 36 35 27 58 10.2

Although 6A1-4V titanium and AM-350 CRES had good strength efficiencies
over a wide temperature range, both of the alloys tended to fall off rapidly above
800°F. Inconel X, on the other hand, had only a gradual drop in strength up to
1,200°F. Because of this stability, North American chose Inconel X for the outer
skin for the entire airplane. Regular Inconel (as opposed to Inconel X) was not
heat-treatable, but it could be welded and was used in locations where high strength
was not of paramount importance or where final closeout welds were necessary
following heat treatment of the surrounding structures. To accomplish this, Inconel
lands were incorporated into Inconel X structures prior to final heat treatment, and
access-hole cover plates made from Inconel were welded to these lands.®

59 Richard L. Schleicher, “Structural Design of the X-15,” North American Aviation, 1963, pp. 13-14. In the files at the
San Diego Aerospace Museum. In the U.S. system in place at the time, material strengths were measured in kips
per square inch (ksi). A kip (1914) was a unit of measure equal to 1,000 pounds used to express deadweight load.

60 Schleicher, “Structural Design of the X-15,” pp. 13-14.
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North American used high-strength aluminum (2024-T4) to form the inner
pressure shell of the cockpit and part of the instrumentation bay. As a relief from
high thermal stresses, the company used titanium for the structure of the fuselage
and wings. Originally, the company used two titanium alloys: 8-Mn, which was
the highest strength alloy then available but was not recommended for welding,
and 5A1-2.5Sn, which had acceptable strength and was weldable. Later, North
American began using a high-strength and weldable alloy, 6A1-4V, in some ar-
eas. To combat the high concentrated loads from the engine, most of the aft fu-
selage structure used titanium framing. The majority of the structure used fusion
welding, although the company also used a limited amount of resistance welding.
North American radiographically inspected all critical welds to ensure quality.®’

The material that presented the most problems was probably the 5A1-2.5Sn
titanium, which proved to have inconsistent tensile properties that made it dif-
ficult to work with. It also exhibited low ductility and notch sensitivity, and had a
poor surface condition. These problems existed in both rolled and extruded forms
of the metal. The surface condition was the most important factor governing the
formability of titanium, so North American had to remove all oxygen contamina-
tion, inclusions, and grind marks by machining, polishing, or chemically milling
the metal prior to the final finishing. As a result, North American procured tita-
nium extrusions for the X-15 with sufficient extra material in all dimensions to
allow technicians to machine all surfaces prior to use.®

The limited amount of stretch and shrink that was possible with a titanium
extrusion during stretch wrapping presented a different problem when North
American went to form the side fairing frames. Each frame was composed of four
titanium 5AI-2.5Sn extrusions. One of the problems was that the inside flanges
were located in areas that had small bend radii, and it was necessary to prevent
compression failure. The small bend radii were “relieved” (some material was re-
moved prior to bending), and a gusset was later welded in to fill the relieved area.
The alternative would have been to reduce compression by increasing the pull on
the forming machine, thus shifting the bend axis closer to the inboard edge. This,
however, would have resulted in a tension failure on the outboard flange.®

North American found that one of the more interesting aspects of titanium
was that a formed part was prone to crack until the residual stresses resulting
from the forming had been removed. This delayed cracking could occur within
a few minutes, or it might not become evident until weeks later. In response,
North American initiated a process that provided stress relief for all parts except
“slightly” formed parts, such as skin panels, since they exhibited few problems.*

Forming the seven different pressure vessel configurations in the X-15 pre-
sented its own problems. When compatibility with the contained fluid permitted,
titanium was the first choice of material. North American used a 26-inch Cincinnati
Hydroform for the hemispherical ends of the 14-inch cylindrical nitrogen tanks

61 Richard L. Schleicher, “Structural Design of the X-15,” p. 14.

62 1. J. Wilson, North American report NA58-973, “Forming and Fabrication Methods for the X-15 Airplane,” 18 July
1958, no page numbers; confirmed by telephone conversation between Charles H. Feltz and Dennis R. Jenkins
on 23 May 2002.

63 “Forming and Fabrication Methods for the X-15 Airplane.”

64 Ibid.
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with little difficulty. The company also attempted to form the 16-inch hemispheres
for the helium tanks on this machine, but the optimum blank size was greater
than the maximum machine capacity of 26 inches. Using a smaller-than-optimum
blank required excessive hold-down pressure that resulted in small surface cracks.
The alternative was to “spin form” the hemispherical ends. Engineers heated the
blanks to approximately 1,600°F and used an internally heated spinning chuck to
shape the disc. Unfortunately, this resulted in a surface with significant oxygen
contamination, so North American used thicker parts and machined them to the
correct thickness to eliminate the contamination. Machining was also required to
match the hemispheres for each end of the tank prior to welding.®

Finding the correct material for the main propellant tanks, especially the
liquid-oxygen tank, took some investigation. Most steel and common heavy
structural alloys gain strength but lose ductility when operated at low tempera-
tures, although Inconel proved to be relatively insensitive to this. The martensitic
alloys, such as heat-treated 4130 low-alloy steel and AM-350 CRES precipita-
tion-hardened corrosion-resistant steel, followed predictable curves that showed
severe ductility loss as the temperature decreased below —100°F. A titanium alloy
containing 5% aluminum and 2.5% tin handled the low temperatures well, but
did not have the requisite strength at 1,200°F. North American finally decided to
manufacture the primary barrels of the tanks from Inconel X.%

Initially, engineers used AM-350 CRES, formed on a 7,000-ton hydraulic
press using a deep-draw process, for the 32-inch hemispheres of the main pro-
pellant tanks. Excessive thinning occurred until the optimum pressure on the
press draw ring was determined. Even then, North American encountered some
difficulty due to uneven forces from the pressure pins used to secure the
blanks, resulting in non-uniformity around the periphery of the hemisphere.
The engineers subsequently decided to discard the CRES hemispheres and to
remanufacture them from Inconel X.’

Inconel X proved to be remarkably easy to work with considering its hard-
ness, although the engineers had to make severely formed parts in multiple stages,
with annealing accomplished between each stage. Nevertheless, problems arose.
One of the first concerned fabricating the large Inconel propellant tank hemi-
spheres. The propellant tanks comprised a large portion of the fuselage and were
composed of an outer cylindrical shell and an inner cylinder. Inconel X semi-torus
hemispheres at each end of the tank joined these two parts. The hemispheres were
formed in two segments, with the split located midway between the inner and out-
er cylinders. Technicians welded the inner torus segment to the inner cylinder, and
the outer torus segments to the outer tank, before joining the two assemblies.®®

After initial attempts to spin the bulkheads from a single, heated Inconel X
blank were unsuccessful, the technicians built up the cones by welding smaller
pieces together, and performed a complete X-ray inspection of each weld. After

65  Ibid.

66 F. R. Kostoch, “X-15 Material and Process Development,” a paper in the Research Airplane Committee Report on
the Conference on the Progress of the X-15 Project, A Compilation of the Papers presented in Los Angeles, CA,
28-30 July 1958, p. 259 (hereafter called the 1958 Research Airplane Committee Report).

67 “Forming and Fabrication Methods for the X-15 Airplane.”

68  Ibid.
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the cones were formed to the approximate size, they went through several stages
of spinning, with a full annealing process performed after each stage. The first
spin blocks used for the hemispheres were made from hardwood, and cast iron
was used for the final sizing. A problem developed when transverse cracks began
to appear during the spinning of the hemispheres.®

Both North American and the International Nickel Company investigated the
cracks, but determined that the initial welds were nearly perfect and should not have
contributed to the problem. Nevertheless, engineers tried different types of welding

4
i

Fabricating the X-15 gave North American engineers some of the first large-scale experience with
the newest high-strength alloys of titanium and stainless steel. The main propellant tanks formed an
integral part of the fuselage, and after a great deal of investigation, North American manufactured the
barrels from Inconel X. The excperience gained from building the X-15 provided lessons used during the
construction of the Apollo capsules and space shuttle orbiters. (North American Aviation)

69  Ibid.
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wire, and varied the speed, feed, and pressure of the spinning lathe, but the welds
continued to crack. It was finally determined that the welds were —ironically —too
good; they needed to be softer. North American developed a new process that re-
sulted in slightly softer but still acceptable welds, and the cracking stopped.™

North American gained experience in manufacturing the propellant tanks
and fuselage structure long before it manufactured the first flight airplane. The
company constructed three partial fuselages as ground-test articles for the rocket
engines. Reaction Motors at Lake Denmark received two of these, while the third
went to the Rocket Engine Test Facility at Edwards. Although not intended as
“practice,” they did allow the workers in Inglewood to gain a certain level of
expertise on a less-critical assembly before building the real flight articles.

Forming the ogive section of the forward fuselage also presented some prob-
lems for North American. The usual method to construct such a structure was to
form four semicircular segments of skin and weld them together. However, due
to the size of the structure and the need to maintain a precise outer mold line, the
engineers decided that the most expedient production method was to make a cone
and bulge-form it into the final shape in one operation. The initial cone was made
from four pieces of Inconel X welded together and carefully inspected to ensure
the quality of the welds. It was then placed in a bulge-form die and gas pressure
was applied that forced the part to conform to the shape of the die. This process
worked well, with one exception. For reasons that were never fully understood,
one of the four pieces of Inconel X used for one cone had a tensile strength about
28,000 psi greater than the others. During formation this piece resisted stretching,
causing the welds to distort and creating wrinkles. North American eventually
discarded the piece and made another one using four different sheets on Inconel;
that one worked fine.”

Both titanium and Inconel were hard metals, and the tools used to form and
cut them tended to wear out faster than equivalent tools used in the production of
steel or aluminum parts. In addition, it took considerably longer to cut or polish
compared to other metals. For instance, it took approximately 15 times longer to
machine Inconel X than aluminum. This did not lead to any particular problems
during the manufacture of the X-15 (unlike some of the tool contamination issues
faced by Lockheed on the Blackbird), but it did slow progress and force North
American to rethink issues such as machining versus polishing.”

The windshield glass originally installed on the X-15 was soda-lime-tempered
plate glass with a single outer pane and double inner panes. Engineers had based
this choice on a predicted maximum temperature of 740°F. Data obtained on early
flights indicated that the outer face would encounter temperatures near 1,000°F, with
a differential temperature between panes of nearly 750°F. It was apparent that soda-
lime glass would not withstand these temperatures. The engineers subsequently se-
lected a newly developed alumino-silicate glass that had higher strength and better
thermal properties as a replacement. The 0.375-inch-thick alumino-silicate outer

70  Ibid.
71 Crossfield, Always Another Dawn, p. 292.
72 “Forming and Fabrication Methods for the X-15 Airplane.”

73 “Forming and Fabrication Methods for the X-15 Airplane,” I. J. Wilson, “X-15 Forming and Fabrication Methods,”
a paper in the 1958 Research Airplane Committee Report, p. 249.
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pane withstood temperatures up to 1,500°F during one test. The next test subjected
the glass to a surface temperature of 1,050°F with a temperature gradient from the
outer to inner surface of 790°F without failure. In actuality, the thermal environ-
ment on the X-15 glass was more complicated, although slightly less severe. The
outer surface could reach 800°F, while the inner surface could reach 550°F; how-
ever, the inner temperature lagged behind the outer temperature. During rapid heat
build-up on high-speed missions, the maximum temperature differential reached
480°F at a time when the outer glass was only 570°F. At this point, both the outer
and inner panes began to rise in temperature rapidly.™

Technicians at the Flight Research Center installed the alumino-silicate glass
in the outer pane of all three X-15s, although they continued to use soda-lime plate
glass for the inner panes until the end of the program. Corning Glass Company
supplied all of the glass. The thermal qualification test was interesting. Corning
heated an 8.4 by 28-inch panel of the glass to 550°F in a salt bath for 3 minutes,
and then plunged it into room-temperature tap water. If it did not shatter, it passed
the test.”

Harrison Storms summed up the North American efforts during the X-15 roll-
out ceremony: “Inconel X was considered a weldable alloy; however no detailed
experience with it, as a weldable structure, was available. The development had to
be done by North American Aviation in forming, welding, and otherwise joining
this material to make a practical machine.” Storms described special techniques
for contouring the skins that involved hot machining, cold machining, ovens,
freezers, cutters, slicers, and rollers. For instance, one special tool fixture needed
to control the contour during a heat-treating cycle of the wing skin weighed 4,300
pounds, while the skin it held weighed only 180 pounds. Despite the publicity
normally associated with the use of Inconel X, Charlie Feltz remembered that
titanium structures gave North American the most trouble. Fortunately, the use of
titanium on the X-15 was relatively small, unlike what Lockheed was experienc-
ing across town on the Blackbird.”

HIGH-ALTITUDE GIRDLES

Pressure suits, more often called “space suits” by the public, are essentially
taken for granted today. Fifty years ago they were still the stuff of science fiction.
These suits serve several necessary purposes, with supplying the correct partial
pressure of oxygen being the most obvious (although masks or full-face helmets
can also accomplish this). The most important purpose, however, is to protect the
pilot against the increasingly low atmospheric pressures encountered as altitude

74 Kordes et al., “Structural Heating Experiences of the X-15,” pp. 33-34; Greene and Benner, “X-15 Experience
from the Designer’s Viewpoint,” pp. 318-319.

75 Richard L. Schleicher, “Structural Design of the X-15,” North American Aviation, 1963, pp. 37-38. Copy provided
courtesy of Gerald H. Balzer Collection.

76 Storms, “The X-15 Rollout Symposium;” telephone conversation, Charles H. Feltz with Dennis R. Jenkins, 19
February 2002.
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increases — pressures that reach essentially zero above about 250,000 feet. At high
altitudes, the blood and water in the human body want to boil —not from heat, but
from the pressure differential between the body and the environment.”’

A distant precursor of the full-pressure suit was, arguably, the dry suits used
by turn-of-the-century commercial salvage divers, complete with their ported
brass helmets and valve fittings. In 1920, renowned London physiologist Dr.
John Scott Haldane apparently was the first to suggest that a suit similar to the
diver’s ensemble could protect an aviator at high altitudes. There appeared, how-
ever, to be little immediate need for such a suit. The normally aspirated piston-
powered airplanes of the era were incapable of achieving altitudes much in excess
of 20,000 feet, and the major concern at the time was simply keeping the pilot
warm. However, the increasing use of supercharged aircraft engines during the
late 1920s led to the first serious studies into pressure suits. Suddenly, aircraft
could fly above 30,000 feet and the concern was no longer how to keep the aviator
warm, but how to protect him from the reduced pressure.”

During the early 1930s Mark E. Ridge determined that a suitably constructed
pressurized suit would allow him to make a record-breaking altitude flight in an
open balloon. His efforts to interest the United States military in this endeavor
failed, and instead he contacted John Haldane in London for help. At the time,
Haldane was working with Sir Robert Davis of Siebe, Gorman & Company to de-
velop deep-sea diving suits. Together, Haldane and Davis constructed a hypobaric
protection suit for Ridge. For a number of reasons, Ridge was never able to put the
suit to actual use, although he tested it in a pressure chamber at simulated altitudes
up to 90,000 feet.™

In 1934 famed aviator Wiley Post commissioned the B. F. Goodrich Com-
pany to manufacture a pressure suit of his own design. Unfortunately, the rubber-
ized fabric suit did not work all that well. The basic design was modified by B. F.
Goodrich engineer Russell Colley, and after some trial and error, Post was able to
use it successfully on several record-breaking flights to altitudes of 50,000 feet.*

While work on derivatives of the Ridge-Haldane-Davis suit continued in
England, the U.S. Army Air Corps finally recognized, somewhat belatedly, the
need for a pressurized protective garment for military aviators and started the
classified MX-117 research program in 1939. This drew several companies into
pressure-suit development, including B. F. Goodrich (with Russell Colley), Bell
Aircraft, the Goodyear Rubber Company, the U.S. Rubber Company, and the
National Carbon Company. From 1940 through 1943, engineers produced a
number of designs that all featured transparent dome-like plastic helmets and
airtight, rubberized fabric garments that greatly restricted mobility and range
of motion when fully pressurized. The development of segmented, bellows-like
joints at the knees, hips, and elbows improved mobility, but still resulted in an

77 Crossfield, Always Another Dawn, p. 236. Crossfield gives an interesting look at his involvement (which was great)
in early pressure-suit development in the chapter titled, “Girdles, Brassieres, Shattered Sinuses.”

78 Christopher T. Carey, “Supporting Life at 80,000 feet: Evolution of the American High Altitude Pressure Suit.”
http://www.lanset.com/aeolusaero/Articles/SSuits.htm. Accessed on 9 April 2002.

79 Ibid. A suit based upon the Ridge-Haldane-Davis design was eventually flown to a British altitude record of
50,000 feet in 1936.

80  Ibid.
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extremely clumsy and uncomfortable ensemble. The striking visual aspect of
these suits resulted in their being called “tomato worm suits,” after the distinc-
tive tomato hornworm.®!

By 1943 the Army Air Corps had largely lost interest in the concept of a
full-pressure suit. The newest long-range bomber, the Boeing B-29 Superfortress,
was pressurized and seemed less likely to require the suits than earlier aircraft. As
Scott Crossfield later opined, “During World War II the armed services, absorbed
with more vital matters, advanced the pressure suit not a whit.”®

After the war, Dr. James P. Henry of the University of Southern California
began experimenting with a new concept in aircrew protection. The capstan-type
partial-pressure suit operated by imposing mechanical pressure on the body di-
rectly, compressing the abdomen and limbs much like the anti-g suits then enter-
ing service. The compression was applied by inflatable bladders in the abdominal
area and pneumatic tubes (capstans) running along the limbs. A tightly fitting,
rubber-lined fabric hood that was fitted with a neck seal and a transparent visor
fully enclosed the head.®

In Worcester, Massachusetts, a small company named after its founder,
David Clark, produced anti-g suits for the Air Force and experimental pressure
suits for the Navy. Scott Crossfield described Clark as “one of the most interest-
ing men I have ever met in the aviation world.” Although Henry had approached
the David Clark Company for assistance in developing his suit concept, con-
tracts for anti-g suits between David Clark and the U.S. government made direct
cooperation appear to be a conflict of interest. Instead, Clark sent materi-
als and an experienced seamstress, Julia Greene, to help Henry continue his
development in California. Just after the war, the Air Force asked Clark to ob-
serve a test of the Henry partial-pressure suit in the altitude chamber at Wright
Field. Henry demonstrated the suit to a maximum altitude of 90,000 feet, and
remained above 65,000 feet for more than 30 minutes; everybody was suitably
impressed. The Air Force asked David Clark to produce the Henry design, and
all parties soon reached an agreement that included Julia Greene returning to
Worcester. David Clark produced the first suit for Jack Woolams, a Bell test
pilot scheduled to fly the XS-1, and made additional suits for Chalmers “Slick”
Goodlin and a little-known Air Force captain named Chuck Yeager.*

These early partial-pressure suits did, in fact, work. On 25 August 1949,
Major Frank K. “Pete” Everest was flying the first X-1 on an altitude flight when
the canopy cracked and the cockpit depressurized. The laced partial-pressure
suit automatically activated, squeezing Everest along the torso, arms, and legs,
supporting his skin and keeping his blood from boiling. He landed, uncomfort
able but unhurt. This was the first recorded use of a partial-pressure suit under
emergency conditions.

81 Ibid.

82 Quote is from Crossfield, Always Another Dawn, p. 237.

83 Corrections to the Henry suit description supplied by Jack Bassick at the David Clark Company in a letter to
Dennis R. Jenkins, 3 June 2002.

84 David M. Clark, The Development of the Partial Pressure Suit, (Worcester, MA: David Clark Company, 1992), pp.
168-169. The Crossfield quote is from Always Another Dawn, p. 239.

85 Crossfield, Always Another Dawn, pp. 237-238; Jay Miller, The X-Planes: X-1 to X-45, (Hinckley, England: Midland
Publishing, 2001), pp. 31-32.
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Continued improvements resulted in the T-1 suit, the first standardized par-
tial-pressure suit used by the Air Force. The Air Force used the T-1 suit in a va-
riety of aircraft, including the stripped-down “featherweight” versions of the
Convair B-36 intercontinental bomber that frequently flew missions lasting in
excess of 24 hours at altitudes above 50,000 feet. Unfortunately, the T-1 suit was
not a particularly comfortable garment.

The discomfort of the so-called “Henry suit” was an unfortunate aspect of
the fundamental design of partial-pressure suits. This was at least partially elimi-
nated in the subsequent MC-1, MC-3, and MC-4 series (the MC-2 suit was an
experimental full-pressure suit to be discussed later) by the placement and adjust-
ment of panels during customized fitting. However, the suits did accomplish their
main purpose: to protect the wearer from the effects of emergency decompression
at altitude.®

Taking a different route, after the war the U. S. Navy began investigating the
possibility of developing a full-pressure suit in cooperation with B. F. Goodrich
and Russell Colley. This led to a progressive series of refinements of the basic
design that resulted, in the early 1950s, in the first practical U.S. full-pressure
suit. At the same time, the David Clark Company was also experimenting with
full-pressure suits under Navy auspices. On 21 August 1953, Marine Corps
Lieutenant Colonel Marion E. Carl took one of the D-558-2 aircraft to an
unofficial record altitude of 83,235 feet while wearing a David Clark full-
pressure suit.®

The Navy’s adventures in full-pressure suit development took some intrigu-
ing turns, and Scott Crossfield covers them well in his autobiography. The Navy
ended up concentrating on the Goodrich designs. One of these was the Model H,
an early developmental suit that the Navy considered unacceptable for operational
use but showed a great deal of promise. Consequently, in a perfect example of
interservice rivalry, the Air Force and Navy began separate development efforts —
both based on the Model H—to perfect an operational full-pressure suit. By the
early 1960s the Navy had progressed through a series of developmental models
to the Mark IV, Model 3, Type 1, a production suit that Navy aircrews wore on
high-altitude flights for several years.¥

Air Force experience at high altitudes in the B-36 confirmed the need for a
full-pressure suit to replace the partial-pressure suits used by the bomber crews. In
response, the Air Force drafted a requirement for a suit to provide a minimum of
12 hours of protection above 55,000 feet. The goal was to construct a “fully mo-
bile suit” that would weigh less than 30 pounds, operate with an internal pressure
of 5 psi, and provide the user with sufficient oxygen partial pressure for breathing,
adequate counterpressure over the body, and suitable ventilation.*

86 Carey, “Supporting Life at 80,000 feet.”

87 Ibid; amplification of the T-1 suit development supplied by Jack Bassick at the David Clark Company in a letter to
Dennis R. Jenkins, 3 June 2002.

88 Crossfield, Always Another Dawn, pp. 240-241; http://www.nasm.edu/nasm/aero/aircraft/douglas_D-558.htm,
accessed on 24 April 2002.

89 Carey, “Supporting Life at 80,000 feet.”

90 Edwin G. Vail and Richard G. Willis, “Pilot Protection for the X-15 Airplane,” a paper in the 1958 Research Airplane
Committee Report, pp. 117-118.
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Whatever the political nuances involved, in 1955 the Air Force issued a re-
quest for proposals for a full-pressure suit. Several contracts were awarded and
the two leading designs were designated the XMC-2-ILC (International Latex
Corporation) and the XMC-2-DC (David Clark Company). The ILC approach
resulted in an unwieldy garment that used convoluted metal joints and metal bear-
ing rings, and had limited mobility under pressure; it was known, however, to
provide the required pressure protection. Unfortunately, the joint bearings pro-
duced painful pressure points on the body and were hazardous during bailout or
ejection—hardly an ideal solution.”!

On the other hand, the David Clark suit featured a major breakthrough in suit
design with the use of a new “distorted-angle fabric,” called Link-Net, to control
inflation and enhance range of motion. This eliminated the need for the tomato-
worm bellows at the limb joints. David Clark had been developing this same basic
suit with the Navy before that service opted to go with the Goodrich design. The
Air Force selected the David Clark suit for further development.®

The new Link-Net fabric was the result of an intensive effort by the company
to develop a new partial-pressure suit fabric using both Navy and company mon-
ey. Originally, David Clark had constructed several torso mockups using different
unsupported sheet-rubber materials, but quickly discarded these when it became
evident that a rupture in the material could cause the entire suit to collapse. The
company began looking for a supported-rubber material that would meet the seal-
ing requirements but would not collapse when punctured. Ultimately, David Clark
selected a neoprene-coated nylon. A puncture in this material would result in a
small leak, but not a sudden expulsion of gas.”

The enormous advantages offered by the Link-Net fabric were hard to grasp.
Coupled with advances in regulators and other mechanical pieces, David Clark
could now produce a workable full-pressure suit that weighed about 35 pounds.
Previously, during the early X-15 proposal effort, North American had estimated
a suit would weigh 110 pounds.**

Further tests showed that two layers of nylon marquisette arranged with op-
posite bias provided the maximum strength in high-stress areas. This improved
Link-Net material consisted of a series of parallel cords that looped each other
at frequent intervals. The loops were interlocked but not connected so that the
cords could slide over each other and feed from one section of the suit to another
to allow the suit to deform easily as the pilot moved. The main characteris-
tic required of the Link-Net was the lowest possible resistance to bending and
twisting, but the elasticity had to be minimal since the suit could not increase
appreciably in volume while under pressure. The use of a relatively non-elastic
cord in the construction of Link-Net made it possible to satisfy these seemingly

91 Ibid. The use of the XMC-2 designation for multiple designs was unusual and confusing.
92 Ibid. Link-Net is a trademark of the David Clark Company.

93 Air Force report ASD-61-116, “Development of a Full Pressure Suit System,” May 1961, p. 1. Supplied by Jack
Bassick at the David Clark Company.

94 Crossfield, Always Another Dawn, pp. 253-254.
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The X-15 provided the first impetus to develop a workable full-pressure suit, and Scott Crossfield
and Dr. David M. Clark were instrumental in the effort. The first X-15 full-pressure suit, the
XMC-2 (§794-3C) was demonstrated by Scott Crossfield in the human centrifuge at the Aero
Medical Laboratory on 14 October 1957. Two 15-second runs were made at 7 g, and the fol-
lowing day an additional 23 tests were conducted to demonstrate the anti-g capability of the suit.
(U.S. Air Force)

contradictory requirements. Clark chose nylon for the Link-Net because of its
high tensile strength, low weight, and low bulk ratio.*

The first prototype David Clark Model S794 suit provided a learning experi-
ence for the company. For instance, the initial anti-g bladders were fabricated
using neoprene-coated nylon, but failed during testing. New bladders incorpo-
rated a nylon-oxford restraint cover, and these passed the pressure tests. Materials
evaluated for the gloves included leather/nylon, leather/nylon/Link-Net, and all
leather. Eventually, the company found the best combination was leather covering
the hand, a stainless-steel palm restrainer stitched inside nylon tape supported by
nylon tape around the back, Link-Net from the wrist up to the top zipper, and a
black cabretta top seam. However, pilots quickly found that gloves constructed in
the straight position made it impossible to hold an object, such as a control stick,
for more than 15-20 minutes while the glove was pressurized. When the company
used a natural semi-closed position to construct the glove, the pilots could hold an
object for up to 2 hours without serious discomfort. Perhaps the most surprising

95 “Development of a Full Pressure Suit System,” pp. 1-2. The nylon marquisette had a tensile break strength of 64
psi on the fill and 130 psi on the warp.



X-15: EXTENDING THE FRONTIERS OF FLIGHT 137

material used in the prototype suit was the kangaroo leather for the boots, which
turned out to be soft and comfortable as well as sufficiently durable.*

The construction of two “production” full-pressure suits (S794-1 and
S794-2) followed. These suits were an improvement in terms of production and
mobility but were, in reality, still prototypes. One of the major changes was ex-
tending the use of Link-Net material further from the joints to increase the amount
of “draw” and provide additional mobility. Eventually David Clark concluded that
the entire suit should use Link-Net. David Clark delivered these two suits to the
Aero Medical Laboratory at Wright Field for testing and evaluation, and used the
lessons learned to construct the first X-15 suit for Scott Crossfield.”’

Crossfield’s Crusade

By the beginning of the X-15 program, the WADC Aero Medical Laboratory
had only partly succeeded in developing a full-pressure suit, almost entirely with
the David Clark design. This led to a certain amount of indecision regarding the
type of garment needed for the X-15. However, North American proposed the use
of a full-pressure suit as a means to protect the pilot during normal operations and
emergency escape.

Despite the early state-of-development of full-pressure suits, Scott Crossfield
was convinced they were necessary for the X-15. Crossfield also had great confi-
dence in David Clark—both the company and the man. In fact, the detail specifi-
cation of 2 March 1956 required North American to furnish just such a garment,
and the company issued a specification for a full-pressure suit to the David Clark
Company on 8 April 1956. Less than a month later, however, the X-15 Project
Office, on advice from the Aero Medical Laboratory, advised North American to
plan to use a partial-pressure suit. It was the beginning of a heated debate.”®

North American, and particularly Scott Crossfield, refused to yield, and dur-
ing a meeting in Inglewood on 20-22 June 1956 the Air Force began to concede.
David Clark demonstrated a full-pressure suit, developed for the Navy, during
preliminary X-15 cockpit mockup inspection. Although the suit was far from
perfected, the Aero Medical Laboratory believed that “the state-of-the-art of full
pressure suits should permit the development of such a suit satisfactory for use in
the X-15.7%

During a meeting on 12 July 1956, representatives from the Air Force, Navy,
and North American reviewed the status of full-pressure suit development, and the
Aero Medical Laboratory committed to make the modifications necessary to sup-
port the X-15. The North American representative, Scott Crossfield, agreed that the
Aero Medical Laboratory should provide the suit for the X-15. Crossfield insisted

96 “Development of a Full Pressure Suit System,” pp. 3-4. At rest, the human hand tends to be in a semi-closed
position as the muscles relax. The kangaroo leather boots eventually gave way to standard flying boots that were
modified to interface with the pressure suit. The Hyde Athletic Shoe Company provided the model Z100 boots.

97 “Development of a Full Pressure Suit System,” pp. 4-5.

98 North American Aviation detail specification NA5-4047, 8 April 1956. In the files at the Boeing Archives; memo-
randum, Lieutenant Colonel K. F. Troup, Chief, Aircrew Effectiveness Branch, Aero Medical Laboratory, to Chief,
New Development WSPO, Fighter Aircraft Division, ARDC, no subject, 4 May 1956. In the files at the Air Force
Historical Research Agency; telephone conversation, Scott Crossfield with Dennis R. Jenkins, 5 June 2000.

99 X-15 WSPO Weekly Activity Report, 28 June 1956.
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that the laboratory design the garment specifically for the X-15 and make every
effort to provide an operational suit by late 1957 to support the first flight. The
X-15 Project Office accepted responsibility for funding the development program.
Crossfield could not legally change the suit from a contractor-furnished item to
government-furnished equipment, but agreed to recommend that North American
accept such a change. There was little doubt that Charlie Feltz would concur.'®

Although the 12 July agreement effectively settled the issue, the paperwork to
make it official moved somewhat more slowly. The Air Force did not change the
suit from contractor-furnished to government-furnished until 8 February 1957. At
the same time, the Aero Medical Laboratory issued a contract to the David Clark
Company for the development of a full-pressure suit specifically for the X-15.11

The first X-15 suit was the S794-3C, which incorporated all of the chang-
es requested after a brief period of evaluating the first two “production” S794
suits. The complete suit with helmet, boots, and back kit weighed just 37 pounds.
David Clark shipped this third suit to Inglewood for evaluation in the X-15 cockpit
mockup from 7-13 October 1957. While at North American, the suit underwent
pressure checks, X-15 cockpit compatibility evaluations, ventilation checks, and
altitude-chamber runs. Unfortunately, the altitude-chamber runs proved pointless
since the North American chamber only went to 40,000 feet and the suit controller
had been set to pressurize above 40,000 feet.'*

The suit was then taken to the Aero Medical Laboratory for evaluation,
and on 14 October was demonstrated in the Wright Field centrifuge during two
15-second runs at 7 g. The following day, 23 more centrifuge runs demonstrated
the anti-g capability of the suit, which proved satisfactory. On 16 October, the
suit underwent environmental testing at temperatures up to 165°F. The ventilation
of the suit at these temperatures was unsatisfactory, but David Clark engineers
understood the issue and the government did not consider it significant. Mobility
tests were conducted in the centrifuge on 17 October at flight conditions up to
5 g with satisfactory results, and altitude chamber tests ended at 98,000 feet for 45
minutes. As a result of these evaluations, the Air Force requested numerous minor
modifications for subsequent suits, but the Aero Medical Laboratory formally ac-
cepted the S794-3C on 12 November 1957.1%

The list of modifications required for the S794-4 suit took four pages, but
they were mostly minor issues and did not represent a significant problem for the
David Clark Company, although the resulting suit was almost 3 pounds heavier.
Scott Crossfield demonstrated this suit during a cockpit inspection on 2 Decem-
ber 1957 when he put the suit on, inflated it to 3 psi, walked from one end of the

100 AMC Form 52 (Record of Verbal Coordination), 12 July 1956, subject: Personal Equipment for X-15 Weapons
System; telephone conversation, Scott Crossfield with Dennis R. Jenkins, 5 June 2002.

101 Letter, R. L. Stanley, Deputy Chief, Fighter Aircraft Branch, Aircraft and Missiles Division, Director of Procurement
and Production, AMC, to Air Force Plant Representative, North American Aviation, subject: Contract AF33(600)-
31693, X-15 Airplane—ECPs NA-X15-1, NA-X15-7, NA-X15-8, NA-X15-12,16 January 1957. In the files at the
Air Force Historical Research Agency; letter, S. C. Hellman, Manager, Contracts and Proposals, North American
Aviation, to Commander, AMC, subject: Contract AF33(600)-31693 (X-15) NA-240 Contractual Document—Re-
quest for Full Pressure Pilot’s Suit—Change from CFE to GFAE, ECP NA-X-15-8, 8 February 1957. In the files at
the Boeing Archives; Air Force report ASD-61-116, pp. 7-8. The David Clark contract was AF33(616)-3903 as
part of Project 6333. The effort was subsequently transferred to Project 6336.

102  “Development of a Full Pressure Suit System,” pp. 5-6.

103 Ibid. Between 18 September and 26 November the S794-3C suit spent 66 hours and 40 minutes pressurized
without failure at David Clark Company, Firewel Company, North American, and Wright Field.
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room to the other (a distance of some 100 feet), and then entered the X-15 cockpit
without assistance. Those in attendance were favorably impressed.'™*

On 16 December 1957, David Clark took the S794-4 suit to Wright Field
for further evaluation, and then to NADC Johnsville for centrifuge testing on
17-18 December. These centrifuge tests were much more realistic than the limited
evaluations conducted at Wright Field on the previous suit, and included complete
simulated X-15 flights. After some minor modifications, the Aero Medical Labo-
ratory formally accepted the suit on 20 February 1958.'%

The S794-5 suit, the first true “production MC-2,” incorporated 34 changes.
The Air Force sent the completed suit to Wright Field on 17 April 1958, and then
to Edwards for flight evaluations. Personnel at Edwards had modified the back
cockpits of a T-33 and F-104B to accommodate the suit for the tests. The first
flight in the T-33 on 12 May 1958 resulted in several complaints, primarily citing
a lack of ventilation because no high-pressure air source was available. Initial
concerns about a lack of mobility eased after the third flight as the pilot became
more familiar with the suit. The suit seemed to offer adequate anti-g protection up
to the 5-g limit of the T-33. Tests in the F-104B proved to be more comfortable,
primarily because high-pressure air was available for suit ventilation, but also
because the cockpit was somewhat larger, improving mobility even further. The
pilots suggested various improvements (many concerning the helmet and gloves)
after these flights, but overall the comments were favorable. The suit accumulated
8.25 hours of flight time during the tests.'*

The Aero Medical Laboratory advised the X-15 Project Office on 10 April
1958 that David Clark would deliver the first suit for Scott Crossfield on 1 June
1958. The laboratory cautioned, however, that the X-15 project would receive
only four suits under the current contract. The laboratory would receive other
full-pressure suits for service testing in operational aircraft, but these were not
compatible with the X-15 cockpit. If additional suits were required, the X-15
Project Office would need to provide the Aero Medical Laboratory with
additional funds.'"’

Given the lack of funds for additional suits, the X-15 Project Office investi-
gated the feasibility of using a seat kit instead of the back kit used on the first four
suits. This would allow the use of suits designed for service testing, and allow
X-15 pilots to use the suits in operational aircraft. The benefits of using a common
suit would have been substantial, but by May 1958 it was too late since the X-15
design was too far along to change. Although the X-15 Project Office continued
to pursue the idea, the X-15 suit remained different from similar suits intended for

104  Ibid, pp. 8-12.

105 Ibid, p. 13; X-15 WSPO Weekly Activity Report, 30 October 1957; “Full Pressure Suit Assembly,” Physiology
Branch, Aero Medical Laboratory, WADC, 1 January 1958; memorandum, G. Kitzes, Assistant Chief, Physiol-
ogy Branch, Aero Medical Laboratory, WADC, to Chief, Fighter Aircraft Division, ARDC, subject: Status of MC-2
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tude Suits for the X-15 Research Aircraft, 10 April 1958. In the files at the Air Force Historical Research Agency.
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operational aircraft. The X-15 Project Office subsequently found funds for two
more suits.'%

On 3 May 1958, the configuration of the suit to be delivered to Crossfield was
frozen during a meeting in Worchester among representatives of the Air Force,
David Clark, and North American. The decision was somewhat premature since
the suit configuration was still in question during a meeting three months later at
Wright Field. This indecision had already resulted in a two-month delay, and the
need for further tests was apparent.'®

The X-15 Project Office advised the newly assigned chief of the Aero
Medical Laboratory, Colonel John P. Stapp, that the suit delays might postpone
the entire X-15 program. To maintain the schedule, the X-15 project needed to
receive Crossfield’s suit by 1 January 1959, a second suit by 15 February, and
the remaining four suits by 15 May. Simultaneously, the X-15 Project Office
informed Stapp of the growing controversy concerning the use of a face seal
(actually a separate oral-nasal mask inside the pressurized helmet) instead of the
neck seal preferred by the Aero Medical Laboratory.''°

North American believed the pilot should be able to open the face-
plate on his helmet, using the face seal as an oxygen mask. The Aero Medical
Laboratory disagreed. Since the engineers had long since agreed to pressurize
the X-15 cockpit with nitrogen to avoid risks associated with fire, a neck seal
meant that the pilot could never open his faceplate under any conditions. North
American and the NACA had already ruled out pressurizing the cockpit with
oxygen, for safety reasons. Eventually, the program adopted a neck seal for
the MC-2 suit, although development of the face seal continued for the highly
successful A/P22S-2 suit that came later.""!

Crossfield finally received his MC-2 pressure suit on 17 December 1958. In
a report dated 30 January 1959, the X-15 Project Office attributed much of the
credit for the successful development of the full-pressure suit to Crossfield.'"?

David Clark tailored the resulting MC-2 suits for the individual pilots.
Each suit consisted of a ventilation suit, upper and lower rubber garments, and
upper and lower restraint garments. The ventilation suit also included a po-
rous wool insulation garment. The edges of the upper and lower rubber gar-
ments were folded together three times to form a seal at the waist. The lower
half of the rubber garment incorporated an anti-g suit that was similar in design

108 Interview of Captain Jerry E. Schaub X-15 WSPO, Director of Systems Management, ARDC, 28 May 1959, by
Robert S. Houston, History Branch, WADC. Written transcript in the files at the AFMC History Office. X-15 WSPO
Weekly Activity Report, 2 May 1958. In a seat kit the pilot sits on the controller unit, parachute, and survival kit,
whereas in a back kit these items are located (naturally enough) on his back. This necessitates different seat
configurations, which can have a major impact on the design of the ejection seat and supporting equipment.

109 X-15 WSPO Weekly Activity Report, 9 May 1958; Lieutenant Colonel Burt Rowen, “Biomedical Monitoring of the
X-15 Program,” AFFTC report TN-61-4, May 1961, p. 2. Attendees included representatives of the Aero Medical
Laboratory, X-15 Project Office, WADC Crew Station Office, North American, The David Clark Company, Bill Jack
Scientific Company, and Firewel Company.
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1958, subject: X-15 Full Pressure Suit Program. In the files at the AFMC History Office; X-15 WSPO Weekly Activity
Report, 5 September 1958 and 7 November 1958; Lieutenant Colonel Burt Rowen, “Human-Factors Support of
the X-15 Program,” Air University Quarterly Review, Air War College, volume X, number 4, Winter 1958-59, p. 38.

111 Report, “Survey of the X-15 Research Aircraft, 30 September-7 October 1958,” ARDC Inspector General, not
dated. In the files at the ASC History Office.

112 X-15 WSPO Weekly Activity Report, 21 November and 5 December 1958, and 9 January, 30 January, and 3 April
1959; memorandum, Colonel F. A. Holm to Chief, Programs and Evaluations Office, ARDC Inspector General, 13 Feb-
ruary 1958. In the files at the AFMC History Office; Rowen, “Biomedical Monitoring of the X-15 Program,” pp. 2-3.
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to standard Air Force-issue suits and provided protection up to about 7 g. The
X-15 provided gaseous nitrogen to pressurize the portion of the suit below the rub-
ber neck seal. The suit accommodated in-flight medical monitoring of the pilot.'*

The outer garment was not actually required for altitude protection. An alu-
minized reflective outer garment contained the seat restraint, shoulder harness,
and parachute attachments; protected the pressure suit during routine use; and
served as a sacrificial garment during high-speed ejection. It also provided a small
measure of additional insulation against extreme temperature. This was the first
of the silver “space suits” that found an enthusiastic reception on television and at
the movies.'!*

The X-15 supplied the modified MA-3 helmet with 100% oxygen for
breathing, and the same source inflated the anti-g bladders within the suit during
accelerated flight. The total
oxygen supply was 192 cu-
bic inches, supplied by two
1,800-psi bottles located
beneath the X-15 ejection
seat during free flight. The
NB-52 carrier aircraft sup-
plied the oxygen during
ground operations, taxiing,
and captive flight. A rotary
valve located on the ejection
seat selected which oxy-
gen source (NB-52 or X-15
seat) to use. The suit-helmet
regulator automatically de-
livered the correct oxygen
pressure for the ambient
altitude until the absolute
pressure fell below 3.5 psi
(equivalent to 35,000 feet),
and the suit pressure then
stabilized at 3.5 psi abso-
lute. Expired air vented into
the lower nitrogen-filled
garment through two one-
Here Scott Crossfield sits in a thermal-vacunm chamber during tests ~ way neck seal valves and
of a prototype XMC-2 (§794-3C) suit. These tests used tempera-  then into the aircraft cockpit
tures as high as 165°F and the initial suits suffered from inad-  through a suit pressure-con-
equate ventilation at high temperatures. Production versions of this  trol valve. During ejection
suit were used for 36 early X-15 flights, and in a number of other ~ the nitrogen gas supply to
high-altitude Air Force aircraft. (Bocing) the suit below the helmet

113  “Biomedical Monitoring of the X-15 Program,” pp. 2-3; Edwin G. Vail and Richard G. Willis, “Pilot Protection for
the X-15 Airplane,” a paper in the 1958 Research Airplane Committee Report, pp. 117-118.

114 Vail and Willis, “Pilot Protection for the X-15 Airplane,” p. 119.
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was stopped (since the nitrogen source was on the X-15), and the suit and helmet
were automatically pressurized for the ambient altitude by the emergency oxygen
supply located in the backpack.'

Despite the fact that it worked reasonably well, the pilots did not particularly
like the MC-2 suit. It was cumbersome to wear, restricted movement, and al-
lowed limited peripheral vision. It was also mechanically complex and required
a considerable amount of maintenance. Nevertheless, there was only one serious
deficiency noted in the suit: the oxygen line between the helmet and the helmet
pressure regulator (mounted in the back kit) caused a delay in oxygen flow such
that the pilot could reverse the helmet-suit differential pressure by taking a quick,
deep breath. Since the helmet pressure was supposed to be greater than the suit
pressure to prevent nitrogen from leaking into the breathing space, this pressure
reversal was less than ideal, but no easy solution was available.''

Improved Girdles for the Masses

Fortunately, development did not stop there, and the first of the improved
A/P22S-2 (David Clark Model S1023) full-pressure suits arrived at Edwards on
27 July 1959. The development by the David Clark Company of a new method to
integrate a pressure-sealing zipper made it possible to incorporate all of the lay-
ers of the MC-2 suit into a one-piece garment, significantly simplifying handling
and maintenance. A separate aluminized-nylon outer garment protected the suit
and provided mounting locations for the restraint and parachute harness. A face
seal that was more comfortable and more robust replaced the neck seal, which
had proven relatively delicate and subject to frequent damage. A modified helmet
mounted the oxygen pressure regulator inside the helmet, eliminating the undesir-
able time delay in oxygen flow. This time David Clark mounted the suit pressure
regulator in the suit to eliminate some of the plumbing.'"’

The consensus among X-15 pilots was that the A/P22S-2 represented a huge
improvement over the earlier MC-2. However, it would take another year be-
fore the Aero Medical Laboratory delivered fully qualified versions of the suit
to the X-15 program. By July 1960, the A/P22S-2 pressure suits started arriving
at Edwards and familiarization flights in the JTF-102A began later in the year,
along with additional X-15 cockpit mockup evaluations and simulator runs. North
American also subjected the first suit to wind-tunnel tests in the company facility
in El Segundo.'®

Joe Walker made the initial attempt at using the A/P22S-2 in the X-15 on 21
March 1961; unfortunately, telemetry problems forced Walker to abort the flight
(2-A-27). Nine days later Walker made the first flight (2-14-28) in the A/P22S-2.

115 Ibid, pp. 119-120. The MC-2 was pressurized in the X-15 in a slightly different manner compared to MC-2 suits
used in other aircraft.

116  Bratt, “Biomedical Aspects of the X-15 Program, 1959-1964,” pp. 6-7.

117  Ibid, pp. 7-8. Corrections to the A/P22S-2 description supplied by Jack Bassick at the David Clark Company in
a letter to Dennis R. Jenkins, 3 June 2002

118 James E. Love, “History and Development of the X-15 Research Aircraft,” not dated, p. 13. In the files at the DFRC
History Office. Pressure suit designations continued to be misleading. For instance, the A/P22S-2 was a David Clark
Company suit, but the A/P22S-3 was a completely different suit manufactured by the B. F. Goodrich Company.
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Walker reported that the new suit represented an improvement in comfort and vi-
sion over the MC-2. By the end of 1961, the A/P-22S-2 had a combined total of
730 hours in support of X-15 operations; these included 18 X-15 flights, 171 flight
hours in the JTF-102A, and 554 hours of ground time.'"’

The A/P22S-2 was clearly superior to the earlier MC-2, particularly from the
pilot’s perspective. The improvements included the following:'®

1. Increased visual area—The double curvature faceplate in
the A/P22S-2, together with the use of a face seal in place
of the MC-2 neck seal, allowed the face to move forward
in the helmet so that the pilot had a lateral vision field of
approximately 200 degrees. This was an increase of ap-
proximately 40 degrees over the single contoured lens in
the MC-2 helmet, with an additional increase of 20 percent
in the vertical field of view.

2. Ease of donning—The MC-2 was put on in two sections:
the lower rubberized garment and its restraining coverall,
and the upper rubberized garment and its restraining cov-
erall. This was a rather tedious process and depended on
folding the rubber top and bottom sections of the suit to-
gether to retain pressure. The A/P22S-2 was a one-piece
garment with a pressure-sealing zipper that ran around the
back portion of the suit and was zippered closed in one op-
eration. It took approximately 30 minutes to properly don
an MC-2; only 5 minutes for the newer suit.

3.  Removable gloves—In the MC-2 the gloves were a fixed
portion of the upper rubberized garment. The A/P22S-2 had
removable gloves that contributed to general comfort and
ease of donning. This also prevented excessive moisture
from building up during suit checkout and X-15 preflight
inspections, and made it easier for the pilot to remove the
pressure suit by himself if that should become necessary.
Another advantage was that a punctured glove could be
changed without having to change the entire suit.

The A/P22S-2 also featured a new system of biomedical electrical connectors
installed through a pressure seal in the suit, avoiding the snap-pad arrangement
used in the MC-2 suit. The snap pads had proven to be unsatisfactory for continued
use, since after several operations the snaps either separated or failed to make good

119 X-15 Status Reports, Paul F. Bikle/FRC to H. Brown/NASA Headquarters, 15 July 1960, p. 6; 29 July 1960 p.
7; and 3 April 1961, pp. 13-14. In the files at the DFRC History Office; Lieutenant Colonel Burt Rowen, Major
Ralph N. Richardson, and Garrison P. Layton, Jr., “Bioastronautics Support of the X-15 Program,” a paper in the
Research Airplane Committee Report on the Conference on the Progress of the X-15 Project, a compilation of
the papers presented at the Flight Research Center, 20-21 November 1961, p. 255 (hereafter called the 1961
Research Airplane Committee Report). A slightly expanded version of this paper was subsequently republished
as AFFTC technical report FTC-TDR-61-61, “Bioastronautics Support of the X-15 Program,” December 1961.

120 Rowen et al., “Bioastronautics Support of the X-15 Program,” pp. 255-256.
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contact because of metal fatigue. This resulted in the loss of biomedical data dur-
ing the flight. In the new suit, biomedical data were acquired through what was es-
sentially a continuous electrical lead from the pilot’s body to the seat interface.''

The number of details required to develop a satisfactory operational pressure
suit was amazing. Initially the A/P22S-2 suit used an electrically heated stretched
acrylic visor procured from the Sierracin Corporation. The visors were heated
for much the same reason a car windshield is: to prevent fogging from obscuring
vision. Unfortunately, on the early visors the electrical coating was applied to
only one side of the acrylic and the coating was not particularly durable, requir-
ing extraordinary care during handling. Polishing would not remove scratches,
so the Air Force had to replace the scratched visors. David Clark solved this with
the introduction of a laminated heated visor in which the electrical coating was
sandwiched between two layers of acrylic. This required a new development ef-
fort since nobody had laminated a double-curvature lens, although a Los Angeles
company called Protection Incorporated had done some preliminary work on the
idea at its own expense. The David Clark Company supplied laminated visors
with later models of the A/P22S-2 suit.'”

Initially, the MC-2 suit used visors heated at 3 W per square inch, but the
conductive film overly restricted vision. The Air Force gradually reduced the re-
quirement to 1 W in an attempt to find the best compromise between heating the
visor and allowing unimpeded vision. Tests in the cold chamber at the Aerospace
Medical Center during late January 1961 established that the 1-W visors were
sufficient for their expected use.'*

Another requirement came from an unusual source. Researchers evaluating
the effects of the high-altitude free fall during Captain Joseph Kittinger’s record
balloon jump realized that the X-15 pilot would need to be able to see after eject-
ing from the airplane. This involved adding a battery to the seat to provide electri-
cal current for visor heating during ejection.'*

Like the MC-2 before them, the A/P22S-2 suits were custom made for each
X-15 pilot, necessitating several trips to Worcester. It is interesting to note that
although the X-15 pilots were still somewhat critical of the lack of mobility af-
forded by the full-pressure suits (particularly later pilots who had not experienced
the MC-2); this was only true on the ground. When the suits occasionally inflated
for brief periods during flight, an abundance of adrenaline allowed the pilot to
easily overcome the resistance of the suit. At most, it rated a slight mention in the
post-flight report.

As good as it was, the A/P22S-2 was not perfect, and David Clark modified
the suit based on initial X-15 flight experience. The principle modifications in-
cluded rotating the glove rings to provide greater mobility of the hands; improved

121 Ibid, pp. 256-257.
122 Minutes of Meeting, X-15 Human Factors Subcommittee, 30 December 1960.
123 Ibid.

124 Minutes of Meeting, X-15 Human Factors Subcommittee, 28 March 1961. Joseph W. Kittinger, Jr., was appointed
test director of Project Excelsior to investigate escape from high altitude. During this project, three high-altitude
jumps were made from a balloon-supported gondola. The first was from 76,400 feet on 16 November 1958, the
second from 74,700 feet 25 days later, and the third from 102,800 feet on 16 August 1960, the highest altitude
from which man had jumped. In free-fall for 4.5 minutes at speeds up to 714 mph and temperatures as low as
—94°F, Kittinger opened his parachute at 18,000 feet. In addition to the altitude record, he set records for the
longest free-fall and fastest speed achieved by a man (without an aircraft!).
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The MC-2 suit led to the David Clark Company A/ P22S suit that became the standard military and
NASA high-altitude suit. The A/P22S and its variants have had a long career, and were used by
SR-71 and U-2 pilots, as well as space shuttle astronants. Here, NASA test pilot Joseph A. Walker
stands in front of an X-15 after a flight. (NASA)

manufacturing, inspection, and assembly techniques for the helmet ring to lower
the torque required to connect the helmet to the suit, and the installation of a re-
dundant (pressure-sealing) restraint zipper to lower the leak rate of the suit. Other
changes included the installation of a double face seal to improve comfort and
minimize leakage between the face seal and suit, and modifications to the tailor-
ing of the Link-Net restraint garment around the shoulders to improve comfort
and mobility. David Clark also solved a weak point involving the stitching in the
leather glove by including a nylon liner that relieved the strain on the stitched
leather seams.'®

Ultimately, only 36 X-15 flights used the MC-2 suit; the remainder used the
newer A/P22S-2. Variants of the A/P22S-2 would become the standard opera-
tional full-pressure suit across all Air Force programs.

125 Rowen et al., “Bioastronautics Support of the X-15 Program;” “Biomedical Aspects of the X-15 Program: 1959-
1964,” pp. 8-9.
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Post X-15

The X-15 was not the only program that required a pressure suit, although it
was certainly the most public at the time. The basic MC-2 suit underwent a num-
ber of one-off “dash” modifications for use in various high-performance aircraft
testing programs. Many of the movies and still photographs of the early 1960s
show test pilots dressed in the ubiquitous aluminized fabric-covered David Clark
MC-2 full-pressure suits.

The A/P22S-2 suit evolved into a series of variants designated the A/P22S-4,
A/P22S-6, and A/P22S-6A (David Clark models S1024, S1024A, and S1024B,
respectively) for use in most high-altitude Air Force aircraft, including the SR-71.
Regardless of the success of the A/P22S-2 suit and its modifications for Air Force
use, the cooperation between the Navy and Russell Colley at Goodrich continued.
The Navy full-pressure suits included the bulky Mark I (1956); a lighter, slightly
reconfigured Mark II; an even lighter Mark III (some versions with a gold lamé
outer layer) with an improved internal ventilation system; and three models of the
final Mark IV, which went into production in 1958 as the standard Navy high-al-
titude suit.'?

The original Mercury space suits were reworked Mark IV suits that NASA
designated XN-1 through XN-4, but the engineers usually referred to them as the
“quick-fix” suits. The A/P22S-2 formed the basis for the Gemini suits, and ILC re-
turned to the fray to produce the EVA suits used for Apollo. In March 1972, the Air
Force became the lead service (the Life Support Special Project Office (LSPRO))
for the development, acquisition, and logistics support efforts involving pressure
suits for the Department of Defense. This resulted in the Navy agreeing to give up
the Mark IV full-pressure suit and adopt versions of the A/P22S-4/6. Today, the
standard high-altitude, full-pressure suits used for atmospheric flight operations
(including U-2 missions), as well as those used during space shuttle ascent and
reentry, are manufactured by the David Clark Company.'?’

ESCAPE SYSTEM DEVELOPMENT

The development of an escape system had been the subject of debate since
the beginning of the X-15 program. North American’s decision to use a combina-
tion of an ejection seat and a full-pressure suit was a compromise based largely
on the ejection seat being lighter than the other alternatives. It was also heavily
lobbied for by Scott Crossfield.

The Aero Medical Laboratory had recommended an escape capsule, as pre-
scribed by existing Air Force regulations, as early as 8 February 1955. However,
the laboratory admitted that an escape capsule would require a long development
period and would probably be unacceptably heavy. The laboratory’s alternative

126 Carey, “Supporting Life at 80,000 feet.”
127 Ibid.
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was an ejection seat with limb restraints used together with a full-pressure suit.
Meetings held during October and November 1955 resulted in a direction to North
American to develop an ejection seat that would incorporate head and limb re-
straints. The Air Force also told North American to document the rationale for
adopting such a system.'*

Privately, Scott Crossfield had already decided he did not like capsule de-
signs. Part of this came from experience with the Douglas D-558-2 program. Ac-
cording to Crossfield, “We had a capsule nose on the Skyrocket but knew from
the wind-tunnel data that if you separated the nose from the fuselage, the g-force
would be so great it could kill you. I made up my mind I would never use the
Skyrocket capsule. I would ride the ship down and bail out.” Later events with a
similar system on the X-2 would prove this fear correct.'”

The North American analysis of potential accidents that could cause the
pilot to abandon the X-15 produced some surprising results. Despite the high-al-
titude and high-speed nature of the mission profiles, North American determined
that 98% of potential accidents were likely to occur at dynamic pressures below
1,500 psi, Mach numbers below 4.0, and altitudes less than 120,000 feet. Us-
ing these as criteria, North American investigated four potential escape systems:
fuselage-type capsules, cockpit capsules, encapsulated seats, and open ejection
seats. The comparison included such factors as cockpit mobility, escape potential,
mechanical reliability, post-separation performance, and airframe compatibility.
This effort took some 7,000 man-hours to complete. The results showed that
an open ejection seat imposed the fewest performance penalties on the aircraft
and took the least time to develop. The estimates from North American showed
that a satisfactory escape capsule would add 9,000 pounds to the 31,000-pound
airplane. Just as importantly, North American—and Scott Crossfield, who would
be making the first flights in the airplane—believed the ejection seat offered a
better alternative in the event of an emergency, mainly due to its relative me-
chanical simplicity.'*

Despite the report, the Air Force was not completely convinced. During a
meeting at Wright Field on 2-3 May 1956, the laboratory again emphasized the per-
ceived limitations of ejection seats. Primarily due to the efforts of Scott Crossfield,
the Air Force finally agreed that “the X-15 was probably its own best capsule.” The
meeting also resulted in another action for North American, once again, to docu-
ment its rationale for selecting the stable-seat and full-pressure suit combination."!

North American held the first formal cockpit inspection in July 1956 at its
facility in Inglewood. This inspection featured a fully equipped cockpit mockup,
complete with instruments, control sticks, and an ejection seat. The seat was a
custom design that featured a new type of pilot restraint harness and small sta-

128 Memorandum, H. E. Savely, Chief, Biophysics Branch, Aero Medical Laboratory, WADC, to Chief, New De-
velopment Office, Fighter Aircraft Division, 8 February 1955, subject: Acceleration Tolerance and Emergency
Escape. In the files at the Air Force Historical Research Agency; memorandum, Arthur W. Vogeley, to Hartley A.
Soulé/Research Airplane Project Leader, no subject, 30 November 1955. In the files at the NASA History Office.

129 Crossfield, Always Another Dawn, p. 231; telephone conversations, Scott Crossfield with Dennis R. Jenkins, 12
July, 14 July, 20 July, and 1 August 2001.

130 J. F. Hegenwald, “Development of X-15 Escape System,” a paper in the 1958 Research Airplane Committee
Report, p. 129; Crossfield, Always Another Dawn, p. 232.

131 Memorandum, Hartley A. Soulé/Research Airplane Project Leader to Members of the NACA Research Airplane
Project Panel, 7 June 1956. In the files at the NASA History Office.



148 CHAPTER 3: CONFLICT AND INNOVATION

bilizers to “weather-vane” it into the wind blast and prevent fatal tumbling or
oscillation. A solid rocket motor provided about 3,000 Ibf to ensure that the seat
would clear the X-15. Despite Air Force policy to the contrary, nobody raised any
objections about the seat during the inspection. By default, it became part of the
official design.'*

By November 1956, North American had tested a 0.10-scale isolated pilot-
seat model of its design in the Naval Supersonic Laboratory wind tunnel at the
Massachusetts Institute of Technology (MIT). Although the seat seemed to stabi-
lize randomly in different orientations, the results were generally encouraging. In
itself, this did not represent a serious problem, although all participants wanted
to understand the dynamics involved. North American conducted additional tests
in the Southern California Co-Operative Wind Tunnel in Pasadena to develop the
final stabilization system configuration and determine the influence of the forward
fuselage without the cockpit canopy.'*

The debate over the X-15 ejection seat intensified on 27 September 1956
when Captain Milburn G. Apt was killed in the X-2. However, the accident also
weakened the case for an escape capsule. The X-2 used a semi-encapsulated sys-
tem whereby the entire nose of the aircraft, including the cockpit, was blown free
of the main fuselage in an emergency. Unfortunately, Bell engineers had expected
the pilot to be able to unbuckle his seat straps and manually bail out of the cap-
sule after it separated, something Apt was unable to do. It demonstrated that an
encapsulated system was not necessarily the best solution, but then neither was an
ejection seat. Almost by definition, piloting X-planes was—and would remain—a
dangerous occupation.'**

During early 1958, researchers began testing the X-15 ejection seat on the
rocket sleds at Edwards, with the preliminary runs concluding on 22 April. The
series got off to a good start, with the first test seat ejected at 230 knots and the
parachute successfully opening at 120 feet, lowering the anthropomorphic dum-
my gently to the ground. The dummy was equipped with telemetry that relayed
data from rate gyros, accelerometers, and pressure transducers. The second test,
this one at 620 knots and a dynamic pressure of 1,130 psf, also went well. The
third test, under similar conditions, was again satisfactory. However, during the
fourth run the shock-wave generator catapult exploded at Mach 1.26 and 2,192
psf. The accident damaged the seat, suit, and anthropomorphic dummy beyond
repair. Engineers fired another seat during a static test on 24 April, but the post-
ejection operation failed because of a mechanical problem in the initiation hard-
ware. During the second static test on 14 May 1958, the parachute and parachute
lines became tangled with the seat. In all, the test series provided mixed results.
North American made several minor modifications in preparation for a second
series of tests scheduled for June.'*

132 Crossfield, Always Another Dawn, pp. 232-233.

133 Memorandum, Hartley A. Soulé/Research Airplane Project Leader, to Members of the NACA Research Airplane
Project Panel, NACA, subject: Project 1226 —Progress Report for months of September and October 1956, 15
November 1956; J. F. Hegenwald, “Development of X-15 Escape System,” a paper in the 1958 Research Airplane
Committee Report, pp. 129-130.

134  Miller, The X-planes, pp. 62-67.

135 X-15 WSPO Weekly Activity Report, 2 May and 21 May 1958; Hegenwald, “Development of X-15 Escape Sys-
tem,” pp. 136-137.
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The high cost of the rocket-sled runs, coupled with the damaged seat hard-
ware, was quickly exceeding the budget for the escape-system tests. Because of
this, the X-15 Project Office decided to conduct only two tests, at 125 psf and
1,500 psf. Despite the earlier difficulties, Air Force and North American engineers
believed these two tests could adequately demonstrate seat reliability. '

The Air Force conducted the test at 125 psf on 4 June 1958, and the results
appeared to be satisfactory. Three successful tests took place during June, but the
fourth test, on 3 July, revealed serious stability problems. North American dis-

L

The ¢jection seat for the X-15 was a remarkable engineer-
ing achievement, and was the most sophisticated ejection
seat yet developed at the time of the first X-15 flight. Still,
it was much simpler than an encapsulated ejection system
would have been. (US. Air Force)

136  Ibid.

continued further tests until it
could determine a cause for the
failures. A detailed analysis re-
vealed that the seat would need
several major modifications.'?’

The Air Force conducted
the first test of the revised North
American seat on 21 November
1958, but several of the sled
rockets failed to ignite and re-
duced the desired 1,500-psf
pressure to about 800 psf. Two
tests during December also suf-
fered from the failure of sled
rockets. The only test conducted
during January failed when the
right-hand boom and fin failed
to deploy. The leg restraints also
failed during the test, but North
American believed an instabili-
ty caused by the boom malfunc-
tion caused this. The parachute
failed to open until just before
the test dummy hit the ground,
causing significant damage to
the dummy.'3

The schedule was getting
tight since the X-15 was nearly
ready to begin captive-carry
flights. On 12 January, the Air-
craft Laboratory verbally ap-
proved the seat for the initial
captive and glide flights between

137  X-15 WSPO Weekly Activity Report, 11 June, 11 July, 3 October 1958. The Convair “B” seat was designed by the
Industry Crew Escape Committee and initially manufactured by Stanley. For a variety of reasons, the manufactur-
ing contract was later moved to Aircraft Mechanics, Inc. The seat was used in the Convair F-106 Delta Dart, was
capable of zero-zero operation (zero speed at zero altitude), and provided meaningful ejection up to 790 knots

and about 60,000 feet.

138 X-15 WSPO Weekly Activity Report, 7 November 1958, 28 November 1958, 9 January 1959, and 6 February 1959.
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As developed by North American, the ¢jection seat contained provisions to restrain the pilot’s arms and

legs to keep them from flailing in the airstream after leaving the aircraft, and also booms and canards
to stabilize the seat during separation. After the seat left the aircraft, the pilot unbuckled and jumped

from the seat, coming down on his own parachute. (North American Aviation)

Mach 0.377 and Mach 0.720 at dynamic pressures between 195 and 715 psf.
The X-15 Project Office considered this satisfactory given the inability of the

NB-52 to go much faster.'”

Because of the unsuccessful January test, North American carefully re-
checked and strengthened the booms and pressure-tested the seat’s gas system.
The Air Force conducted the final sled-test on 3 March 1959 at Mach 1.15 and
1,600 psf—conditions somewhat in excess of requirements. Despite the failure of
the leg manacles, the test was the most successful to date. North American pro-

139 X-15 WSPO Weekly Activity Report, 16 January 1959.
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posed additional tests and a parachute program in April 1959, but the X-15 Project
Office was happy with the results of the tests already run and declined. The X-15
finally had an ejection seat.'*

The pilot used a backpack-type parachute after he separated from the seat.
However, because of the design of the pressure suit, seat, and cockpit, neither the
Air Force nor North American considered the standard quarter-deployment bag
and 28-foot-diameter C-9 parachute acceptable. Instead, North American pro-
duced a special 24-foot-diameter chute and “skirt bag” specifically for the X-15.
The company extensively tested this combination on a whirltower to verify the
design of the skirt bag, the optimum pilot-parachute bridle length, and the effect of
having the seat headrest permanently attached to the pilot chute. The tests in early
1958 included opening speeds up to 300 knots, and subsequent free-fall tests with
an anthropomorphic dummy released from a Fairchild C-119 Flying Boxcar over
the National Parachute Range in El Centro, California. During the initial tests, the
C-119 released the dummy in a head-down attitude at 125 knots and 1,200 feet.
These tests were unsuccessful because the pilot chute deployed into a low-pressure
zone in the wake of the dummy and was not capable of pulling the main chute from
the pack. North American extended the bridle length to 70 inches, allowing the pi-
lot chute to escape the low-pressure area, and subsequent tests were successful.'*!

Initially North American used the 24-foot diameter chute because it was the
largest they could easily accommodate in the backpack and the engineers thought
it would open more quickly, allowing safe ejection at lower altitudes. However,
several flight surgeons had concerns that it would allow too high a descent rate for
the pilot, and urged the certification of a larger parachute for use on the X-15. Dur-
ing October 1960, North American tested a repackaged 28-foot-diameter para-
chute at the National Parachute Range. These tests were successful and indicated
no significant difference in opening time between the smaller and larger chutes. It
became policy that each pilot could select whichever size parachute he wished to
use. Most continued to use the 24-foot chute because the reduced thickness of the
backpack made it more comfortable to sit on in the cockpit.'*?

In June 1965, NASA authorized North American to purchase five new
28-foot parachutes to replace the 24-foot units that had reached their 7-year ser-
vice limit. The new chutes had a disconnect device that allowed the pilots to
release one-half of the shroud lines during descent. They were less comfortable
because they were thicker than the original parachutes, but as personnel at Ed-
wards discarded the smaller units, they became standard.'*

Despite the confidence Scott Crossfield and the North American engineers
had in the ejection seat, apparently it was not universal. Pete Knight once com-
mented, “They tell me that the seat is good for Mach 4 and 120,000 feet. I take it
with a grain of salt, but I think the safest place to be is inside the airplane until we
get to a more reasonable environment.... If you had to, as a last resort certainty
you would take the chance, but I think most of the pilots have felt that we...would

140 X-15 WSPO Weekly Activity Report, 13 February 1959, 13 March 1959, and 17 April 1959.
141 Hegenwald, “Development of X-15 Escape System,” p. 132.

142 Minutes of Meeting, X-15 Human Factors Subcommittee, 30 December 1960.

143 X-15 Status Report, Paul F. Bikle/FRC to J. Martin/NASA Headquarters, 2 June 1965, p. 7.
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The X-15 ejection seat, like all other seats of the era, was tested on the rocket sled track at Edwards
AFB, California. The sled test results were mixed, with many failures of both the sled and the seat
Jfor various reasons, but ultimately the Air Force, NASA, and North American were satisfied that the

seat would work as advertised. (US. Air Force)

stay with [the airplane] as long as possible.” At least everybody agreed that the
cockpit was a safe place. Crossfield demonstrated that when the X-15-3 exploded
on the ground while he was testing the XLLR99 engine.'*

STABLE PLATFORM DEVELOPMENT

Another major piece of government-furnished equipment was the all-attitude
inertial system, called a “stable platform” at the time. Early on, researchers real-
ized the performance of the research airplane required a new method to determine
altitude, speed, and attitude information. The original Langley study, as well as
each of the contractor proposals, had suggested the use of a stable platform. Un-
fortunately, such as system was not readily available.

A meeting held at Wright Field on 14-15 November 1955 implied that the
WADC would furnish the stable platform. Arthur Vogeley, the NACA representa-

144 Major William J. “Pete” Knight, “Increased Piloting Tasks and Performance of X-15A-2 in Hypersonic Flight,”
The Aeronautical Journal of the Royal Aeronautical Society, volume 72, September 1968, p. 799 (derived from a
lecture given to the Test Pilot’s Group of the Society on 30 January 1968); general thoughts confirmed with Pete
Knight in a telephone conversation with Dennis R. Jenkins, 27 September 2002.
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tive, assumed that the Air Force had already developed a suitable device since his
report stated that a newly developed Bendix platform weighed only 28 pounds
and occupied less than a cubic foot of volume. Others within the NACA and North
American were not as certain. During a meeting with North American personnel,
Walt Williams specifically asked who was responsible for the stable platform, and
no answer was immediately forthcoming.'*

Researchers apparently did not discuss the requirements for a stable platform
until 24 May 1956 during a meeting at Langley. In attendance were representatives
from Eclipse-Pioneer (a division of Bendix), the NACA, North American, and the
WADC. This group discussed the platform mentioned at the November 1955 meet-
ing, and Eclipse-Pioneer acknowledged that it was only a conceptual design and
not a forthcoming product. Nevertheless, the meeting attendees thought that devel-
opment of a suitable platform would take only 24 months. Since the platform pro-
vided research data in addition to flight data, the NACA agreed to charge 40 pounds
of the estimated 65-pound weight against research instrumentation. There was no
mention as to why the original 28-pound estimate had grown to 65 pounds.'*

Despite its early participation, Eclipse-Pioneer did not exhibit any further
interest, so the Flight Control Laboratory asked the Sperry Gyroscope Company
if it was interested. By August 1956, Sperry had prepared a preliminary proposal,
and on 4 October the X-15 Project Office held a technical briefing for Sperry at
Wright Field.'*

On 26 December 1956, the Flight Control Laboratory began the process to
procure eight inertial flight data systems (six “Type A” units for the X-15 and two
“Type B” units for ground research). The laboratory recommended awarding the
$1,030,000 contract to the Sperry Gyroscope Company.'*?

For unexplained reasons, the Air Materiel Command did not take immediate
action and did not release a formal request for proposal to Sperry until 6 Feb-
ruary 1957. Two weeks later Sperry replied, and the Flight Control Laboratory
approved the technical aspects of the proposal on 28 March. In the meantime,
however, a controversy had developed over contracting details. The negotiations
reached a deadlock on 11 April 1957 and the Air Materiel Command informed the
X-15 Project Office that it intended to find another contractor. The Flight Control
Laboratory and X-15 Project Office argued that Sperry was the only company that
stood a chance of meeting the X-15 flight schedule, but procurements were the
domain of the Air Materiel Command and the warnings fell on deaf ears.'*

It was evident that the issue was rapidly exhausting the patience of all con-
cerned. On 22 April 1957, the director of development at the WADC, Brigadier

145 Memorandum, Arthur W. Vogeley to Hartley A. Soulé/Research Airplane Project Leader, no subject, 30 November
1955; memorandum, Walter C. Williams to Hartley A. Soulé/Research Airplane Project Leader, no subject, 27
January 1956. In the files at the NASA History Office.

146 Memorandum, Hartley A. Soulé/Research Airplane Project Leader to Members of the NACA Research Airplane
Project Panel, no subject, 7 June 1956. In the files at the NASA History Office.

147  Proposal number A. E. 1752, “Development of Flight Research Stabilized Platform,” Sperry Gyroscope Co. Au-
gust 1956; Memorandum, Hartley A. Soulé/Research Airplane Project Leader to Members of the NACA Research
Airplane Project Panel, 15 November 1956. In the files at the NASA History Office.

148 Memorandum, M. L. Lipscomb, Instrumentation Branch, Flight Control Laboratory, WADC, to Chief, Accessories
Development Section, Accessories Branch, Aerospace Equipment Division, AMC, no subject, 26 December 1956.

149 Letter, H. L. Kimball, Chief, Accessories Development Section, Accessories Branch, Aerospace Equipment Divi-
sion, AMC, to Sperry Gyroscope Company, no subject, 6 February 1957; negotiation summary, C. E. Deardorff,
Accessories Development Section, Accessories Branch, Aerospace Equipment Division, AMC, 25 April 1956.
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General Victor R. Haugen, informed the Air Materiel Command that Sperry was
the only company capable of developing the stable platform within the schedule
constraints of the X-15 program. Having a general officer intervene was apparent-
ly the answer, and a cost-plus-fixed-fee contract signed on 5 June 1957 provided
$1,213,518.06 with an $85,000 fee.'*

Because of the contracting delays, the expected December 1958 delivery of
the initial Sperry unit would not support the first flight of the X-15. This was not
a significant problem since the initial X-15 flights would be low and slow enough
to use a standard NACA flight test boom to provide the data ultimately supplied
by the stable platform and ball nose. In fact, the NACA would likely have used
the flight test boom even if the other instruments had been available, since it pro-
vided a known, calibrated source for acquiring initial air data. Most experimental
aircraft use similar booms during early testing.""

More disturbing, however, was that it quickly became apparent that the
weight of the stable platform had been seriously underestimated. In May 1958,
Sperry undertook a weight-reduction program that, unfortunately, was particularly
unsuccessful. By August, Sperry was reporting that the weight was approximately
twice the original specification.'>?

It was just the beginning of serious trouble. By June 1958, the estimated cost
was up to $2,741,375 with a $105,000 fee. Less than a year later the cost reached
$3,234,188.87 with an $119,888 fee, mostly due to efforts to reduce the weight of
the stable platform.'*?

The Air Materiel Command asked Sperry for additional data on their weight-
reduction exercise on 7 August 1958. Sperry replied that with a shock mount
capable of meeting the vibration specification, the system weighed 185.25 pounds.
An alternate shock mount that did not meet the requirements but was probably ac-
ceptable brought the weight down to 165.25 pounds. Interestingly, Sperry admit-
ted it had known about the weight problem for some time, but did not explain why
it had not brought the issue to the government’s attention at an earlier date.'>*

Sperry defended its actions by listing the changes it had made to eliminate
excess weight. These included substituting aluminum for stainless steel in some
locations, reducing the thickness of various covers, and reducing component
weight wherever practical. The need to include power supplies not anticipated in
the original proposal also increased the weight of the system. Finally, Sperry also
concluded that the stable platform was lighter and more accurate than any com-

150 Memorandum, Brigadier General Victor R. Haugen, WADC, to Chief, Aerospace Equipment Division, Director of
Procurement and Production, AMC, subject: Flight Data System for the X-15, 22 April 1957; purchase request
DE-7-S-4184. In the files at the AFMC History Office; Contract AF33(600)-35397, 5 June 1957. In the files at the
Air Force Historical Research Agency.

1561 X-15 WSPO Weekly Activity Report, 2 May 1958.

152  Memorandum, W. W. Bailey, Programming Branch, Flight Control Laboratory, WADC and Captain Chester E.
McCollough, Jr., Assistant Chief, X-15 WSPO, to Chief, Flight Data Section, Accessories Branch, Aerospace
Equipment Division, AMC, no subject, 5 August 1958.

153  Supplemental Agreements 1 through 10, Contract AF33(600)-35397, 5 June 1957 and subsequent. In the files at
the ASC History Office.

154  Memorandum, W. W. Bailey, Programming Branch, Flight Control Laboratory, WADC and Captain Chester E.
McCollough, Jr., Assistant Chief, X-15 WSPO, to Chief, Flight Data Section, Accessories Branch, Aerospace
Equipment Division, AMC, no subject, 5 August 1958. In the files at the AFMC History Office; letter, J. J. Slamer,
Deputy Chief, Flight Data Section, Accessories Branch, Aerospace Equipment Division, AMC, to AFPR, Sperry
Rand Corporation, subject: Letter Contract AF33(600)-35397, 7 August 1958. In the files at the Air Force Histori-
cal Research Agency.
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peting system. Apparently, Sperry’s justification was satisfactory since the X-15
Project Office accepted that the system was going to remain overweight and took
no further action on the subject.'%

As finally delivered, the stable platform was an Earth-slaved, Schuler-tuned
system aligned in azimuth to a guidance vector coincident with X-15 centerline.
The unit provided attitude, velocity, and altitude to the pilot with reference to these
coordinate systems. There were three major components to the stable platform:
the stabilizer, computer, and displays. Together they weighed approximately 165
pounds, occupied about 3 cubic feet of volume, and required a peak electrical
load of 600 W. The stabilizer used three self-balancing accelerometers and three
single-degree-of-freedom gyroscopes. A four-gimbal system provided complete
attitude freedom in all axes. An analog computer computed velocity and posi-
tion data, and applied the necessary acceleration corrections. The computer was
shock-mounted and shaped to conform to the contours of the X-15 instrumentation
compartment. Gaseous nitrogen from the X-15 cooled the stabilizer and computer
to counteract the internal heat generated by the units, and the extreme external
temperatures. The system was “designed to operate over a limited portion of the
Earth’s surface.” Specifically, it could accept a launch point anywhere within a
275-mile-wide corridor extending 620 miles uprange and 205 miles downrange
from Edwards AFB.'*

Sperry shipped the first stabilizer and computer to Edwards in late January
1959, and the Air Force intended to use the NB-52 carrier aircraft as a test vehicle.
This was delayed for unknown reasons, so the Air Force made a KC-97 that was
already being used for similar purposes by the Convair B-58 program available to
the X-15 project. The first flights in the KC-97 took place in late April, but were
of limited value given the low speed of the piston-powered Stratocruiser. In June
1959, North American successfully installed the Sperry system in X-15-3 prior to
its delivery to Edwards. By the end of May 1960, there were four complete stable
platforms at Edwards: one in X-15-1, one in X-15-3, one spare, and one undergo-
ing repair.'”’

155 Letter, G. W. Schleich, Aerospace Equipment Division, Sperry Gyroscope Company, to Commander, AMC, sub-
ject: Contract AF33(600)-35397, 4 September 1958. In the files at the Air Force Historical Research Agency.

156 M. L. Lipscomb and John A. Dodgen, “All-Attitude Flight-Date System for the X-15 Research Airplane,” a paper
in the 1958 Research Airplane Committee Report, p. 161; Jay V. Christensen and John A. Dodgen, “Flight Experi-
ence with X-15 Inertial Data System,” a paper in the 1958 Research Airplane Committee Report, p. 204. Quote
from the 1958 paper; Jack Fischel and Lannie D. Webb, NASA technical note D-2407, “Flight-Informational Sen-
sors, Display, and Space Control of the X-15 Airplane for Atmospheric and Near-Space Flight Missions,” August
1964, p. 5; Kenneth C. Sanderson, NASA technical memorandum X-56000, “The X-15 Flight Test Instrumenta-
tion,” 21 April 1964, pp. 10-11. The 1965 flight manual says that the corridor was 240 miles wide and 720 miles
long. This probably represents the design for the improved FRC-66 or IFDS system, although the documentation
is unclear.

157  NASA technical note D-2407, p. 5; X-15 WSPO Weekly Activity Report, 23 January, 13 March, and 1 May 1959;
interview, Lieutenant Ronald L. Panton, X-15 WSPO Director of Systems Management, ARDC, 1 June 1959,
by Robert S. Houston, History Branch, WADC. Written transcript in the files at the Air Force Museum archives;
James E. Love, “History and Development of the X-15 Research Aircraft,” not dated, p. 20. In the files at the
DFRC History Office; X-15 Status Report, Paul F. Bikle/FRC to H. Brown/NASA Headquarters, 15 May 1960, p.
7. In the files at the DFRC History Office.
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As delivered, the stable platforms could provide the following data:'*®

Measurement Range Accuracy (rms) | Display Record
Pitch angle (degrees) unlimited 0.5 v v

Roll angle (degrees) unlimited 0.5 v v

Yaw angle (degrees) unlimited 0.5 v v
Altitude (feet) 0-500,000 5,000 v

Total velocity (fps) +7,000 70 v
Downrange velocity (fps) +7,000 50 v

Crossrange velocity (fps) +3,000 50 v
Vertical velocity (fps) +5,000 20 v

However, Sperry had made several compromises during the development of
the X-15 stable platform, either to meet schedule or reduce weight. The designers
knew that 300 seconds after launch (i.e., as the airplane decelerated to land) the
pressure instruments would be adequate for vehicle altitude and velocity data, and
that a system capable of operating from carrier aircraft takeoff to X-15 landing
would be too heavy and bulky for the X-15. The final design had a very limited
operating duration. The pilot aligned the system just before the X-15 separated
from the NB-52, and the stable platform provided just 300 seconds of velocity
and altitude data, along with 20 minutes of attitude data. This limited operating
duration provided some relief for the weight problem.'>

As it turned out, the lighter shock mount developed by Sperry was not ad-
equate for the X-15. It performed fine during the XLLR11 flights, but vibration tests
in October 1960 prior to the beginning of XLLR99 tests showed that the mount
would not withstand more than 1.5 g at 110 cycles. North American redesigned
the mount, since by this time saving weight had become a non-issue for the most
part; having a reliable airplane was worth more than the few miles per hour the
weight cost.

Over the course of the flight program, the stable platform was the subject of
several other changes that greatly improved its reliability. Many of these were
the result of suggestions from John Hursh at the MIT Instrumentation Laboratory
and Dr. Allen Smith from Ames, both of whom spent a great deal of time at the
Flight Research Center during late 1960 working on the problems. As an example
of these changes, NASA changed all critical germanium transistor amplifiers to
silicon during November 1960. NASA also made changes to operating procedures
as well as to hardware. Initially, a gyroscope failure required that the entire stable
platform be returned to Sperry for repair, taking the unit off flight status for three
to six weeks. In response, the FRC developed an in-house repair capability that
significantly shortened turnaround times. Even better, during late 1960 NASA

158 Lipscomb and Dodgen, “All-Attitude Flight-Date System for the X-15 Research Airplane,” p. 159; Christensen and
Dodgen, “Flight Experience with X-15 Inertial Data System,” pp. 203 and 209.

159 Christensen and Dodgen, “Flight Experience with X-15 Inertial Data System,” pp. 203-204.
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The X-15 was one of the first aircraft to require what is today called an inertial measurement unit, or stable-
platform. Gyroscopes of the era were large, heavy, and consumed a considerable amount of power. This model
shows the three interlocked rings required to determine position in three dimensions. (NASA)

substituted a higher-quality gyroscope manufactured by Minneapolis-Honeywell,
which resulted in fewer failures.'®

In retrospect, the performance specifications established in 1956 were well
beyond the state of the art with respect to available gyros, accelerometers, tran-
sistors, and circuit techniques. However, the system as originally built was able
to perform at levels that, although marginal or subpar compared to the original
specification, still allowed the X-15 to realize its full performance capabilities.
Compared to modern laser-ring-gyro and GPS-augmented systems, the X-15
stable platform was woefully inaccurate, but it routinely bettered its 70-fps error
specification for velocity. Initially its altitude-measuring ability was somewhat
substandard, averaging about 2,200 feet (rms) uncertainty. The requirement was
2,000 feet, but the system eventually improved and met its specification. Reliabil-
ity was initially poor, but by mid-1961 the overall reliability was approaching the
high 90th percentile, with the altimeter function proving to be the most unreliable.
Unfortunately, this improved reliability proved to be short-lived.*!

The initial operational experience with the stable platform showed that it had
a large error potential that grew as time passed from the initial alignment due to
drift and integration noise. The unit integrated velocities to provide distance (X,
Y, and Z) and specifically altitude, which had even more error buildup with time.

160 Ibid, pp. 204-207; X-15 Status Reports, Paul F. Bikle/FRC to H. Brown/NASA Headquarters, 1 November and
15 November 1960. In the files at the DFRC History Office. Sperry provided spares and support under contract
AF33(600)-35397.

161 Christensen and Dodgen, “Flight Experience with X-15 Inertial Data System,” pp. 209-213.
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Early flight tests showed that the displayed velocities were marginal even after the
90-second engine burn, and that the altitude was undependable for determining
peak altitude or reentry setup. Because of this, the flight planners and pilots began
to consider two other sources for controlling the energy imparted to the airplane:
1) engine burn time, as measured by a stopwatch in the NASA-1 control room,
and 2) radar-measured velocity, as displayed in the control room.'s

For the first government flight (2-13-26) with the XLLR99 engine, the flight
planners decided to use radar velocity as the primary indication with a radio call
to Bob White at the desired engine shutdown condition. After the successful flight,
researchers calculated that the airplane had exceeded the intended speed by about
half a Mach number. Further analysis showed that the radar velocity display in the
control room incorporated considerable smoothing of the data to provide a readable
output. This introduced a lag of 4 seconds between the actual speed and the dis-
played speed, thus accounting for the overshoot. For the next few flights, NASA-1
started a stopwatch in the control room at the indication of chamber pressure on the
telemetry, and radioed the pilot when it was time to shut down the engine.'®*

Using a stopwatch to measure powered flight time proved to be the simplest
and yet most accurate method of controlling energy, so a stopwatch was installed
in the cockpit of all three airplanes. A signal from the main propellant valves
started and stopped the stopwatch so that it displayed the total burn time even
after shutdown. The pilot could then assess whether he had more or less energy
than planned, and evaluate his energy condition and best emergency lake in the
event of a premature shutdown. Although the reliability of the stable platform
increased considerably during the course of the program and was eventually op-
erating within its design specifications, the pilots continued to use the stopwatch
(with a backup stopwatch in the control room) for most flights. It was cheap and
easy, and almost never failed.'®

By 1963 an increasing number of stable platform failures began to occur—
some because of design deficiencies, others simply due to component deteriora-
tion. This led to NASA placing a new set of restrictions on X-15 flights, keeping
them below 160,000 feet. Progress by Sperry to resolve the issues was slow, so an
analysis was undertaken at the FRC to determine what in-house efforts could be
made to bolster system performance and improve reliability.'®®

Beginning in late 1963, the FRC began redesigning critical components to
improve both accuracy and reliability. Eventually, NASA engineers redesigned
some 60% of the subassemblies in the stable platform. Overall, the volume used
by the accelerometers, accelerometer electronics, and power supplies was reduced
over 50%, and an accompanying reduction in power and cooling requirements
was also realized. Although some of the improvements resulted from correcting
deficiencies in the original design, most were achieved because the state of the
art had improved considerably in the four years since work had begun. NASA

162 Letter, Robert G. Hoey to Dennis R. Jenkins, 20 May 2002.
163 Ibid.
164 Ibid.

165 Melvin E. Burke and Robert J. Basso, “Résumé of X-15 Experience Related to Flight Guidance Research,” a
paper in the Progress of the X-15 Research Airplane Program, a compilation of the papers presented at the Flight
Research Center, 7 October 1965, NASA publication SP-90, (Washington, DC: NASA, 1965), pp. 75-76.
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completed the initial redesign efforts on the accelerometer loops and power sup-
plies during the summer of 1964, and the first flight of the new components was
in X-15-2 on 14 August 1964 (2-33-56). Technicians subsequently installed the
revised components in X-15-3 also. This system allowed NASA to cancel the
160,000-foot altitude restriction on the airplanes.

Although the initial performance of the revised components was a little erratic,
the increase in accuracy was substantial. For instance, 400 seconds into the flight
the original system would have a +8,000-foot error in altitude; the revised system
generally had a —1,000-foot error. (In both cases the specification required a less
than —5,000-foot error; nothing on the positive side was satisfactory.) Eventually
the engineers tuned the erratic performance out of the system. By May 1966, com-
ponents designed at the FRC had essentially replaced the entire Sperry stable plat-
form, and the system was redesignated the “FRC-66 Analog Inertial System.”'¢

At the same time, NASA began making plans to replace the stable platform
with surplus Honeywell digital inertial guidance systems from the now-canceled
X-20. This inertial flight data system (IFDS) consisted of an inertial measurement
unit, a coupler electronics unit, a digital computer, and a set of pilot displays. This
system was even smaller and required less power and cooling than the redesigned
FRC-66 analog system. In addition, the X-20 IFDS could automatically erect it-
self and perform an alignment cycle on the ground while the NB-52 was taxiing,
and completely eliminated the need for information from the N-1 compass and
APN-81 Doppler radar on the NB-52. This made it somewhat easier to pilot the
carrier aircraft as the X-15 approached the launch position; the APN-81 took 90
seconds to stabilize after even a gentle turn, requiring the NB-52 pilot to think well
ahead of the drop time. To improve accuracy, however, the IFDS altitude loop was
synched to the NB-52 pressure altimeter until 1 minute before launch.'”’

The inertial measurement unit was a gyrostabilized, four-gimbaled platform
that maintained local vertical orientation throughout the flight. The inner plat-
form contained three pendulous accelerometers that formed an orthogonal triad.
The coupler electronics unit contained the power supplies and interface equip-
ment, and a dual-function digital computer performed all computations. NASA
first checked out the digital system in X-15-1 on 15 October 1964 (1-50-79), with
satisfactory results.'®®

The overall performance of the IFDS during its first 16 flight attempts was
excellent, with only two failures. However, problems with the IFDS caused two
attempted launches in a row (1-A-105 and 1-A-106) to abort during June 1966.
After the first abort, technicians replaced a relay and fixed a loose wire, but the
second flight attempt a week later ended the same way. Engineers from Autonet-
ics (a division of North American), Honeywell, the FRC, and Wright Field began

166 James E. Love and Jack Fischel, “Status of X-15 Program,” a paper in the Progress of the X-15 Research Airplane
Program, p. 6; Burke and Basso, “Résumé of X-15 Experience Related to Flight Guidance Research,” pp. 76-77
and 883; X-15 Status Reports, Paul F. Bikle/FRC to J. Martin/NASA Headquarters, 4 May and 12 July 1966. The
new designation was simply the abbreviation for the Flight Research Center (FRC) and the year the work was
completed (66).

167 X-15 Status Reports, Paul F. Bikle/FRC to H. Brown/NASA Headquarters, 3 April 1961, p. 10; Love and Fischel,
“Status of X-15 Program,” p. 6; and Burke and Basso, “Résumé of X-15 Experience Related to Flight Guidance
Research,” pp. 77-78 and 84.

168 Burke and Basso, “Résumé of X-15 Experience Related to Flight Guidance Research,” pp. 77-78 and 84; X-15
Status Reports, Paul F. Bikle/FRC to J. Martin/NASA Headquarters, 12 January and 4 February 1965.
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Because of limitations in both the gyroscopes and onboard computers, the X-15 stable platform could
only function for a limited amonnt of time in a 275-mile-wide corridor extending 620 miles uprange
and 205 miles downrange from Edwards AFB. Later modifications to the system were more reliable
and versatile, and at the end of the program, two of the X-15s were using digital inertial flight data
systems developed for the Air Force Dyna-Soar program. (NASA)

investigating the problem. The failures were determined to be the result of yet
more wiring problems, all easily corrected.'®

At the same time, the installation in X-15-3 was not going as well as it had
in X-15-1. On 6 January 1965, representatives from Honeywell met with FRC
personnel to discuss problems with the installation. There were four primary con-
cerns: cooling and thermal conditions, space availability, cabling, and the interface
to the MH-96 adaptive control system. This latter issue was surprising since the
X-20 also used a version of the MH-96. Also discussed was the relative accuracy
expected from the new system versus data from the ball nose. It was pointed out
by the Honeywell representative that at low velocities there would be a significant
difference between the IFDS-computed angle of sideslip and that sensed by the
ball nose, but at high velocities the difference should be small.'”

By April 1965 the FRC had made little progress installing the system in
X-15-3, and only X-15-1 was flying with the Honeywell inertial system. Fortu-
nately, by this time the modified Sperry systems were proving to be reliable, and
no substantial problems had been experienced by X-15-2 or X-15-3 since De-
cember 1964. Engineers finally installed the Honeywell IFDS in X-15-3 during a
weather-induced down period at the end of 1965.'™

169 X-15 Status Report, Paul F. Bikle/FRC to J. Martin/NASA Headquarters, 12 July 1966, p. 5.
170 X-15 Status Report, Paul F. Bikle/FRC to J. Martin/NASA Headquarters, 4 February 1965, p. 6.
171 X-15 Status Reports, Paul F. Bikle/FRC to J. Martin/NASA Headquarters, 1 April 1965 and 3 January 1966.
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Although the Honeywell IFDS was considered an improvement over the
modified Sperry stable platform, the FRC decided that the FRC-66 system was
preferred for the Mach 8 flights in the modified X-15A-2, so that airplane never
received an IFDS. By the end of 1965, engineers had modified one of the Sperry
computers to have Mach 8 scaling coefficients in preparation for the X-15A-2
envelope-expansion program.'”

The improvements did not stop there. Eventually the FRC modified X-15-3
to include an Ames-developed guidance system that was applicable to future aero-
space vehicles. This system coupled the IFDS inertial system, MH-96 adaptive
control system, and ball nose to an Alert digital computer to investigate boost
guidance command techniques. The navigation functions continued to be per-
formed by the inertial system while the Alert computer handled the research ob-
jectives, including providing new displays to the pilot. This program allowed the
pilot to fly a velocity-altitude window during boost, a bounded corridor during
hypersonic cruise, and a precise corridor during reentry. It was an advanced sys-
tem, and one that Space Shuttle only duplicated in its waning years.'”

BALL NOSE DEVELOPMENT

The heating rates and low pressures encountered by the X-15 ruled out the
use of traditional vane-type sensors to measure angle of attack (o) and sideslip
(). Based on a preliminary design completed by Langley in June 1956, NASA
awarded a contract to the Nortronics Division of Northrop Aircraft Corporation for
the detailed design and construction of a prototype and five production ball noses.
The sensor and its supporting, sealing, and hydraulic-actuating mechanisms were
an integral assembly mounted in the extreme nose of the X-15. The afterbody
located behind the sphere contained the electronic amplifiers, power supplies, and
control valves, with the electrical, hydraulic, and pneumatic connections between
the sphere and the afterbody passing through a single supporting member. Rotary
hydraulic actuators provided the required two degrees of freedom.'™

Officially called the “high-temperature flow-direction sensor,” the device was
16.75 inches long with a base diameter of 13.75 inches. The total weight of the
ball nose was 78 pounds, half of which was contributed by the thick Inconel X

172 X-15 Status Report, Paul F. Bikle/FRC to J. Martin/NASA Headquarters, 3 January 1966, p. 3.

173 Burke and Basso, “Résumé of X-15 Experience Related to Flight Guidance Research,” pp. 79-80.

174  lsrael Taback and Gerald M. Truszynski, “Instrumentation for the X-15,” a paper in the 1956 Research Airplane
Committee Report, pp. 183-192; memorandum, Hartley A. Soulé/Research Airplane Project Leader, subject:
Project 1226 —Progress report for month of May 1956, 7 June 1956; William D. Mace and Jon L. Ball, “Flight
Characteristics of X-15 Hypersonic Flow-Direction Sensor,” a paper in the 1967 Research Airplane Committee
Report, pp. 196-197; Nortronics report NORT-60-46, pp. 3-6. Unfortunately the copy of the report in the DFRC
History Office is missing the first two pages, so the title and exact date (the “60” in the report number probably
establishes 1960 as the year) could not be ascertained; Kenneth C. Sanderson, NASA technical memorandum X-
56000, “The X-15 Flight Test Instrumentation,” 21 April 1964, pp. 8-9. The ball nose was also known, somewhat
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The ball nose, or more officially, the high-temperature flow-direction sensor, was mounted on the nose of
the airplane and provided angle of attack and angle of sideslip information to both the pilot and the
research instrumentation. This elaborate mechanism was required since the pressure and temperature

environment encountered by the X-15 ruled out more conventional vane-type sensors. (NASA)

outer skins of the lip, cone, and sphere. In addition, 13 chromel-alumel thermo-
couples were located within the sphere to measure skin temperature during flight,
and five other thermocouples measured selected internal temperatures. Nitrogen
gas from the aircraft supply cooled the sensor. The ball nose was physically inter-
changeable with the standard NACA flight-test boom nose, and all connections to
the sensor were made through couplings that automatically engaged when the ball
nose (or boom) was mounted to the aircraft.!”

The core of the ball nose consisted of a 6.5-inch-diameter Inconel X sphere
mounted on the extreme tip of the X-15 nose. The sphere contained two pairs of
0.188-inch diameter orifices (one pair in the vertical plane (a orifices) and one
pair in the horizontal plane (3 orifices)), each 42 degrees from the stagnation
point. Two functionally identical hydraulic servo systems, powered by the normal
X-15 systems, rotated the sphere about the o and 3 axes to a position such that
the impact pressures seen by all sensing orifices were equal. When this condi-
tion existed, the sphere was oriented directly into the relative wind. Two synchro
transducers detected the position of the sphere with respect to the airframe, and
this signal fed the various instruments in the cockpit and the recorders and telem-
etry system. Since the dynamic pressure during flight could vary between 1 psf
and 2,500 psf, a major gain adjustment was required in the servo loop to main-

175 Mace and Ball, “Flight Characteristics of X-15 Hypersonic Flow-Direction Sensor,” pp. 196-197; Nortronics report
NORT-60-46, pp. 3-6.
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tain stability and accuracy. Measuring the pressure difference between the total-
pressure port and one angle-sensing port provided a signal that adjusted the gain
of the sphere-positioning loop. The ball nose could sense angles of attack from
—10 to +40 degrees, and angles of sideslip within +20 degrees. The unit was capa-
ble of continuous operation at a skin temperature of 1,200°F. A 0.5-inch-diameter
orifice located at the sphere stagnation point provided a total pressure source for
the aircraft. Based on ground tests, the angular accuracy of the sensor was within
+0.25 degree for dynamic pressures above 10 psf.'”

In early 1960 the FRC developed a simple technique for thermal testing the
newly delivered ball noses: expose them to the afterburner exhaust from a North
American F-100 Super Sabre. This seemed to work well until one of the noses suf-
fered a warped forward lip during testing. Engineers subsequently determined the
engine was “operated longer than necessary,” resulting in temperatures in excess
of 2,400°F instead of the expected 1,900°F. Ultimately, the FRC tested the ball
nose “many consecutive times”
with “satisfactory results.”!””

The ball nose performed sat-
isfactorily throughout the flight
program, encountering only oc-
casional minor maintenance
problems. Late in the program,
various parts began to wear out,
however, and the need to replace
some of them presented difficul-
ties. For instance, the procurer of
replacement  dynamic-pressure
transducers found that the origi-
nal vendor was not interested
in fabricating new parts, and no
suitable alternate vendor could
immediately be located. Eventu-
ally NASA found a new vendor,
but this illustrates that the “van-  The sphere mounted on the extreme nose of the ball
ishing vendor” phenomenon fre-  nose was machined from Inconel X to very precise tol-
quently encountered during the  erances. The X-15 was manufactured before the advent
early 21st century is not new.'” of modern computer-controlled milling machines, so such

Asthemodified X-15A-2was  precise work was accomplished by human operators on
being prepared for flight, how-  zaditional lathes and drill presses. The ball noses for the
ever, there began a concern over  X-75.4-2 were manufactured from TAZ-8A cermet
whethertheInconel X sphereinthe  since the temperatures in the Mach 8 environment were
original ball noses could handle  even more severe. (NASA)

176 Jack Fischel and Lannie D. Webb, NASA technical note D-2407, “Flight-Informational Sensors, Display, and
Space Control of the X-15 Airplane for Atmospheric and Near-Space Flight Missions,” August 1964, p. 5; Nor-
tronics report NORT-60-46, pp. 3-10.

177  X-15 Status Report, Paul F. Bikle/FRC to H. Brown/NASA Headquarters, 15 May 1960, p. 8; X-15 Status Report,
Paul F. Bikle/FRC to H. Brown/NASA Headquarters, 1 June 1960, p. 10.

178  “X-15 Semi-Annual Status Report No. 6,” 1 November 1966, p. 15.
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The ball nose had to withstand pressures up to 2,500 psf and temperatures up to 1,200°F. NASA
researchers developed a relatively straight-forward heating test using the afterburned exhanst of a jet

engine on the ramp at the Flight Research Center. The original ball noses were tested using Pratt &
Whitney |57 engines from North American F-100 Super Sabres, while the later X-15.A4-2 noses used
General Electric |79 engines from Lockbeed F-104 Starfighters. (NASA)

the additional heat generated at Mach 8. Researchers at NASA Lewis developed a
TAZ-8A cermet that Rohr Corporation used to manufacture a new sphere spe-
cifically for the X-15A-2. This sphere was delivered in mid-1966, but did
not initially pass its qualification test due to a faulty braze around the beta
pressure port. Rohr subsequently repaired the sphere and it passed its quali-
fication test. Interestingly, the FRC tested this new sphere (and the for-
ward lip of the cone, which was also manufactured from TAZ-8A) in much
the same way as the original ball noses were qualified—this time in the
afterburner exhaust of a General Electric J79 engine at 1,850°F. During No-
vember 1966, the FRC tested the new sphere, as well as a slightly modified
housing necessary to accommodate the ablative coating on the fuselage, in the
High-Temperature Loads Calibration Laboratory. NASA installed the new nose on
X-15A-2 to support flight 2-52-96 on 21 August 1967.'™

The ball nose only provided angle of attack, angle of sideslip, and total pres-
sure; like all aircraft, the X-15 needed additional air data during the landing phase.

179  “X-15 Semi-Annual Status Report No. 6,” 1 November 1966, p. 15; X-15 Status Report, Paul F. Bikle/FRC to J.
Martin/NASA Headquarters, 5 May 1967, p. 10; telephone conversation, Rodney K. Bogue/DFRC with Dennis
R. Jenkins, 6 June 2002. The status report says that the new nose was tested in the exhaust of a Lockheed F-
104 Starfighter, but photographic evidence shows it was just a J79 engine (probably from an F-104) on the test
stand.
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North American had installed a total-head tube (also called the alternate probe)
ahead of the canopy to provide the total pressure during subsonic flight, and static
pressure ports were located on each side of the fuselage 1 inch above the aircraft
waterline at station 50.'%

A different pitot-static system was required for the X-15A-2 since the
MA-25S ablator would cover the normal static locations. Engineers chose a vent-
ed compartment behind the canopy as the static source, and found it to be suitable
during flight tests on the X-15-1. The standard dogleg pitot tube ahead of the
canopy was replaced by an extendable pitot because the temperatures expected
at Mach 8 would exceed the thermal limits of the standard tube. The retractable
tube remained within the fuselage until the aircraft decelerated below Mach 2; the
pilot then actuated a release mechanism and the tube extended into the airstream.
This was very similar in concept to the system eventually installed on the space
shuttle orbiters.'®!

FLIGHT CONTROL SYSTEMS

One of the unique items included in the X-15 design was a side-stick control-
ler. Actually, the airplane included two side sticks: one on the right console for the
aerodynamic controls, and one on the left console for the ballistic controls. The
right and center controllers were linked mechanically and hydraulically to provide
simultaneous movement of both sticks; however, the side stick required only one-
third as much movement to obtain a given stabilizer motion.'®?

NASA had installed a similar side stick in one of the North American
YF-107A aircraft to gain experience with the new controller. A review of early
X-15 landing data (using the side-stick) revealed a “striking similarity” with land-
ings made in the YF-107. Despite large differences in speed and L/D ratios, the
variations in angle of attack, normal acceleration, pitching velocity, and horizon-
tal stabilizer position exhibited the same tendencies for the pilot to over-control
the airplane using the side stick. During the YF-107 program, several flights were
generally required before a pilot became proficient at using the controller and
could perform relatively smooth landings; the same was true of the X-15.'83

Regarding the side-stick controller, Bob White commented that “the side
aerodynamic control stick designed for the X-15 has received the usual critical
analysis associated with a departure from the conventional.” As pilots reported
their experiences using the side stick, North American began making minor modi-

180 “Advanced Development Plan for X-15 Research Aircraft, Advanced Technology Program 653A,” 17 November
1961, pp. 43-44. In the files at the AFFTC History Office.

181 Johnny G. Armstrong, AFFTC technology document FTC-TD-69-4, “Flight Planning and Conduct of the X-15A-2
Envelope Expansion Program,” July 1969, p. 26; X-15 Status Report, Paul F. Bikle/FRC to J. Martin/NASA Head-
quarters, 12 July 1966, p. 9. In the files at the DFRC History Office.

182 Gene J. Matranga, “Analysis of X-15 Landing Approach and Flare Characteristics Determined from the First 30
Flights,” NASA technical note D-1057, July 1961, pp. 4-5.

183 X-15 Status Report, Paul F. Bikle/FRC to H. Brown/NASA Headquarters, 15 August 1960, p. 3. In the files at the
DFRC History Office
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fications to correct undesirable characteristics. In the end, the company found that
most of the initial design features were satisfactory. The most frequent complaint
was the location of the stick in relation to the pilot’s arm, since the stick had been
located based on Scott Crossfield’s input, and other pilots differed in size and pro-
portions. However, Crossfield was a strong proponent of the side stick and North
American soon devised a way to adjust the stick into one of five different fore-aft
locations prior to flight based on individual pilot preference. After this, the side
stick gained favor rather quickly.'®*

The all-moving horizontal stabilizers deflected symmetrically for longitudi-
nal control (elevators) and differentially for lateral control (ailerons). The roll-
ing tail that had caused so much controversy within the government early in the
program proved to be quite satisfactory in operation. According to Bob White,
“the pilot is not aware of what specific type of lateral control is allowing the roll
motion. His only concern is in being able to get the aircraft response he calls for
when deflecting the control stick.... From experience to date [after 45 flights],
the rolling tail has provided a good rolling control for the X-15, and there have
been no undesirable aircraft motions coupled in any axis because of lateral-con-
trol deflection.”'®

Conventional rudder pedals actuated the movable portions of the dorsal and
ventral vertical stabilizers. Just prior to the landing flare, the pilot would jettison
the lower portion of the dorsal stabilizer to provide sufficient ground clearance;
otherwise, the dorsal rudder would contact the ground before the landing skids.
Speed brakes were located on each side of the fixed portion of the dorsal and ven-
tral stabilizers. Irreversible hydraulic actuators actuated all of the aerodynamic
control surfaces.'®

The aerodynamic controls were effective up to about 150,000 feet. Neverthe-
less, many X-15 pilots manually used the ballistic control system in addition to
the aerodynamic controls above 100,000 feet, and the MH-96 on X-15-3 automat-
ically began blending in the ballistic control system thrusters above 90,000 feet.
As Neil Armstrong, who was a principle engineer on the MH-96, commented,
“a rule of thumb is that when dynamic pressure on control surfaces reduces to
50 psf, there should be a switchover from aerodynamic to reaction control.”
Despite some early concerns about controlling a vehicle above the sensible atmo-
sphere, in practice it quickly became routine.'®’

The Westinghouse-manufactured stability augmentation system (SAS) damp-
ened the aerodynamic controls in all three axes. The system consisted of three rate
gyros, two pitch-roll servocylinders, one yaw servocylinder, and various electron-
ics, displays, and controls. Essentially, the system included a channel for each
axis that sensed the aircraft rate of change in pitch, roll, and yaw, and automati-

184  Major Robert M. White, Glenn H. Robinson, and Gene J. Matranga, “Résumé of X-15 Handling Qualities,” a paper
in the 1961 Research Airplane Committee Report, p. 120; telephone conversation, Alvin S. White with Dennis R.
Jenkins, 13 June 2002.

185 White et al., “Résumé of X-15 Handling Qualities,” p. 132.

186 Gene J. Matranga, “Analysis of X-15 Landing Approach and Flare Characteristics Determined from the First 30
Flights,” NASA technical note D-1057, July 1961, pp. 4-5; Lawrence W. Taylor, Jr., and George B. Merrick, “X-15
Augmentation System;” White et al., “Résumé of X-15 Handling Qualities,” pp. 118-119.

187 Interview with Neil A. Armstrong and James E. Love by Scholer Bangs, “X-15 pilot evaluates hydraulic system
performance,” Hydraulics & Pneumatics, December 1962, pp. 82-84.
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North American incorporated two side-stick controllers in the X-15 cockpit. The controller on the right console
operated the aerodynamic flight control systems while the controller on the left operated the ballistic control system

thrusters. The aerodynamic controller was mechanically linked to the conventional center stick. In X-15-3, the
MH-96 adaptive flight control system antomatically blended the ballistic thrusters in when needed, eliminating
the need for the pilot to use the left side-controller. (NASA)

cally provided signals to the respective servocylinders to move the horizontal and
vertical stabilizers to oppose the airplane angular inputs. An additional intercon-
nect damper, called “yar,” provided a crossfeed of the yaw-rate signal to the roll
damper. This interconnection was necessary for stability at high angles of attack,
primarily because of the high roll input of the lower rudder. The yar interconnect
was disabled when the lower rudder was removed during later flights. The author-
ity of the SAS was equal to the pilot’s authority in pitch and yaw, and to twice the
pilot’s authority in roll. The pilot could turn dampening on or off for each indi-
vidual axis, and select the damping gain for each axis. Originally, the SAS gyro
package was located in the instrument compartment behind the pilot. However,
a vibration at high gains reported by Scott Crossfield during the first X-15 cap-
tive flight resulted in North American moving the gyros to the center of gravity
compartment under the wings, thus removing the gyro from a point influenced by
fuselage bending.'®®

The SAS caused numerous pilot comments. During early flights below Mach
3.5, the dampers used moderate gains and the pilots quickly expressed a desire
for “a stiffer aircraft,” particularly in pitch and roll. North American subsequently
increased the gain, resulting in generally favorable pilot opinions. It is interesting
to note that at angles of attack above 8 degrees with low damper gain or with the
roll damper off, pilots had great difficulty in controlling the lateral and directional
motions to prevent divergence. This was primarily because of an adverse dihe-
dral effect that was present above Mach 2.3. Although this was of some concern
to the pilots, and the subject of a great deal of investigation by the researchers,
the airplane exhibited acceptable handling characteristics as long as the damp-
ers were functioning. In general, the airplane exhibited about the same handling
qualities expected based on extensive simulations at Ames, and the pilots thought

188 Robert A. Tremant, “Operational Experiences and Characteristics of the X-15 Flight Control System,” NASA
technical note D-1402, December 1962, pp. 5 and 10; Euclid C. Holleman, “Summary of High-Altitude and Entry
Flight Control Experience With the X-15 Airplane,” a proposed technical memorandum, 23 December 1965, p. 3.
Typescript available in the AFFTC Access to Space Office Project Files.
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the damper-off handling was slightly better than the simulator predicted, but still
considered the natural stability to be marginal.'®®

The SAS was unique for the time because it provided 10 pilot-selectable gain
rates for each axis. However, the system experienced some annoying problems
during development and early operations. During the first studies using the fixed-
base simulator, the dampers sustained unwanted limit cycles (or continuous oscil-
lations) from linkage lags and rate limiting. Pilots later observed the phenomenon
in flight. The frequency of the limit cycle was about 3.2 cycles per second, result-
ing in changes in bank angle of about 1 degree. This limit cycle was not constant,
changed due to control input, and had a tendency to “beat.” North American was
unable to identify a way to eliminate the limit cycles, but modified the electronic
filter to reduce its lag. This greatly lowered the amplitude of the limit cycles, and
the pilots found the results acceptable.'*

Although the modified filter greatly improved the issue with the limit cycles
in roll, a new problem soon arose. It became apparent during ground tests that it
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The X-15 made extensive use of a stability augmentation system to dampen the aerodynamic controls in
all three axes. The SAS was unique for the time since it provided ten pilot-selectable gain rates for each
axis via rotary switches in the cockpit. Flight simulations showed that it wonld be nearly impossible for
a pilot to control the X-15 in some flight regimes without the SAS. (NASA)

189  White et al., “Résumé of X-15 Handling Qualities,” pp. 118-119.
190 Taylor and Merrick, “X-15 Augmentation System,” pp. 173-174.
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Failures of the stability angmentation system contributed to the maintenance woes suffered by the X-15
early in the flight program, but oddly, most of the failures were on the ground, the system seldom failed
in flight. Nevertheless, an auxiliary stability angmentation system was added to the first two airplanes
as insurance against an SAS failure. The X-15-3 did not carry an SAS or ASAS since the mH-96
adaptive flight control system performed both functions. (NASA)

was possible to excite and sustain a SAS-airplane vibration at 13 cycles per sec-
ond with the modified filter. A breadboard of the modified filter was flown (flight
2-12-23) at higher damper gains, but Scott Crossfield failed to excite the vibration.
During the rollout after landing, however, Crossfield encountered a severe vibra-
tion that required disabling the SAS. This experience led to the mistaken belief
that the vibration could only occur on the ground. To prevent a recurrence, North
American installed a switch that automatically lowered the gain whenever the
pilot extended the landing gear. However, five flights later (2-14-28), Joe Walker
encountered a 13-cps vibration during reentry from 169,600 feet. After the flight,
Walker reported that the vibration was the most severe he had ever encountered
(or ever wanted to). The shaking was triggered by pilot inputs at 130 psf dynamic
pressure and continued until the damper gain was reduced and the dynamic pres-
sure climbed above 1,000 psf. Fortunately, the amplitude of the shaking was con-
strained by the rate limits of the control surface actuators. North American and
NASA began investigating the problem again.'!

The problem was that the lightly damped horizontal stabilizers were excited
at their natural frequency (13 cps) by pilot inputs to the control system. The gyro

191 Joseph A. Walker, “Pilot Report for Flight 2-14-28,” 3 April 1961; Taylor and Merrick, “X-15 Augmentation Sys-
tem,” pp. 173-174.
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picked up this vibration and the dampers were able to sustain the vibration with
input to the control surfaces. Engineers also found a second natural frequency for
the stabilizers at 30 cps. North American subsequently installed notch filters in
the SAS and pressure feedback valves in the control surface actuators, eliminat-
ing the vibrations.'*?

The SAS proved to be unreliable in the beginning, but fortunately most fail-
ures occurred during ground testing. The program recorded only seven in-flight
failures during the first 78 flights (defined as NB-52 takeoff to X-15 landing). Of
these failures, one was an electronic module, three were malfunctioning cockpit
gain switches, and three were broken wires in the X-15. Engineers ultimately
traced all except the failed electronics module to human error.'

LANDING GEAR EVOLUTION

The X-15 landing gear was somewhat unusual, both in its approach and in
its simplicity. The system consisted of a dual nose wheel and a pair of aft skids.
Initially the cast magnesium nose wheels were fitted with standard aircraft tires
pressurized with 240-psi nitrogen. The skids consisted of a 4130-steel skid and an
Inconel X strut that was attached to the fuselage by trunnion fittings and through
bell crank arms that were attached to shock struts inside the aft fuselage. The
skids were free in pitch and roll, but fixed in yaw for parallel alignment. Drag
braces attached to the fuselage ahead of the trunnion fittings and to the skids at
the strut attachment pin. Bungee springs kept the skid in a nose-up position just
before landing. Instead of retracting inside the fuselage, the skids and struts folded
forward against the outside of the fuselage when retracted. The pilot lowered the
landing gear by pulling a handle in the cockpit that attached via cable to the up-
lock hooks and released the gear. North American designed the landing gear for
an 11,000-pound airplane with a sink rate of 9 fps, touching down between 190
and 230 mph at an angle of attack of approximately 6 degrees.'**

Three major test series of the landing-gear system were conducted prior to
the first glide flights: 1) a dynamic-model test of stability during the landing run,
2) nose-wheel shimmy tests using the actual nose gear, and 3) full-scale skid tests
at the lake-bed landing site.'

North American used the model tests to investigate the stability of the tri-
cycle arrangement. Engineers constructed a 1/10-scale model that accurately re-
flected the size, weight, and mass moments of inertia for yaw and roll, but did

192 Taylor and Merrick, “X-15 Augmentation System,” pp. 174-175.
193 Ibid, pp. 172-173.

194 James M. McKay and Eldon E. Kordes, “Landing Loads and Dynamics of the X-15 Airplane,” a paper in the
1961 Research Airplane Committee Report, pp. 61-62; Schleicher, “Structural Design of the X-15,” pp. 11 and
33. It should be noted that the main gear touched down at roughly 9 fps; by the time the large moment arm was
factored in, the nose gear touched down at 18 fps, providing a somewhat jarring landing (about 3.9-g vertical) for
the pilots.

195 L. L. Rhodes, “Landing-Gear Design and Development Testing for the X-15 Airplane,” a paper in the 7958 Re-
search Airplane Committee Report, pp. 314-316.
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not simulate the aerodynamic characteristics of the X-15. Scale-size metal skids
were manufactured so that they could be installed in either the original mid-
fuselage location proposed by North American, or the aft fuselage location even-
tually built. North American catapulted the model along a concrete runway using
a 100-foot length of 0.625-inch-diameter shock cord. High-speed movie cameras
on overhead towers recorded each run. The tests revealed some minor nose-wheel
instability, which the company subsequently corrected.'*®

Researchers at Langley then tested the revised full-scale nose gear using the
landing-loads track facility at speeds up to 125 mph. These tests evaluated the
nose gear on smooth concrete, uneven concrete, wet pavement, sandy pavement,
uneven tire pressure, one flat tire, and unbalanced wheels. Given that the X-15
was to land only on dry lake beds, some of the tests seemed extreme. Through-
out the tests the co-rotating wheel arrangement proved extremely stable, with no
tendency to shimmy. Researchers, therefore, concluded the shimmy damper and
torque links were unnecessary and North American subsequently removed them,
saving 25 pounds.'”’

North American conducted the landing-gear-skid tests on Rogers Dry Lake
during April 1958. For these tests, researchers mounted the complete main gear
on a two-wheel trailer vehicle and towed it behind a truck at speeds up to 70 mph.
After the truck reached full speed, an electric switch actuated a bomb-release
solenoid that dropped a 6,000-pound load on the skid landing gear. Instruments
on the gear recorded vertical and drag loads, and shock-strut position. High-speed
cameras mounted in the truck and trailer recorded the motion of the gear and
skids. Test runs included straight-line landing on smooth lake surfaces, “fishtail”
runs on rutted and bumpy areas near the edges of the lake, and one landing on the
concrete runway just to make sure. The results of all the tests were satisfactory.
Skid wear on the lake beds was light, and engineers determined that the skids
would last for three or four landings. The tests revealed that the X-15 should leave
depressions approximately 0.03 inch deep in the lake bed. As expected, wear on
the concrete runway was severe, but the tests showed the X-15 could land on
concrete if necessary.'”®

Despite all the tests, the first four actual landings pointed out several deficien-
cies in the landing gear, mainly because the aircraft was heavier than anticipated
and sink rates were slightly higher. North American replaced the shock struts with
higher-capacity units, and strengthened some of the structure inside the fuselage.
The fourth landing resulted in X-15-1 breaking in half. This was not strictly a de-
sign error; Scott Crossfield had been unable to fully jettison the propellants prior
to an emergency landing, and the airplane was significantly overweight. However,
the landing gear contributed because the gas and oil mixture in the shock strut
foamed, keeping the rear skids from absorbing as much of the impact as they
should have. This forced a higher than normal load on the nose gear, aggravating
the structural problem caused by being overweight.'*

196  Ibid.
197  Ibid.
198  Ibid.

199 McKay and Kordes, “Landing Loads and Dynamics of the X-15 Airplane,” pp. 61-62
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The X-15 was unique, even among X-Planes, in unsing a landing gear consisting of rear skids and a

nose wheel. The skids solved several problems for designers since they were relatively small and counld be
stowed mostly outside the airframe. Interestingly, the X-15 landing gear was lowered by the pilot pulling
a mechanical handle that was connected to a cable that released the uplock hooks and allowed a bungee
to extend the skids. A similar system wonld have been used on the X-20 Dyna-Soar if that program
had not been cancelled. (NASA)

In addition, during some of the early landings, engineers found that the nose
wheel tire marks left on the dry lake bed were not continuous. After initial contact,
the tire marks became very faint or disappeared for short distance and then reap-
peared. This puzzled the engineers since all of the early drop tests of the landing
gear had been satisfactory.”®

The engineers became concerned that the nose-gear extension mechanism
was not working properly. Normally, technicians manually retracted the nose gear
after attaching the X-15 to the NB-52, and then they pumped dry nitrogen gas
into the shock strut to preload it to 1,404 psi. Charlie Feltz had suggested this
method as a way to minimize the size and weight of the nose gear compartment.
What the engineers discovered was that upon lowering the landing gear, an orifice

200 Schleicher, “Structural Design of the X-15,” pp. 35-36.
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in the strut trapped the nitrogen gas below it and most of the shock-absorption
oil above it. The design of the metering valve was such that it prevented a rapid
change in position of the oil and nitrogen in the 10 seconds between gear extension
and wheel touchdown. To better understand the problem, engineers conducted ad-
ditional dynamic tests using the original test apparatus. Initial tests operated the
apparatus with the nose gear serviced in the extended position, as had been done in
the original tests. The performance appeared normal. The engineers then modified
the test rig to allow the gear to be serviced in the retracted position, as was done on
the airplane. A delay of 10 seconds was introduced between the gear being lowered
and touching down, and the abnormal behavior was reproduced almost exactly.”"

At first, engineers modified the orifice in the shock, but this failed to resolve
the problem. After additional tests, the engineers determined that they could not
pressurize the strut in its retracted (compressed) position. Unfortunately, the nose
wheel compartment was not large enough to allow the nose gear to be retracted in
its extended position. The final solution was to mount redundant nitrogen bottles
on the gear strut itself. When the gear reached its fully extended position, a valve
actuated and released the nitrogen to pressurize the strut. This worked and the
first modified nose gears were available in July 1960. However, the engineers
kept evaluating the problem and, later in the program, changed the design again.
This time they installed a floating piston inside the strut that kept the oil and gas
separated. Technicians could now pressurize the strut in the compressed position
before flight, allowing the removal of the nitrogen bottles.”

During 1961, engineers instrumented the skids to gather additional data on skid
landing gear in support of the Dyna-Soar program and possible future vehicles,
such as the space shuttle. Standard NASA instrumentation was used to provide
airplane upper-mass response, shock-strut force and displacement, main- and nose-
gear drag forces, nose-gear vertical force, horizontal- and vertical-stabilizer set-
ting, horizontal stabilizer load, airplane angle of attack, and airplane pitch velocity
during the impact and slideout portion of a landing. Tests were conducted at the
end of normal research flights while the pilots landed normally and performed spe-
cific control movements during slideout. Phototheodolite cameras on the ground
furnished data for landing coordinates, airplane altitude, flight-path velocity, and
vertical velocity at touchdown. The instrumentation remained on all three airplanes
for the remainder of the flight program to monitor the severity of each landing.*

Landing-gear loads continued to be high, despite the minor modifications
made early in the flight program. An analytical study of the landing dynamics
showed that several important parameters affecting the landing loads were ac-
tually aerodynamic factors. One of the primary culprits was a down-load from
the horizontal stabilizer caused by both the pilot and SAS. Immediately prior to
touchdown, the stabilizer trim position was set to between 4 and 5 degrees with the
leading edge down. If the pilot pulled back on the stick and put the leading edge
further down, the landing loads increased. If the pilot pushed the stick forward

201 Ibid, pp. 36-37.

202 Ibid; X-15 Status Report, Paul F. Bikle/FRC to H. Brown/NASA Headquarters, 1 July 1960, p. 7. In the files at the
DFRC History Office.

203 James E. Love (manager), “X-15 Program,” NASA FRC, October 1961. pp. 29-30. In the AFFTC Access to Space
Office Project Files.
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to get the leading edge up, the loads
decreased. Another factor affect-
ing the gear loads was lift from
the wing. Unfortunately, the severe
nose-down angle of the X-15 after
nose-gear touchdown effectively
pushed the airplane into the ground,
further increasing the stress on the
landing gear. Unfortunately, this
was an unchangeable consequence
of the airplane configuration, and
a similar problem occurred on the
space shuttle orbiters.?*

The most severe problem, how-
ever, was weight. The design
landing weight had been 11,000
pounds. The initial landing weight
of the airplane was 13,230 pounds,
and by 1965 this had crept up to
The nose gear was more conventional, consisting of a 15,500 pounds on a routine basis.
pair of wheels and tires. Note how short the nose gear ~ Emergency landings with a partial
strut is, resulting in severe loads during landing. The — propellant load could be as high as
length of the nose strut was largely dictated by the 17,000 pounds. The only way to
amount of room available to stow it when retracted.  execute safely a landing at 17,000
Space shuttle orbiters suffer from a similarly short  pounds was for the pilot to perform
nose gear strut. (NASA) an active push maneuver to obtain

low horizontal stabilizer settings.
This would still exceed the design
load on the airplane, but would most probably be below the yield (destructive)
limit. 2
By 1965 the problem was no longer one of understanding the nature of the
loads, but rather one of how best to reduce them. North American introduced a
near-constant series of minor modifications to the skids, their struts, and the sur-
rounding structure in an effort to provide additional margin for the landing gear.
Of all the factors that affected gear loads, the most difficult to control — without re-
stricting the research role of the airplane— was weight. Engineers determined they
could reduce landing gear loads if they prevented the stabilizer angle from moving
in the leading-edge-down direction during landings. Training the pilots to perform
a push maneuver during landing accomplished this. In addition, North American
installed a switch in the cockpit that disengaged the SAS at main gear touchdown
to prevent the dampers from forcing the stabilizer leading edge down. Experience
showed that under normal circumstances the pilots were efficient at pushing the
stick at the right moment, even though the maneuver had to occur within 0.4 sec-

204 James M. McKay and Richard B. Noll, “A Summary of the X-15 Landing Loads,” a paper in the Progress of the
X-15 Research Airplane Program, A Compilation of the Papers presented at the Flight Research Center, 7 Octo-
ber 1965, NASA publication SP-90, (Washington, DC: NASA, 1965), pp. 36-38.

205  Ibid, pp. 37-38.
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ond after main gear touchdown to be effective in reducing gear loads. However,
this maneuver was unnatural for the pilots, who tended to revert to habits formed
through long hours of previous experience during emergencies and pull back on
the stick. For this reason, the FRC began developing an automatic stick-kicker.?*®

In fact, this very condition occurred during the Jack McKay’s accident in
X-15-2. The airplane was 1,000 pounds heavy with residual propellants, and as he
landed, McKay pulled back on the stick, driving the stabilizer leading edge down
to its maximum value. As it happened, the flaps failed on this flight and resulted
in a down-load on the main wing, and therefore on the main landing gear. The
combined resulted was a severely overstressed gear that, of course, failed.?”’

Following the accident with X-15-2, engineers considered designing a new
landing gear for the modified X-15A-2. The original location of the nose gear was
approximately 23 feet ahead of the center of gravity, and moving the landing gear
back could significantly reduce main-gear loads, with the forward bulkhead of the
liquid-oxygen tank representing the rear-most location in the existing airframe.
One of the ideas engineers investigated was moving the nose landing gear rear-
ward to the instrumentation compartment behind the pilot. The nose gear would
occupy the lower half of the compartment, with most of the instrumentation that
normally resided there being moved forward to the old nose-gear compartment
ahead of the pilot.?®

However, fiscal and schedule constraints involved with repairing the aircraft
precluded such major modifications, and the existing gear locations were reused
on the modified airplane. Nevertheless, engineers made some basic changes, such
as increasing the shock strut stroke from 3.66 inches to 5.03 inches, and modify-
ing the relief valve setting from 17,000 pounds to 22,000 pounds. North American
manufactured two sets of strengthened struts—one set that was the same length
as the original units, and another set that was lengthened from 53.6 inches to 59.0
inches. The longer units provided sufficient ground clearance to land with the
functional ramjet sill attached to the ventral, but it appears that all flights of the
X-15A-2 used the shorter units. Engineers also lengthened the skid 6.75 inches.
In addition, engineers made some changes to the nose gear, primarily increas-
ing the shock strut stroke to accommodate the increased length of the airplane.
North American lowered the trunnion 9 inches to allow an attitude at nose-gear
touchdown similar to that of the basic X-15. Despite these changes, the landing
dynamics of the new gear were not appreciably changed, and X-15A-2 inherited
most of the deficiencies of the basic system.?®

In addition, during the first part of 1965, North American investigated in-
creasing the capability of the X-15A-2 gear. NASA wanted the maximum landing
weight with the “short” main landing gear to increase to 16,374 pounds normal
and 18,519 pounds emergency. The “long” gear used with the ramjet would in-
crease to 17,855 pounds normal and 20,000 pounds emergency. A preliminary

206 Richard B. Noll, Calvin R. Jarvis, Chris Pembo, Wilton P. Lock, and Betty J. Scott, NASA technical note D-2090,
“Aerodynamic and Control-System Contributions to the X-15 Airplane Landing-Gear Loads,” October 1963;
McKay and Noll, “A Summary of the X-15 Landing Loads,” pp. 37-38.

207 McKay and Noll, “A Summary of the X-15 Landing Loads,” p. 38.
208 Ibid, pp. 39-40.
209 Ibid, pp. 39-40; Adkins and Armstrong, “Development and Status of the X-15A-2 Airplane,” p. 114.
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analysis indicated that incorporating the stick-kicker and changing the shock-strut
relief valve setting would allow these increases. However, at 20,000 pounds there
were concerns about whether the fuselage structure just behind the cockpit would
be strong enough.?!

Researchers installed a prototype stick-kicker in the FRC fixed-base simula-
tor in May 1965 to determine the optimum stick forces. Subsequently, engineers
installed the first stick-kicker in X-15-3 during the weather down period at the be-
ginning of 1966, and in X-15-1 by the end of that year. Apparently, NASA never
installed the stick-kicker in X-15A-2. An emergency landing at 17,700 pounds,
the highest landing weight yet encountered by the program, illustrated the effec-
tiveness of the stick-kicker.*"

North American also conducted an investigation during early 1965 to de-
termine the modifications needed to increase the landing weight of X-15-1 and
X-15-3 to 16,000 pounds normal and 17,000 pounds emergency. The analysis
included the use of the stick-kicker to rotate the horizontal stabilizer at landing to
reduce main skid loads, although this would not eliminate the need to modify the
skids for the higher weights. Preliminary studies showed that relocating the nose
gear trunnion (as done on X-15A-2) would appreciably reduce landing loads on
the other two airplanes, even without the addition of a stick-kicker.*'?

At the same time, engineers studied the feasibility of incorporating a third
main skid attached to the fixed portion of the ventral stabilizer. This third skid
could redistribute the landing loads and relieve the critically stressed gear compo-
nents, particularly if either the stick-kicker of the landing flaps failed to operate.
NASA installed the skid on X-15-3 in time for flight 3-52-78 on 18 June 1966,
and by the end of 1966 it had used the third skid for four landings. These land-
ings, however, were not at a sufficient weight to require the skid, and during the
slideout the third skid contacted the lake surface with little or no load applied to it.
Nevertheless, the third skid seemed like a good idea and NASA modified X-15-1
in time for flight 1-71-121 on 22 March 1967. NASA did not install the third skid
on X-15A-2 since it would have interfered with the ramjet installation.*'?

The X-15A-2 experienced some of the more bizarre problems with landing
gear. On the second flight (2-33-56) of the modified aircraft, after obtaining a max-
imum Mach number of 5.23, the nose gear unexpectedly extended as the airplane
decelerated below Mach 4.2. William P. Albrecht, the X-15 project engineer for the
flight, wrote that “[u]pon arrival in the Edwards area, chase aircraft confirmed that
the nose gear was extended fully, and that the tires appeared badly burned, although
still inflated. Major Rushworth elected to land the X-15, and skillfully did so. The
tires remained intact on touchdown but disintegrated after approximately 300 feet
of rollout, the remainder of the 5,630 foot rollout being taken by the magnesium
rims of the nose wheels.” Considering the circumstance, it was a good landing.*'*

210  “X-15 Semi-Annual Status Report No. 4,” 1 April 1965, pp. 10-11.

211 X-15 Status Report, Paul F. Bikle/FRC to J. Martin/NASA Headquarters, 2 June 1965 and 1 March 1966; letter,
William J. Knight to Dennis R. Jenkins, 14 August 2002.

212 “X-15 Semi-Annual Status Report No. 4,” 1 April 1965, p. 10.

213  “X-15 Semi-Annual Status Report No. 6,” 1 November 1966, p. 14; McKay and Noll, “A Summary of the X-15
Landing Loads,” pp. 39-40.

214 William P. Albrecht/X-15 Project Engineer, “X-15 Operations Flight Report for Flight 2-33-56,” 19 August 1964.
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The subsequent investigation revealed that the nose-gear uplock hook was
severely bent, the point of the hook having opened by approximately 0.25 inches.
However, engineers determined the hook had not bent far enough to release the
gear without the occurrence of some other deflection. The pilot lowered the X-15
landing gear via a simple cable arrangement that connected the landing gear ex-
tension handle in the cockpit to the uplock hook. Engineers measured the slack
in the landing gear actuating cable (used to compensate for fuselage expansion
due to heating effects) at 1.18 inches after the flight, within the specified limits.
However, an analysis by North American indicated that the thermal growth of the
fuselage was approximately 1.90 inches for this flight. This pointed out that the
slack allowance was inadequate. Since the same mechanism operated all three
landing gear components, it could not be ascertained in advance which of the
three landing gears (left main, right main, or nose) would be first affected by par-
tial actuation of the extension system, since that one with the least cable loading
(due to friction, air loads, etc.) would tend to operate first. NASA duplicated the
failure in the High-Temperature Loads Calibration Laboratory by simulating the
fuselage expansion and applying heat to the nose-gear door. As Albrecht observed
afterward, “Needless to say some modification to the landing gear mechanism
seems to be in order.”?'s

North American modified the cable to provide 2.25 inches of slack to com-
pensate for thermal expansion. Although the engineers did not believe the prob-
lem affected the other two airplanes, they also received the modification. The only
major drawback to this modification was that the pilot now had to pull the gear
handle through almost 14 inches of travel to release the landing gear, which led
to several complaints. Subsequently, engineers at the FRC designed a differential
pulley that shortened the pull to 11 inches.*'

These modifications, however, did not totally fix X-15A-2. During the next
flight (2-34-57) on 29 September 1964, Bob Rushworth experienced a similar,
but less intense, noise and aircraft trim change at Mach 4.5: the small nose-gear
scoop door opened. This had already happened several times during the flight
program on all three airplanes, fortunately without disastrous results. There were
two initial thoughts on how to fix the problem. The first was to eliminate scoop
door altogether; except for inspection and servicing, the door would be bolted
shut prior to flight. Alternately, engineers could design a new uplock for the scoop
door that featured a positive retention of the door roller on the uplock hook. In the
end, NASA selected the second route and installed a new uplock hook, scoop door
hook, and associated bell cranks.?!’

NASA conducted two captive-carry flights of X-15A-2 to verify proper de-
ployment of the redesigned nose scoop door and nose landing gear after cold
soak. During flight 2-C-58 the nose gear required approximately 5.4 seconds to

215 Johnny G. Armstrong, AFFTC technology document FTC-TD-69-4, “Flight Planning and Conduct of the X-15A-2
Envelope Expansion Program,” July 1969, p. 10; William P. Albrecht/X-15 Project Engineer, “X-15 Operations
Flight Report for Flight 2-33-56,” 19 August 1964.

216  Wiliam P. Albrecht/X-15 Project Engineer, “X-15 Operations Flight Report for Flight 2-35-60,” 2 December 1964.

217  Vincent N. Capasso/X-15 Project Engineer, “X-15 Operations Flight Report for Flight 3-36-59,” 4 November 1964;
Major Robert A. Rushworth, “Pilot Report for Flight 2-34-57,” 29 September 1964; William P. Albrecht/X-15 Proj-
ect Engineer, “X-15 Operations Flight Report for Flight 2-34-57,” 1 October 1964; William P. Albrecht/X-15 Project
Engineer, “X-15 Operations Flight Report for Flight 2-35-60,” 2 December 1964.
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lock down—an unacceptably long time. Subsequent inspection showed that an
incorrect orifice had been installed in the nose-gear snubber (which controlled the
deployment rate). NASA installed the correct orifice, and the deployment time on
flight 2-C-59 was an acceptable 2.7 seconds. Researchers collected data on both
these captive flights data regarding the scoop door hook position and scoop door
roller loads. Hook movement was negligible (less than 1/16 inch) and NASA sub-

Like the rear skids, the nose wheel was lowered by the pilot pulling a handle that was connected to a
cable that released the uplocks. On two separate flights, the nose gear extended while Major Robert A.
Rushworth was flying the X-15A-2 above Mach 4, resulting in some interesting flying characteristics
and two sets of burned tires. Researchers finally deduced that the fuselage of the airplane was expand-
ing due to heat, and that the landing gear release cable did not have enough slack to compensate. North
American increased the slack in the cable, but the pilots now had to pull the release handle more than
14 inches to get the landing gear to deploy. (NASA)

sequently modified the other two airplanes as well. Jack McKay took X-15A-2 on
a perfect flight (2-35-60) on 30 November 1964.

However, it did not end there. Rushworth was in the cockpit again for the
next fight (2-36-63) of X-15A-2 on 17 February 1965 when the right main skid
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extended at Mach 4.3 and 85,000 feet. The chase pilot was able to verify that
the gear appeared structurally sound, and Rushworth managed to make a normal
landing. Investigation of the right-hand main skid uplock revealed that thermally
induced bowing of the main strut
caused excessive loading of the
main uplock hook. Ground heating
tests of the main-gear struts during
a “hot-flight” profile caused bend-
ing of the hook and release of the
gear. Consequently, NASA modi-
fied the main-gear uplock to include
a stronger hook, a Belleville washer
mounting system to accommodate
approximately 0.14 inch bowing
of the strut, and a stronger support
structure. In addition, it was nec-
essary to reinforce the sheet-metal
fuselage longeron structure around
the main-gear drag-brace anchor fit-
tings. While the repair itself was not
complicated, access was extremely
difficult since it required much of T test the hypothesis that the fuselage expanded more
the hydraulic plumbing in the lower  zhan the release cable, researchers at the Flight Research
engine bay to be removed.*'® Center heated one of the X-15 forward fuselages nsing
This ended the significant prob-  heat lamps. The test confirmed the theory. (NASA)

lem with the landing gear on the

X-15A-2 (and the other airplanes),

although the ever-increasing land-

ing weight continued to be a concern and a set of small modifications (such as
stronger struts) continued to be implemented until the end of the flight program.

THE SECOND INDUSTRY CONFERENCE (1958)

As North American was completing assembly of the first X-15, the Research
Airplane Committee held the second X-15 industry conference at the IAS Build-
ing in Los Angeles on 28-29 July 1958. Forty-three authors (15 from North Amer-
ican, 14 from Langley, 6 from the High Speed Flight Station, 3 from the WADC,
2 from Ames, and 1 each from the AFFTC, Reaction Motors, and the Naval Avia-
tion Medical Acceleration Laboratory at NADC Johnsville) presented 28 papers.

218 Major Robert A. Rushworth, “Pilot Report for Flight 2-36-63,” 17 February 1965; AFFTC technology document
FTC-TD-69-4, p. 10; Milton O. Thompson, At the Edge of Space: The X-15 Flight Program, (Washington and
London: Smithsonian Institution Press, 1992), p. 237; Adkins and Armstrong, “Development and Status of the X-
15A-2 Airplane,” p. 107; “The Pilot’s Panel,” a paper in the Proceedings of the X-15 30th Anniversary Celebration,
Dryden Flight Research Facility, Edwards, CA, 8 June 1989, NASA CP-3105, p. 149; William P. Albrecht/X-15
Project Engineer, “X-15 Operations Flight Report for Flight 2-37-64,” 14 May 1965.
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There were 443 registered participants representing all of the military services
and most of the major (and many minor) aerospace contractors. Interestingly,
there was no university participation this time. Notable attendees included Dr.
David Myron Clark from the David Clark Company, Dr. Charles Stark Draper,
and all of the original X-15 pilots. It is interesting to note how at least one of
the participants registered; for instance, Harrison Storms listed his affiliation as
“NACA Committee on Aircraft, Missile, and Spacecraft Aerodynamics” instead
of “North American Aviation.”?"

The 1958 conference began, appropriately, where the 1956 conference had
ended. Lawrence P. Greene from North American, who had presented the closing
paper at the first conference, gave the technical introduction. One of his first state-
ments summed up the progress: “It can be positively said that through the efforts
of all concerned, the development of the X-15 research system has been success-
fully completed.”??

The airplane North American was building was the “Configuration 3” that had
been inspected by the Air Force in mockup form. Configuration 1 was the initial
North American proposal, while Configuration 2 was the one presented during the
1956 industry conference. Greene highlighted the important changes:**!

1. The side fairings were shortened ahead of the wing to im-
prove longitudinal stability.

2. The horizontal stabilizer was moved 5.4 inches rearward,
although the original fuselage location of the hinge line
was retained. This modification moved the hinge line from
the 37% to the 25% mean aerodynamic chord of the ex-
posed horizontal stabilizer. Although flutter requirements
dictated the change, this, combined with a 3.6-inch forward
wing movement and the side-fairing changes, provided ad-
equate longitudinal stability near zero lift at the maximum
Mach number.

3. The vertical stabilizer area was increased to provide ad-
equate directional stability with the speed brakes retracted
and a 10-degree full wedge section was found to be op-
timum. The planform was then made nearly symmetrical
(dorsal and ventral) for dynamic-stability considerations in
the exit phase of the mission, since thrust asymmetry con-
siderations in the zero to moderate angle-of-attack range
necessitated a reduction in roll due to yaw.

4. Asymmetrical thrust effects also indicated the need for a

219 1958 Research Airplane Committee Report, from the Table of Contents and List of Conferees.

220 Lawrence P. Greene, “X-15 Research Airplane Development Status,” a paper in the 7958 Research Airplane
Committee Report, pp. 1-2. The final load limits were set at +4.0/-2.0 g at full gross weight and +7.33/-3.0 g at
30% propellants remaining. However, the increase came with restrictions. To avoid a serious increase in weight,
pull-outs at 7.33 g at maximum dynamic pressure could only be made once per reentry. During this maneuver
the aircraft slowed down appreciably but heated up rapidly. If another pull-up was required, it had to be accom-
plished at a lower acceleration (g) or lower dynamic pressure (q) to avoid overheating the airframe. See Richard
L. Schleicher, “Structural Design of the X-15,” a paper presented to the Royal Aeronautical Society on 18 April
1968, and printed in the Journal of the Royal Aeronautical Society, volume 67, October 1963, pp. 618-636.

221  Greene, “X-15 Research Airplane Development Status,” pp. 2-3.
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low value of roll-due-to-yaw control in the low angle-of-
attack region. For this purpose, an all-movable directional
control was incorporated on the outer span of both the up-
per and lower vertical stabilizers. Incorporating the con-
trol in the lower vertical stabilizer was equally necessary
for providing directional control at high angles of attack at
high speed because of the ineffectiveness of the upper sur-
face at these conditions. This, in turn, dictated some added
complexity in the damper system.

5. In order to avoid compound flutter problems, the speed
brakes were reduced in size and relocated on the inboard or
fixed parts of the vertical stabilizers.

Although initially it had been decided not to increase the load factor of the
airplane from 5 g to 7.33 g, sometime in the intervening two years the change
had been made, much to the relief of the pilots and researchers at the HSFS. In
mid-1957 the NACA had asked the Air Force to double the amount of research
instrumentation carried by the X-15. This became a major design driver. In order
to keep the airplane weight (and hence performance) from being too seriously
degraded, numerous details were redesigned to save weight. The two areas that
received the most rework were the propellant system plumbing and the nose
gear. This is when Charlie Feltz came up with the idea of keeping the nose-gear
strut compressed when it was stored, allowing a much more compact and light-
weight installation.???

Changes in configuration also brought changes in weight. To support the addi-
tional loads, North American strengthened the structure of the wing, fuselage, and
empennage. This resulted in a revised specification that showed an airplane that
was 765 pounds heavier than originally expected (184 pounds in empty weight and
581 pounds in useful load; this included the pilot, propellants, and gasses, but not
research instrumentation). However, by the time North American began building
the airplanes, even this had changed. The empty weight had increased by only 61
pounds (instead of 184), but the useful load had decreased by 196 pounds. The
research instrumentation, on the other hand, had increased by 522 pounds. The
empty weight increases were the result of the following changes:?*

1. The wing was changed from 7 to 15 intermediate spars,
the skin gage was reduced, and the heat-sink material was
changed from titanium carbide with a nickel binder to In-
conel X, resulting in a net decrease of 131 pounds.

2. A 17-pound net increase in the empennage resulted from
a 58-pound increase to meet thermal requirements and a
reduction of 41 pounds for changing the leading-edge

222 Crossfield, Always Another Dawn, pp. 263-264; telephone conversation, Charles H. Feltz with Dennis R. Jenkins,
12 May 2002.
223  Gerald H. Johnson, “X-15 Structural Loads,” a paper in the 1958 Research Airplane Committee Report, pp. 197-205.
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heat-sink material from titanium carbide with a nickel
binder to Inconel X.

3. Chem-milling pockets in the skin and reducing the skin
gage by adding Z-stiffeners and substituting aluminum for
Inconel X in a portion of the intermediate fuel- and oxidiz-
er-tank bulkheads saved 102 pounds in the body ground,
but a 15-pound increase was caused by the additional
structure to accommodate the engine weight increase. The
net fuselage change was a decrease of 87 pounds.

4. The landing gear group was reduced by 73 pounds by elim-
inating the shimmy damper on the nose wheel and reduc-
ing the gage of the main-landing gear skids.

5. Areduction of 12 pounds in surface controls was realized
by changing from four direct-acting speed-brake actuators
to two actuators with a linkage arrangement.

6. The engine dry weight increased 296 pounds.

7.  The addition of an engine purge system increased the pro-
pulsion group by 67 pounds. However, this was partially
offset by a reduction in the internal liquid oxygen system
plumbing of 29 pounds, giving a net propulsion system in-
crease of 38 pounds.

8. The 4-pound increase in the auxiliary powerplant group
was due to an increase in the weight of the APUs.

9. Changes in the fixed equipment resulted in a net increase
of 9 pounds, consisting of a 76-pound increase in the ejec-
tion seat, an 11-pound increase in instruments, a 34-pound
decrease in the nitrogen system, and a 44-pound decrease
in the air-conditioning system.

~ANHYDROUS AMMONIA
/ TANK (FUEL)
!

LIQUID OXYGEN
/7 TANK (OXIDIZER)

—LIQUID NITROGEN

[

— AUXILIARY
POWER UN

PEROXIDE

ATTITUDE
ROCKETS PEROXIDE

“HELIUM
TANKS

EJECTION-
SEAT

This is the configuration of the X-15 presented at the 1958 Industry Conference, and largely represents
the airplane as built. The major components are annotated. The large area immediately bebhind the
cockpit was the primary location for the research instrumentation recorders and other equipment that
required a controlled environment. (NASA)
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Changes made in the useful load included the following:

1. The turbopump monopropellant was reduced by 196
pounds.

2. Trapped propellants in the engine increased 70 pounds.

3. The helium required to pressurize the propellant tanks in-
creased 13 pounds.

4. The nitrogen required to pressurize the cockpit was re-
duced by 82 pounds.

All of this resulted in an airplane that had an empty weight of 10,635 pounds,
versus an original specification weight of 10,390 pounds and a revised specifi-
cation of 10,574 pounds. The total gross weight was 31,662 pounds, versus the
original target of 30,510 pounds and a revised specification of 31,275 pounds. For
high-speed missions, NASA could remove 370 pounds of altitude-related instru-
mentation, resulting in a gross weight of 31,292 pounds—only 17 pounds over the
revised specification.**

Perhaps the most notable (though hardly unexpected) item to come out of the
second industry conference was that the XLLR99 was significantly behind sched-
ule, and initial flight-testing of the airplane would be undertaken using two interim
XLR11-RM-5 engines.?”

224 Johnson, “X-15 Structural Loads,” pp. 197-205.
225 De E. Beeler and Thomas A Toll, “Status of X-15 Research Program,” a paper in the 1961 Research Airplane
Committee Report.
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CHAPTER 4

THE MILLION-HORSEPOWER
ENGINE

Ithough the hypersonic research airplane concept developed at Lang-
ey had met with almost unanimous endorsement by the Air Force, the lack of a
suitable powerplant was a major shortcoming in the eyes of the WADC Power
Plant Laboratory. The Langley study had determined that an engine (or engines)
that could produce roughly 50,000 1bf was needed for the research airplane. The
flight profiles developed by John Becker and his researchers showed that the abil-
ity to vary the thrust during flight would provide much better data and allow pilots
to repeat maneuvers with some precision. The laboratory thought the Hermes A1
engine used in the Becker study was not capable of evolving into a man-rated en-
gine, and suggested several engines it believed were “more suitable” for a manned
aircraft. Despite these suggestions, however, the laboratory believed further study
was required before any engine could be selected.!

By October 1954, researchers from the Air Force, Navy, and the NACA had
selected four existing or proposed power plants for possible use in the X-15.
These included the Aerojet XLR73, Bell XLR81, North American NA-5400, and
Reaction Motors XLLR10. Despite the tentative selections, the Power Plant Labo-
ratory thought that any engine would require major modifications to meet the

1 Memorandum, E. C. Phillips to Director of Laboratories, 5 August 1954; memorandum, J. W. Rogers to Chief,
Non-Rotating Engine Branch, no subject, 11 August 1954; memorandum, T. J. Keating to Chief, New Develop-
ment Office, no subject, 15 November 1954; Letter, Colonel Carl F. Damberg, Chief, Aircraft Division, AMC, to Bell
et al., Subject: Project 1226 Competition, 2 February 1955.
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needs of the X-15. The laboratory also believed the Air Force needed to “accept
responsibility for development of the selected engine and...provide this engine to
the airplane contractor as government furnished equipment.” The primary con-
sideration, for both the laboratory and the NACA, was that the engine be able to
operate safely under any condition (acceleration in any axis) the X-15 was likely
to experience. Maintenance and reliability (as defined by time between overhauls)
did not need to be up to production standards.’

The 30 December 1954 invitation-to-bid letter from the Air Materiel Com-
mand included summaries of the four engines recommended by the Power Plant
Laboratory. However, although the stated preference to use one of these engines
did not forbid bidders from using other engines, it did require the bidder and
engine manufacturer to justify the selection. The bidder needed to present the
justification to the X-15 Project Office for approval.

The powerplant that was ultimately selected for the X-15 was not one of the
four recommended ones, but became known during discussions with Reaction
Motors concerning the XLR10 from the Viking missile. During a meeting with
the Air Force, the company promoted “a larger version of the Viking engine” that
was under development for the Navy as the XLR30. After these discussions, the
Power Plant Laboratory estimated that Reaction Motors could develop the XLR30
into a suitable engine for less than $5,000,000 in approximately two years. It was
not even close.’

On 25 January 1955, the Air Force requested additional information from
Reaction Motors. The company replied on 3 February 1955 with details on the
XLR10 and XLR30, and recommended four possible combinations for the X-15
program. These included an oxygen-ethanol XLLR 10, an oxygen-ammonia XL.R30,
an oxygen-hydrocarbon XLR30, and an oxygen-ethanol engine using two XLR10
chambers fed by a single XLLR30 turbopump. Each of the engines used hydrogen
peroxide to drive the turbopump. After it was briefed on the Becker study, Reac-
tion Motors doubted that a single XLLR10 was “adequate to perform the objectives
of this type of aircraft.”

Although it suggested a combination of XLR10 thrust chambers and an
XLR30 turbopump, Reaction Motors believed this engine would be overly com-
plicated and predicted it would weigh 815 pounds (compared to 420 pounds for
either of the XLR30 configurations). The company suggested that relatively minor
modifications to the XLLR30 would allow throttling between 17,000 and 57,000
Ibf with a specific impulse of 278 seconds. The XLR30 installation required a

2 Memorandum, T. J. Keating to Chief, New Development Office, no subject, 15 November 1954. The XLR99 was
popularly considered to be a million-horsepower engine. According to Webster’s, the horsepower of a rocket
engine is determined by multiplying the thrust (in pounds) times the speed (in mph), divided by 375. Therefore,
the XLR99 would be 57,000 Ibf * 4,520 mph / 375 = 687,040 hp (not quite a million, but still impressive for a
900-pound engine).

3 Letter, Colonel Carl F. Damberg to Bell Aircraft, 30 December 1954. In the files at the Air Force Historical Research
Agency; memorandum, T. J. Keating to Chief, New Development Office, no subject, 15 November 1954. In the
files at the AFMC History Office. In fairness to the laboratory, it must be admitted that such estimates were ac-
companied by a statement that “less confidence in these estimates exists because the XLR30 engine is at present
in a much earlier stage of development.” This qualification was justified by later events.

4 Letter, Warren P. Turner to Commander, AMC, no subject, 3 February 1955. In the files at the ASC History Office.
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The Reaction Motors XI.R30-RM-2 liguid-propellant rocket engine was the leading candidate for
the X-15 powerplant. The XI.R30 had been developed from the XI.R10 that powered the Viking
sounding rocket developed for the Naval Research Laboratory. Twelve 1Vikings were launched between

1949 and 1955. (Reaction Motors Inc.)
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space 70 inches long and 30 inches in diameter, considerably less than that
required for the larger XLR10-XLR30 combination.’

Independently, Reaction Motors determined that the two most important safety
requirements were the propellant combination and the means of achieving com-
bustion during ignition and shutdown. The company reviewed seven propellant
combinations in depth, and eventually narrowed the choices to liquid oxygen and
anhydrous ammonia. Reaction Motors based this choice largely on its significant
experience with this combination, which had shown that ammonia had fewer critical
starting characteristics than most hydrocarbon fuels. Additionally, the propellants
were ideal for the regenerative cooling of the proposed engine’s thrust chamber.

The Air Force, however, was still more interested in the XLLR10, and on 4
February 1955 it asked Reaction Motors for additional information on that engine.
On the same day, however, Reaction Motors and the X-15 Project Office held a
meeting during which the company detailed a significant development program to
man-rate the XLR-10 for the X-15. Given the development effort required for ei-
ther engine, the company believed the XLR30 would ultimately be a better engine.
After a meeting between the Air Materiel Command and the X-15 Project Office,
the government advised Reaction Motors to “make all further estimates on the
basis of the XLR30’s development.” ¢

Concurrently, the Air Materiel Command had also been in discussions with the
other three engine manufacturers. The fact that the other manufacturers showed a
somewhat lower level of interest than Reaction Motors is understandable—after all,
Reaction Motors engines had powered most of the rocket-equipped X-planes since
the original XS-1. In fact, by this time North American had already requested that
the Air Force withdraw the NA-5400 from consideration. On 18 March 1955, the
Air Force supplied the prospective airframe contractors with the specifications on
the three remaining engines. The Air Force expected that a flight engine would be
available to the winning contractor within 30 months.”

The X-15 Project Office released its analysis of the data provided by the en-
gine manufacturers on 22 March 1955. One of the comments was that generat-
ing the necessary 50,000 1bf would require multiple Bell and Aerojet engines. The
X-15 Project Office made clear that the final engine was not a production item, and
that the amount of available propellants was the only limit to the operating time of
the engine.?

After much discussion, the Air Force decided to release a request for pro-
posal for the X-15 engine that was separate from the airframe competition. On 26
April, Headquarters ARDC requested that “the engine program be subjected to a
final critical review apart from, but concurrent with the evaluation of the airframe
proposals.” The Power Plant Laboratory, NACA, and Navy would complete their
engine evaluations by 12 July. The evaluation was to come to one of three con-
clusions: 1) that one engine was so superior to the others that its use would be

5 Ibid.

6 Letter, Roger W. Walker to Reaction Motors, no subject, 4 February 1955; letter, Lieutenant Colonel W. K. Ashby,
Chief, Power Plant Branch, Aeronautical Equipment Division, AMC, to Reaction Motors, Subject: Power Plant for
New Research Airplane, 24 February 1955. In the files at the Air Force Historical Research Agency.

7 Letter, John B. Trenholm to Bell et al., no subject, 22 March 1955.

8 Ibid.
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mandated, 2) that one engine was so inferior that its use would be forbidden, or
3) that all of the engines were so nearly comparable that the choice would be left to
the airframe contractor. The WADC scheduled the final engine evaluation meeting
for 28 June, although this later slipped to 6-7 July.®

ENGINE PROPOSALS

Three companies—Aerojet, Bell, and Reaction Motors—submitted propos-
als for the X-15 engine on 9 May 1955, the same day as the airframe compet-
itors. North American had already asked the Air Force and NACA to dismiss
the NA-5400 as an alternative. A copy of the Aerojet XLLR73 proposal could not
be located.

Bell was conservative in its engine proposal and stated that “modifications
have been limited to those necessary to permit the engine to be used in a piloted
aircraft.” The changes to the XLLR81 were made primarily in the starting and con-
trol systems, mostly to provide additional safety margins. The modified engine
would be capable of multiple starts with a safety system based on a similar device
provided for use during ground testing. The modifications provided an engine that
could operate at an 8,000-1bf thrust level in addition to the normal 14,500-1bf full
thrust. The modifications included the addition of a propellant bypass valve just in
front of the injector so that, at the reduced thrust level, approximately one-half of
the propellants would return to the tanks instead of being injected into the thrust
chamber. This eliminated the need to change the pump discharge pressures, and
allowed the same amount of propellants to flow through the cooling system. Only
one engine in each airplane would have the capability to provide the 8,000-1bf
level, although this reflected the removal and capping of the bypass valve and
not any major change in engine configuration. Bell also proposed changing the
fuel as a safety measure. In an attempt to minimize the risk of mixed propellants
accumulating and exploding, Bell wanted to exchange the jet fuel normally used
in the XLR81 with a mixture of 40% unsymmetrical dimethylhydrazine (UDMH)
and 60% jet fuel (Bell called this combination “JP-X""). This would make the two
propellants hypergolic, eliminating the hazard. Bell also pointed out that these
propellants would not need to be topped off from the carrier aircraft, since neither
had an appreciable vaporization rate. Bell noted that “since tests of the major com-
ponents of the XLR81-BA-1 engine have been successful, extensive development
tests of these components will not be required for the X-15 engine program.”'

Like the Bell proposal, the proposal from Reaction Motors was brief (Bell
used 15 pages, and Reaction Motors used just 14). The XLR30 would be modi-

9 Letter, Colonel Paul F. Nay to Commander, WADC, no subject, 26 April 1955. In the files at the Air Force Historical
Research Agency; memorandum, John B. Trenholm to Chief, Rocket Section, no subject, 20 June 1955. In the
files at the AFMC History Office; letter, Arthur W. Vogeley to Hartley A. Soulé/Research Airplane Project Leader,
no subject, 17 June 1955.

10 Bell report 02-945-1086, “Project 1226: X-15 Liquid Rocket Engine Proposal,” Secret, 25 February 1955. Courtesy
of Benjamin F. Guenther.
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fied to “1) emphasize safety and minimum development time, 2) start, operate and
shutdown at all altitudes and attitudes, and 3) be capable of at least five successive
starts without servicing or manual attention other than cockpit controls.” Instead
of the thrust-stepping proposed by Bell, Reaction Motors offered an infinitely
variable thrust ranging from 13,500 to 50,000 1bf at sea level. Reaction Motors be-
lieved that “the highly developed state of the major engine components, i.e., tur-
bopump, thrust chamber and control valves allows RMI to meet the schedule....”
Unlike Bell, which extensively discussed the modifications required to make its
engine meet the X-15 requirements, Reaction Motors instead gave a technical
overview of the XLR30, and it was not possible to determine what the modifi-
cations were. Nevertheless, the overall impression was that the state of XLR30
development was far along."

THE ENGINE EVALUATION

On 8 June, John Sloop at Lewis submitted the preliminary NACA engine re-
sults to Hartley Soulé. The rankings were 1) XLR81, 2) XLR30, and 3) XLR73.
Lewis also commented on various aspects of the airframe proposals, including
propellant systems, engine installation, reaction controls, APUs, and fire extin-
guishing systems, although it drew no conclusions and did not rank the airframe
competitors. The airframe manufacturers had concentrated on two of the pos-
sible engines: Bell and Republic opted for the Bell XLR81, while Douglas and
North American used the Reaction Motors XLLR30. Bell had also included an
alternate design that used the XLR30 engine. Nobody had proposed using the
Aerojet XLR73."

The Power Plant Laboratory believed that minimum thrust was a critical fac-
tor. Reaction Motors indicated that its engine was infinitely variable between 30%
and 100% thrust. The Bell engine, however, only had thrust settings of 8,000 and
14,500 1bf. However, since the Bell engine had to be used in multiples to provide
sufficient thrust for the research airplane, this meant that the equivalent minimum
thrust was 18% for the Bell design (which used three engines) and 14% for the Re-
public airplane (four engines). Initially, the engine evaluation set the desired lower
thrust figure at 25%, resulting in a lower score for the Reaction Motors engine.
The X-15 Project Office subsequently raised the lower throttle setting to 30%, and
the evaluators then ranked the Reaction Motors engine as slightly better."

During the initial evaluation the Power Plant Laboratory found little differ-
ence between the Bell and Reaction Motors proposals except for the throttling
limits, but the report left the impression that the Air Force favored the Bell design.

11 Reaction Motors report TR-9405-C, “Rocket Engine for New Research Airplane,” Secret, 26 February 1955.
Courtesy of Benjamin F. Guenther.

12 Letter, John L. Sloop/Lewis Evaluation Group to Hartley A. Soulé/Research Airplane Project Leader, no subject,
8 June 1955.

13 Letter, John L. Sloop/Lewis Evaluation Group to Hartley A. Soulé/Research Airplane Project Leader, no subject,
4 June 1955.
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Statements such as “the Bell engine would have potential tactical application for
piloted aircraft use whereas no applications of the RMI engine are foreseen,” and
“in the event that the XLLR73 development does not meet its objectives, the Bell
engine would serve as a ‘backup’ in the Air Force inventory” made the laborato-
ry’s feelings clear." Of course, the idea that rocket engines potentially could be
used in operational manned aircraft quickly waned as jet engines became more
powerful, and this became a moot point.

The final meeting at Wright Field on 14-15 June finalized the ground rules
for the engine evaluation. The engine companies attended the early portion of
the meeting to present preliminary results from their proposals. The ground rules
established by the Air Force, Navy, and NACA representatives included three
major areas of consideration: 1) the development capability of the manufacturer,
2) the technical design (including the design approach and the research utility), and
3) the cost.'®

On 24 June 1955, NACA Lewis issued a revised ranking of the engine com-
petitors. From a technical perspective (not considering management and other
factors), the Lewis rankings were now 1) XLR30, 2) XLR81, and 3) XLR73. The
reason given for reversing the rankings of the XLR30 and XLR81 was a shift
in the engine-evaluation ground rules. Previously researchers rated the XLR30
lower because of its unsatisfactory throttling limits, but new ground rules relaxed
the requirements and elevated the engine’s ranking.

There still seemed to be some confusion over the engine-evaluation process,
and yet another meeting at NACA Headquarters on 27 June attempted to ensure
that everybody was on the same page. The meeting ended with an understanding
that the engine evaluation should determine whether any of the engines was un-
suitable for use in the airplane, or whether any engine was so clearly superior that
it should be selected regardless of the choice of the winning airframe contractor. If
neither of these conditions existed, then whichever engine the airframe contractor
selected would be chosen. This was the same conclusion reached previously on
14-15 June, and all of the attendees appeared to be satisfied with the result.'®

On 1 July, the HSFS sent its engine evaluation to Hartley Soulé, ranking
the power plants as 1) XLR30, 2) XLR73, and 3) XLR81. The transmittal letter,
however, expressed concern about “the lack of development of all three of the
proposed engines.” Walt Williams again strongly recommended an interim engine
for the initial flights of the new research airplane (he suggested the Reaction Mo-
tors LR8 based on previous HSFS experience). Since the early flights would be
primarily concerned with proving the airworthiness of the airplane, they would
not need the full power provided by the final engine. The HSFS believed that the
development of the new engine would take longer than most expected, and using
an interim engine would allow the flight-test program to begin at an earlier date.
To minimize the hazards to personnel and instruments, researchers at the HSFS

14 This indicated that the funded Aerojet engine and the Bell engine could substitute for each other in operational
aircraft if needed, while the much more powerful Reaction Motors engine was in a class by itself and would have
little operational potential. See Air Force report (unnumbered), “Evaluation of Engines—-Project 1226,” 15 July
1955, Power Plant Laboratory. In the files at the Air Force Historical Research Agency.

15 Letter, Arthur W. Vogeley to Hartley A. Soulé/Research Airplane Project Leader, no subject, 17 June 1955.

16 Letter, John L. Sloop/Lewis Evaluation Group to Hartley A. Soulé/Research Airplane Project Leader, no subject,
24 June 1955; Letter, Clotaire Wood to William J. Underwood, no subject, 29 June 1955.
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also recommended that Reaction Motors change the fuel for the XLR30 from
anhydrous ammonia to gasoline or jet fuel."”

The Air Force evaluation group pointed out that using two fuels interchange-
ably in the Bell gas generator systems would overly complicate the fuel system.
The use of a separate system to meet the restart requirement was also expected to
create safety and reliability problems. On the other hand, although the Reaction
Motors engine was more orthodox than the Bell design, the company had not yet
performed many tests on it, and the evaluators correctly predicted that it would
have a difficult development. The evaluators noted that both engines would need
substantial development being man-rated.'®

A meeting at Wright Field on 6-7 July attempted to sort out the engine selec-
tion. De Beeler, John Sloop, and Arthur Vogeley represented the NACA, Oscar
Bessio represented the Navy, and Joseph Rogers led the Air Force contingent.
The representatives from the Power Plant Laboratory indicated a preference for
the XLR73, with the XLLR81 as their second choice, but the NACA participants
argued that finishing the development of the Aerojet engine would consume a
great deal of time. The Navy considered the XLLR30 the best (not surprisingly,
since it was a Navy engine), followed by the XLLR81. The XLLR73 was not consid-
ered worthy of further consideration because of unspecified “extremely difficult
development problems.”

The final evaluation report stated that none of the engines was clearly su-
perior or deficient, and therefore the airframe contractor would select the most
advantageous engine. The XLR73 was effectively eliminated from the competi-
tion since none of the airframe proposals used it, although the Power Plant Labo-
ratory supported the continued development of the XLLR73 for other uses. The
elimination of the XLLR73 was ironic because, of the engines under consideration,
only the Aerojet XLLR73 was a fully funded development engine, and it was the
only one that, theoretically at least, would not have entailed additional costs. The
evaluators felt that the development timeline of the Bell engine better matched
the program schedule by a small margin. The Bell cost estimate was $3,614,088
compared to $2,699,803 for Reaction Motors. Both were hopelessly optimistic.'

In the last portion of the report, the Power Plant Laboratory presented its
minority opinion justifying its choice of the XLLR73 rocket engine, and the NACA
included a recommendation to use an interim powerplant, specifically the Reac-
tion Motors LR8-RM-8, for the initial X-15 flight program until the final power-
plant was ready.”

17 Letter, Walter C. Williams/HSFS Evaluation Group, to Hartley A. Soulé/Research Airplane Project Leader, no
subject, 5 July 1955.

18  Ibid.
19 Letter, Clotaire Wood to Langley, no subject, 13 July 1955.

20 Air Force report RDZ-280, “Evaluation Report on X-15 Research Aircraft Design Competition,” 5 August 1955, no
page numbers. In the files at the Air Force Historical Research Agency.
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ENGINE AWARD

During late October 1955, the Air Force notified Reaction Motors that the
winning North American entry in the airframe competition was the one that used
the XLR30. On 1 December, the New Developments Office of the Fighter Air-
craft Division directed the Power Plant Laboratory to prepare a $1,000,000 let-
ter contract with Reaction Motors. However, at the same time the Power Plant
Laboratory was further questioning the desirability of the Reaction Motors en-
gine. During preliminary discussions with Reaction Motors, researchers from the
NACA expressed concern that anhydrous ammonia would adversely affect the
research instrumentation, and again brought up the possibility of converting to a
hydrocarbon fuel. The Power Plant Laboratory did not support the change. Even
during the initial evaluation the laboratory had not really believed the 2.5-year
development estimate, and thought that was at least 6 months short. Changing the
propellants would cost at least another year. The laboratory felt that if a 4-year
development period was acceptable, the competition should be reopened, since
anything over 2.5 years had been penalized during the original evaluation.”!

To complicate matters further, the end of 1955 saw the Air Force and Navy
in disagreement over which agency should control the engine development effort.
The BuAer assistant chief for research and development, Rear Admiral William
A. Schoech, sent a letter to Air Force Headquarters proposing to develop the X-15
engine as a continuation of the three years already spent on the XLLR30. The ad-
miral believed this arrangement would expedite development, especially since the
Navy already had a satisfactory working relationship with Reaction Motors. The
Navy could also make the Reaction Motors test stands at Lake Denmark available
to the X-15 program.?

On 9 December, Air Force Headquarters forwarded the letter to General
Marvin C. Demler, commander of the ARDC. Demler forwarded the Navy re-
quest to the Power Plant Laboratory and X-15 Project Office for comment. On 29
December, ARDC Headquarters and the X-15 Project Office held a teletype con-
ference (the predecessor of today’s conference call) to develop arguments against
BuAer retaining the engine program. Demler summarized these and forwarded
them to Air Force Headquarters on 3 January 1956. The ARDC rejected the Navy
position because it felt a single agency should have management responsibility for
the entire X-15 program. The Air Force argued that it was already familiar with

21 Letter, Lieutenant Hugh J. Savage, Non-Rotating Engine Branch, Power Plant Laboratory, WADC, to Reaction
Motors, Subject: Engine for the X-15 Airplane, 26 October 1955. In the files at the Air Force Historical Research
Agency; memorandum for files, Captain Chester E. McCollough to Chief, Non-Rotating Engine Branch, 1 De-
cember 1955. In the files at the AFMC History Office; letter, Roger W. Walker, Chief, Power Plant Development
Section, Power Plant Branch, Aeronautical Equipment Division, AMC, to Reaction Motors, Subject: Request for
Proposal X-15 Aircraft Engine Development, 8 December 1955. In the files at the Air Force Historical Research
Agency; Memorandum, T. J. Keating, Chief, Non-Rotating Engine Branch, Power Plant Laboratory, WADC, to
Project Officer, New Development Office, Fighter Aircraft Division, Director of Systems Management, ARDC, Sub-
ject: The X-15 Airplane Engine, 15 December 1955. In the files at the Air Force Historical Research Agency. Oddly,
it was the Power Plant Laboratory that first suggested (in July 1955) that Reaction Motors switch from ammonia
to a hydrocarbon fuel. No record of which engines these might have been could be found.

22 Letter, Rear Admiral William A. Schoech, Assistant Chief for Research and Development, BuAer, to the Air Force
Chief of Staff, Subject: Cognizance over development of rocket powerplant for NACA X-15 research airplane, 28
November 1955. In the files at the Naval History Center.



194 CHAPTER 4. THE MILLION-HORSEPOWER ENGINE

the XLR30 and was well experienced in the development of man-rated rocket
engines, such as the XLR11 (ignoring the fact that it was a derivative of the Navy
XLRS8). The Air Force also pointed out that it was already using the Reaction Mo-
tors at Lake Denmark. These arguments apparently put the matter to rest, since no
additional correspondence on the subject seems to exist.?

Reaction Motors submitted this technical proposal on 24 January 1956, fol-
lowed by the cost proposal on 8 February. The company expected to deliver the
first engine “within thirty (30) months after we are authorized to proceed.” Reac-
tion Motors assigned the new engine the TR-139 company designation. The Air
Force also realized the engine needed a new designation, and on 21 February it
formally requested assignment of the XLR99-RM-1 designation. This became
official at Wright Field on 6 March and received Navy approval on 29 March.
The Reaction Motors cost proposal showed that the entire program would cost
$10,480,718 through the delivery of the first flight engine.*

During all of this, the NACA was becoming increasingly worried over the
seemingly slow progress of the procurement negotiations. On 15 February, the
deputy commander for development at the WADC, Brigadier General Victor R.
Haugen, wrote to reassure Hugh Dryden that the process was progressing smooth-
ly. Haugen reminded Dryden that one month of delay had been caused by the
necessary studies associated with the NACA’s suggestion to change from anhy-
drous ammonia to a hydrocarbon fuel. Haugen assured Dryden that the procure-
ment agency would issue a letter contract no later than 1 March. As it turned out, his
letter was sent the day after the Reaction Motors letter contract had been signed.?

THE TR-139

The TR-139 engine proposed by Reaction Motors was an extensively modi-
fied version of the Navy-developed XLR30-RM-2. Reaction Motors liked to call
it a “turborocket” engine because it used turbopumps to supply its propellants, a
relatively new concept. The XLR30 dated back to 1946 when Reaction Motors
initiated the development of a 5,000-1bf engine to prove the then-new concepts
of high-pressure combustion, spaghetti-tube construction, and turbine drive us-
ing main combustion propellants. By 1950, engineers believed these principles
were sufficiently well established to initiate the development of a 50,000-1bf
engine. The turbopump and its associated valves completed approximately 150

23 Letter, Colonel Donald H. Heaton, Chief, Aeronautical Division, Director for R&D DCS/D, USAF, to Commander
ARDC, Subject: Cognizance Over Development of Rocket Power Plant for NACA X-15 Research Airplane, 9
December 1955; teletype conference between personnel of Director of Systems Management and Headquarters,
ARDC, 29 December 1955, Subject: BuAer Letter on the XLR30; Letter, Colonel E.N. Ljunggren, Assistant for Air-
craft Systems, ARDC, to Director for R&D, USAF, Subject: Cognizance Over Development of Rocket Power Plant
for NACA X-15 Research Airplane, 3 January 1956. In the files at the Air Force Historical Research Agency.

24 Letter, Warren P. Turner, Manager, Customer Relations and Contracts Division, Reaction Motors, to Commander,
AMC, Subject: Rocket Engine System for X-15 Research Aircraft, 7 February 1956. In the files at Thiokol Corpora-
tion. The new engine used an “odd” Air Force designation to replace the “even” Navy designation.

25 Letter, Brigadier General Victor R. Haugen to NACA-Washington, 15 February 1956; Letter Contract AF33(600)-
32248, 14 February 1956. In the files at the Air Force Historical Research Agency.
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tests, and Reaction Motors considered it fully developed, with the exception of
additional malfunction-detection and environmental tests that were required be-
fore a flight-approval test could be undertaken. The evaluation of a “breadboard”
engine had demonstrated safe and smooth thrust-chamber starting, achieved
93-94% of the theoretical specific impulse, and shown satisfactory characteristics
using film cooling.?

The engine consisted of a single thrust chamber and a turbopump to supply
the liquid oxygen and liquid anhydrous ammonia propellants from low-pressure
tanks on the aircraft. These propellants had boiling points of —298°F and —28°F,
respectively. That meant that after the propellants were loaded into the X-15
tanks, they would immediately begin to boil off at rates that were dependent upon
the nature of the tank design and ambient conditions. In an uninsulated tank, lig-
uid oxygen has a boil-off rate of approximately 10% per hour on a standard day.
Even the crudest insulation significantly lowers this, and a well-insulated tank can
experience less than 0.5% per hour of boil-off. Reaction Motors pointed out that
insulating a tank usually required a great deal of volume, and that the airframe
manufacturer would need to conduct a trade study to find the best compromise
between volume and boil-off. Since the B-36 carrier aircraft had sufficient volume
to carry additional liquid oxygen to top off the X-15, this was not a major issue.
Anhydrous ammonia, on the other hand, has a relatively high boiling point and
very low evaporation losses. Simply sealing the tank by closing the vent valve
would minimize losses to the point that the ammonia would not have to be topped
off before launch.”

Reaction Motors did have some cautions regarding the hydrogen peroxide
that powered the TR-139 turbopump and the X-15 ballistic control system. It was
necessary to maintain the propellant below 165°F to prevent it from decompos-
ing, and Reaction Motors believed that it would be necessary to insulate all the
valves, lines, and tanks. North American thought that only the main storage tank
required insulation, because of the relatively short exposure to high temperatures.
However, not insulating the entire system allowed small quantities of propellant
(such as found in the lines supplying the reaction control system) to potentially
reach elevated temperatures. To counter this, Reaction Motors recommended in-
stalling a continuous-circulation system whereby the propellant was kept moving
through the lines in order to minimize its exposure to high compartment tem-
peratures, particularly in the wings. If the engineers found the circulation system

26 Robert W. Seaman, H. A. Barton, V. Cortese, Reaction Motors report TR-9405-E, “Rocket Engine for New Re-
search Airplane,” 3 February 1956, pp. 1-2. In the files at the AFFTC History Office. The use of turbopumps on
early rocket engines was somewhat unusual because it was much easier to simply pressurize the propellant tanks
and let a combination of pressure and gravity feed the propellants into the combustion chambers. Of course, this
did not work well if the vehicle was not going more or less straight up, or when it was maneuvering. It was also
much less efficient in terms of the thrust that could be provided by the engine and required heavy propellant tanks
to provide adequate pressure. Nevertheless, turbopumps tend to be one of the more difficult items to develop on
a rocket engine because they operate under extreme pressures and temperatures. As late as the development of
the Space Shuttle Main Engines, thought was given to using pressure-fed engines instead of turbopumps. Given
the problems experienced by the Space Shuttle Program with the development of its advanced turbopumps,
sometimes it seems it might have been a wiser decision. Many of the early engines that did use turbopumps
used a separate propellant (usually a monopropellant such as hydrogen peroxide) to drive the turbopumps. Most
modern engines decompose one of the normal main propellants into steam to drive the turbopump, eliminating
the need to carry a separate propellant.

27 Seaman et al., “Rocket Engine for New Research Airplane,” pp. 3-5. Interestingly, North American included provi-
sions for an ammonia top-off system until an agreement was reached that the ammonia vent valve could simply
be closed after fueling, and the tank would be allowed to stabilize at the vapor pressure of ammonia.
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The final Reaction Motors contract called for an engine capable of being throttled between 15,000 lbf and
50,000 Ibf; although this was later raised to 57,000 lbf. Some engines actually produced more than 60,000
Ibf: The engine needed to gperate for 90 seconds at full power or 249 seconds at 15,000 Ibf. (NASA)

to be insufficient, it was possible to install a rudimentary cooling system on the
main tank.?

Engineers considered the TR-139 thrust chamber very lightweight at 180
pounds. Furthermore, it used an assembly of “spaghetti tubes” as segments of
the complete chamber, and, as it turned out, the spaghetti tubes would prove to
be one of the more elusive items during engine development. The thrust chamber
used ammonia as a regenerative coolant, but the exhaust nozzle was uncooled and
configured to optimize thrust at high altitude. Reaction Motors expected to use a
slightly altered XLLR30 thrust chamber. The modifications included the incorpora-
tion of a liquid propellant igniter (for restarts) and derating to operate at 600 psia
instead of 835 psia. The lower chamber pressure was desired to improve local
cooling conditions at low thrust levels.?

In order to improve safety, Reaction Motors proposed the simplest igniter the
engineers could think of. The igniter was located along the centerline at the top
of the chamber and had two sections. The first section contained a catalyst bed
that used activated silver screens to decompose hydrogen peroxide into steam
and oxygen at 1,360°F. The second section consisted of a ring of orifices where

28 Seaman et al., “Rocket Engine for New Research Airplane,” pp. 5-6.
29 Ibid.
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fuel was injected; when the fuel and superheated oxygen mixed, they combusted.
The resulting flame was used to ignite the propellants in the combustion chamber.
Reaction Motors believed this simple igniter would not be subject to the kind of
failures that could occur in electrical ignition systems. Despite the apparent desir-
ability of this arrangement, a more traditional electrical ignition system was used
in the final engine.*

The XLR30 turbopump was a two-stage, impulse-type turbine driving fuel and
oxidizer pumps. The turbine operated at a backpressure of 45 psia at full thrust. The
designers matched the pump characteristics to allow varying engine thrust over a
wide range of thrust simply by varying the power input to the turbine. Varying the
flow of hydrogen peroxide to a gas generator controlled the speed of the turbine.
The gas generator consisted of a simple catalyst bed that decomposed the hydrogen
peroxide into steam. Reaction Motors expected that the engine would need only
2.5 seconds to go from ignition to maximum thrust, and only 1 second to go from
minimum to maximum thrust. On the other side, it would take about 1 second to go
from maximum to minimum thrust, and not much more to complete a shutdown.?'

However, using a single turbine to drive both the fuel and oxidizer pumps
resulted in the XLR30 liquid-oxygen pump operating at too high a speed for the
new XLR99. Haakon Pederson, who became the principal designer of the XLLR99
turbopumps, modified the original XLLR30 oxidizer pump section to have a sin-
gle axial inlet impeller operating in conjunction with a directly driven cavitating
inducer. This required a new impeller design, new casting patterns, a new inducer,
and a new pump case. Essentially, this was a new liquid-oxygen pump, and it be-
came one of the major new developments necessary for the XIL.R99.*

At this point, Reaction Motors expected to take 24 months to develop the new
engine, followed by six months of testing and validation. The company would
deliver the first two production engines in the 30th month, and manufacture 10
additional engines at a rate of one per month.*

All parties finally signed the Reaction Motors contract on 7 September
1956, specifying that the first flight-rated engine was to be ready for installation
two years later. The Air Force called the “propulsion subsystem” Project 3116
and carried it on the books separately from the Project 1226 airframe. The final
$10,160,030 contract authorized a fee of $614,000 and required that Reaction
Motors deliver one engine and a mockup, as well as various reports, drawings,
and tools. The 50,000-1bf engine would be throttleable between 30% to 100%
of maximum output. The 588-pound engine had to operate for 90 seconds at full
power or 249 seconds at 30% thrust.*

30  Ibid.

31 Preliminary Model Specification for the TR-139 Turborocket Engine, Reaction Motors Specification No. 91, Febru-
ary 1956, p. 15; Seaman et al., pp. 7-8.

32 Seaman et al., pp. 7-8; Paul Gwozdz, Reaction Motors report TR-4085-1, “A Study to Determine Modifications
Which Extend the Low and High Thrust Range of the YLR99 Turborocket Engine,” undated (but signed on 11
October 1966), p. 3. In the files at the DFRC History Office.

33 Seaman et al., p. 36.

34 Air Force contract AF33(600)-32248, 7 September 1956. In the files at the Air Force Historical Research Agency;
System Development Plan, X-15 Research Aircraft, Supporting Research System Number 447L, 22 March 1956.
In the files at the AFFTC History Office. As events later demonstrated, even this erred badly on the side of un-
derestimation. The final fee paid to Reaction Motors was greater than the original estimate for the total engine
development program. The definitive contract exceeded the original estimate by more than 20 times, and more
than doubled the original total program approval estimate.
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Less than two months after the Air Force issued the letter contract, the NACA
began to question the conduct of Reaction Motors. On 11 April 1956, John Sloop
from Lewis visited the Reaction Motors facilities and reported a multitude of po-
tential development problems with the ignition system, structural temperatures,
and cooling. Sloop reported that approximately 12 engineers were working on
the engine, and that Reaction Motors expected to assemble the first complete en-
gine in May 1957. However, Sloop believed that the Reaction Motors effort was
inadequate and questioned whether the appropriate test stands at Lake Denmark
would be available in late 1956. Sloop suggested that the company needed to as-
sign more resources to the XLR99 development effort.*

Despite the issues raised by Sloop, the Air Force did not seem to be concerned
until 1 August 1956, when the Power Plant Laboratory inquired why scheduled
tests of the thrust chamber had not taken place. It was not explained why four
months had elapsed before the Air Force questioned the schedule slip.*

Reaction Motors explained that much of the delay was due to the fact that
other projects were taking longer than originally anticipated. The company
also admitted delaying hardware manufacturing until a series of design studies
were completed, believing that these studies were important for maintaining the
schedule. Reaction Motors also attributed part of the delay to modifications of two
available test chambers to accommodate the high-powered engine.*’

THE 1956 INDUSTRY CONFERENCE

The XLR99 presented several unique challenges to Reaction Motors. Perhaps
the major one was that the engine was being developed for a manned vehicle,
which entailed more safety and reliability requirements than unmanned missiles.
However, perhaps even more challenging were the requirements to be able to
throttle and restart the engine in flight—-something that had not yet been attempted
with a large rocket engine. The Reaction Motor representative at the 1956 industry
conference concluded his presentation with the observation that developing the
XLR99 was going to be challenging. Subsequent events proved this correct.*®

Robert W. Seaman from Reaction Motors presented preliminary specifica-
tions for the XLR99-RM-1 at the conference. The oxygen-ammonia engine could
vary its thrust from 19,200 1bf (34%) to 57,200 1bf at 40,000 feet, and had a spe-
cific impulse between 256 seconds and 276 seconds depending on the altitude and
throttle setting. The engine fit into a space 71.7 inches long and 43.2 inches in di-

35 Memorandum, John L. Sloop, Chief, Rocket Branch, Lewis Laboratory, to Headquarters, NACA, 16 April 1956,
Subject: Visit to Reaction Motors, Incorporated, re: Powerplant for the X-15. In the files at the NASA History Office.

36 Letter, H. P. Barfield, Assistant Chief, Non-Rotating Engine Branch, Power Plant Laboratory, WADC, to Reaction Mo-
tors, 1 August 1956, Subject: Contract AF33(600)-32248. In the files at the Air Force Historical Research Agency.

37 Letter, A. G. Thatcher, Manager, Division Engineering, Reaction Motors, to Commander, WADC, 17 August 1956,
Subject: Contract AF33(600)-32248. In the files at Thiokol Corporation.

38 Some smaller rocket engines could be throttled. The most significant was the man-rated Curtiss-Wright XLR25-
CW-1 being developed for the Bell X-2. This engine used two separate thrust chambers (one producing 5,000 Ibf
and the other producing 10,000 Ibf) and was continuously variable from 2,500 to 15,000 Ibf. Unfortunately, the
engine fell significantly behind schedule and proved to be very unsatisfactory in service.
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BASIC ENGINE SCHEMATIC

Although not the most powerful rocket engine of its era, the XI.R99 was the most advanced and used a
sophisticated turbopump to supply liquid oxygen and anhydrons ammonia propellants to the combustion

chamber. The engine was capable of being restarted in flight, an unusual feature for the time (or even to-
day) and numerous safety systems antomatically shut down the engine in the event of a problem. (NASA)

ameter. At this point, Reaction Motors was predicting a 618-pound dry weight and
a 748-pound gross weight. A two-stage impulse turbine drove the single-inlet oxi-
dizer pump and two-inlet fuel pump. The hydrogen-peroxide-driven turbopump
exhausted into the thrust chamber. Regulating the amount of hydrogen peroxide
that was decomposed to drive the turbopump provided the throttle control.*

Engineers decided to control thrust by regulating the speed of the turbopump
because the other possibilities resulted in the turbopump speeding up as pressure
decreased, resulting in cavitation. Controlling the propellant to the turbopump
also required fewer controls and less instrumentation. However, varying the fuel
flow led to other issues, such as how to provide adequate coolant (fuel) to the
thrust chamber.*

The engineers also had to give engine compartment temperatures more con-
sideration than they did for previous engines due to the high heat transfer ex-
pected from the X-15 hot-structure. This was one of the first instances in which
the surrounding airframe structure would be hotter than the engine. Since North

39 William P. Munger and Robert W. Seaman, “XLR99-RM-1 Rocket Engine for the X-15,” a paper in the 1956 Research
Airplane Committee Report, pp. 215-235. The engine was eventually to undergo numerous changes of detail, but its
basic design, as described to the 1956 industry conference (excepting its weight), was not greatly altered.

40 Ibid, pp. 215-224.
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American was designing the hot structure of the X-15 to withstand temperatures
well in excess of those the engine produced, the engineers were not planning to
insulate the engine compartment.*!

Another paper discussed engine controls and instruments, accessory installa-
tion, and various propellant system components. The 1,000-gallon liquid-oxygen
tank was located just ahead of the aircraft center of gravity, and the 1,400-gallon
anhydrous-ammonia tank was just behind it. A 3,600-psi helium supply tube with-
in the liquid-oxygen tank supplied the gas to pressurize both tanks. A 75-gallon
hydrogen-peroxide tank behind the ammonia tank provided the monopropellant
for the turbopump, using a small, additional supply of helium.*

The liquid-oxygen and ammonia tanks had triple compartments arranged to
force the propellants toward the center of gravity during normal operations and
during jettisoning. The design needed to compensate for the acceleration of the
X-15, which tended to force propellants toward one end of the tanks or the other.
Further complicating the design of the tanks was the necessity for efficient loading
and minimizing the remaining propellant after burnout or jettisoning. Fortunately,
the tanks did not present any insurmountable problems during early tests.*

Because the engineers did not yet fully understand the vibration characteris-
tics of the XLLR99, they designed a rigid engine mount without any special vibra-
tion attenuation. The engine-mount truss attached to the fuselage at three fittings,
and by adjusting the lower two fittings the engineers could tailor the thrust vector
of the engine. Three large removable doors in the aft fuselage provided access to
the engine and allowed closed-circuit television cameras to observe the engine
during ground testing. Ultimately, this mounting technique would also make it
much easier to use the interim XLR11 engines.*

MORE PROBLEMS

However, North American was becoming concerned about the engine de-
velopment effort, echoing many of the same concerns expressed by John Sloop
at the NACA. At the 1956 industry conference, North American vice president
Raymond H. Rice announced that the XLLR99 was four months behind schedule.
On 1 February 1957, Rice asked the ARDC assistant deputy commander, Major
General Howell M. Estes, Jr., to investigate the apparent delays.*

The Air Force and Reaction Motors held meetings on 12 and 18 February,
and the Air Force, the NACA, North American, and Reaction Motors met on 19
February. Data presented at these meetings confirmed that the engine was approx-

41 Ibid.

42 Bruce O. Wagner, “X-15 Airplane Engine Installation,” a paper in the 1956 Research Airplane Committee Report,
pp. 225-235.

43 Ibid.

44 Ibid.

45 Letter, Raymond H. Rice, Vice President and General Manager, North American Aviation, to Assistant Deputy
Commander for Weapons Systems, ARDC, no subject, 1 February 1957. In the files at the Boeing Archives.
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imately four months behind schedule and overweight. Although the performance
estimates were decreasing, the deterioration appeared to be relatively minor. Gen-
eral Estes wrote Hugh Dryden (and copied Rice) that “every effort will be ex-
pended to prevent further engine schedule slippage.”™®

The NACA'’s reaction to the February meeting was different. Hartley Soulé
reported that the Air Force accepted the four-month delay, but that Reaction Mo-
tors would deliver two engines by 1 September 1958 instead of one. The Air
Force also accepted a decrease from 241 to 236 seconds of specific impulse, and
a weight increase from 588 to 618 pounds. Soulé pointed out that Reaction Mo-
tors had not yet conducted any thrust-chamber tests, and expressed doubt that the
revised schedule was achievable. He also noted that the Air Force had scheduled
additional engine progress meetings for June and September. On the other hand,
the NACA agreed to help Reaction Motors optimize the engine nozzle for high-
altitude operations in an attempt to recover some performance. Separately, on 29
March 1957 the X-15 Project Office reported that engine costs had increased to an
estimated $14,000,000, plus fee.’

Unfortunately, Hartley Soulé’s premonitions proved correct. Reaction Motors
informed the Air Force on 10 July 1957 that a nine-month schedule slip would be
necessary to meet the February specifications. In addition, the development would
cost $21,800,000—a 50% increase in only 100 days. Alternately, for $17,000,000
Reaction Motors could develop a compliant engine within the established sched-
ule if the weight could be increased to 836 pounds from the original 618 pounds.
Representatives from the Air Force, the NACA, North American, and Reaction
Motors met at Wright Field on 29 July to discuss alternatives. The participants
generally considered the performance penalty a lesser concern than the increased
cost and schedule slip needed to develop the “specification” engine, and the Air
Force elected to pursue the heavier engine. Reaction Motors mitigated some con-
cerns when it subsequently reported that the turbopump was exceeding its perfor-
mance goals, allowing a 197-pound reduction in hydrogen-peroxide propellant. In
effect, this resulted in an engine that was only 51 pounds heavier than the original
588-pound specification.

Unfortunately, serious problems arose during development of the thrust cham-
ber and injector assemblies. Primarily, the oxidizer tubes of the spaghetti-type
injector tended to burn through at low thrust levels. The Air Force encouraged the
company to redouble its efforts, but agreed to raise the minimum thrust require-
ment if necessary. The Air Force and Reaction Motors also discussed changing to
a spud-type injector, but did not reach a final decision.*®

Despite the increase in weight, the engine program continued to fall behind.
On 11 December 1957, during a meeting at the newly formed Propulsion Labo-

46 Letter, Major General Howell M. Estes, Jr., Assistant Deputy Commander for Weapons Systems, ARDC, to NACA,
no subject, 7 March 1957. In the files at the NASA History Office.

a7 Report, Hartley A. Soulé, Research Airplane Project Leader, to Members, NACA Research Airplane Project Panel,
Subject: Project 1226-Progress report for months of January and February 1957, 19 March 1957. In the files at
the NASA History Office; ARDC Form 111 (Management Report), Project 3116, Subject: X-15 Propulsion Sub-
system, 29 March 1957. In the files at the AFMC History Office. The 618-pound figure had been reported at the
industry conference the previous October.

48 Memorandum, Arthur W. Vogeley to Hartley A. Soulé/Research Airplane Project Leader, subject: X-15 Airplane—
Discussions at Air Research and Development Command, Detachment #1, Wright-Patterson Air Force Base,
Dayton, OH, 29-30 July 1957, 3 August 1957. In the files at the NASA History Office.
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ratory, the company reported an additional six-month delay.* Reaction Motors
attributed this to an explosion that destroyed the first developmental engine, and
a series of turbopump failures. The company also confirmed that it had failed to
develop a spaghetti-type injector that met the performance and reliability require-
ments. Overall, the picture was rather bleak.

The spaghetti-type injector consisted of bundled tubing, with each metal tube
going to an individual fuel injector. However, Lieutenant K. E. Weiss, the XLR99
project engineer for the Power Plant Laboratory, designed a spud-type injector
that used small, perforated disks instead of tubes. Wright Field machine shops
built several of the Weiss designs, and researchers ran preliminary tests in early
1958. By March, Reaction Motors was investigating using the spud-type injector
on the XLR99.

The mounting engine delays were beginning to threaten the entire X-15 proj-
ect. In response, WADC commander Major General Stanley T. Wray and Briga-
dier General Haugen ordered an investigation of the technical and managerial
problems. On 7 January 1958, the Air Force asked Reaction Motors to provide
a revised schedule and explain how it would correct the various problems. The
company submitted the schedule in mid-January, showing a new five-month delay
and an increase in costs to $34,400,000-nearly double the July estimate.*

Accompanied by personnel from the X-15 Project Office and Propulsion
Laboratory, generals Haugen and Wray visited Reaction Motors on 28 January
1958 to discuss the various concerns. Haugen commented on the company’s poor
record of accomplishment up to that time, which was especially troubling given
the importance of the X-15 project. Reaction Motors admitted to its “past defi-
ciencies” and assured the generals that it could meet the current cost and schedule
estimates. Haugen and Wray left only partly convinced.”!

The Propulsion Laboratory and the X-15 Project Office reported their recom-
mendations to the ARDC and WADC commanders in mid-February, and to the
director of research and development in Air Force Headquarters, Major General
Ralph P. Swofford, Jr., on 21 February 1958. These recommendations included
continuing the Reaction Motors development program, using XLLR11 engines for
initial X-15 flights, approving overtime, assigning the project a top Department
of Defense priority (DX rating), establishing a Technical Advisory Group, and
initiating an alternate engine development program.

Of these recommendations, the Air Force approved the use of XLR11 en-
gines, an increased Reaction Motors effort, additional funds to cover the increased
effort, and the establishment of the advisory group. The XLR11 decision hardly
came as a surprise to the engineers at the HSFS and Lewis—they had suggested the
same thing nearly three years earlier, as had some at Wright Field. Officials at Air
Force headquarters denied the request for a top priority, although they approved
a slightly improved priority. The X-15 Project Office postponed the decision con-
cerning the development of an alternate engine, and made it clear that there was a

49 The Power Plant Laboratory and Propeller Laboratory were combined into the Propulsion Laboratory on 17
June 1957.

50 Report, Status of XLR99-RM-1, 9 January 1958 through 27 June 1958, prepared by Propulsion Laboratory,
WADC. In the files at the Air Force Historical Research Agency.

51 X-15 WSPO Weekly Activity Report, 29 January 1958.
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clear distinction between proposals for an interim engine for the initial flight tests
and an alternate engine to replace the XLR99 in the final X-15.5

North American had already investigated the idea of installing a pair of
XLR11s at the suggestion of L. Robert Carman. Scott Crossfield was not im-
pressed with the idea and said, “I think we’d be making a big mistake.” Crossfield
was afraid that once the Air Force approved the change, the troublesome larger
engine would never be installed, leaving the X-15 a Mach 3+ airplane instead
of one twice that fast. Charlie Feltz and Harrison Storms, however, thought the
concept had merit. The XLR11 used liquid oxygen, like the XLLR99, so the oxi-
dizer tank required no changes. The smaller engine used alcohol instead of am-
monia, but the two liquids were roughly comparable and only minor changes
were necessary. Feltz, for one, was slightly relieved: “I’ve been a little concerned
about busting into space all at once with a brand-new airplane and a brand-new
untried engine.... We’re trying to crack space, with a new pressure suit, reentry,
new metal, landing—everything at once. I’ve got a real good buddy [Crossfield]
who’s going to be flying that airplane for the first time, and I’d just as soon have
him around for a while.” After a few weeks, even Crossfield came around: “We
should learn to crawl before we enter the Olympic hundred-yard dash.” Once the
government approved the concept of using XLR11s, the technicians at Edwards
began assembling a dozen XLR11s from pieces and parts of various XLR11 and
LR8 engines left over from previous programs.™

The recommendations also resulted in the establishment of a Technical
Advisory Group consisting of representatives from the ARDC, BuAer, NACA,
and WADC. The first meeting was held at the Reaction Motors facility on 24
February 1958, and the group immediately determined that the thrust chamber
was the item that could benefit the most from this advice, since it represented the
greatest risk.>*

In addition to the Technical Advisory Group, the government enlisted the help
of other rocket engineers to develop an alternate thrust chamber. North American,
which owned Rocketdyne, was reluctant to become involved given its role as
the X-15 airframe contractor. Eventually, however, generals Wray and Haugen
convinced Lee Atwood to allow Rocketdyne to assist Reaction Motors and begin
development of an alternate thrust chamber and injectors. Once North American
overcame its corporate reluctance, Rocketdyne immediately began adapting the
thrust chamber and injector from the Atlas ICBM XLR105-NA-1 sustainer engine
to the XLLR99.%

52 Interview, Captain Chester E. McCollough, Jr., Assistant Chief, X-15 WSPO, Director of Systems Management,
ARDC, 14 May 1959, by Robert S. Houston, History Branch, WADC. In the files at the Air Force Historical Re-
search Agency.

53 Crossfield, Always Another Dawn, pp. 292-296. The government got its money’s worth from these engines, many
of which went on to power the various lifting bodies that came after the X-15. Confirmed in phone calls with
Charlie Feltz and Scott Crossfield, 9 June 2002.

54 Report, Status of XLR99-RM-1, 9 January to 27 June 1958. In the files at the Air Force Historical Research
Agency; Crossfield, Always Another Dawn, p. 295.

55 Letter, Major General Stanley T. Wray, Commander, WADC, to Commander, ARDC, no subject, 17 June 1958;
report, Status of XLR99-RM-1, 9 January to 27 June 1958. In the files at the Air Force Historical Research
Agency. Interestingly, a similar event occurred during the service life of the Space Shuttle main engine. Continuing
difficulties with the Rocketdyne-designed turbopumps led NASA to contract with Pratt & Whitney to design and
build alternate turbopumps that ultimately proved to be much simpler and vastly superior in terms of reliability.
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An additional complication soon developed, although it apparently did not
significantly affect the development effort; Reaction Motors and the Thiokol
Chemical Corporation began merger negotiations in the early part of 1958. Dur-
ing this period the anticipated reorganization undoubtedly created a distracting
uncertainty among Reaction Motors management and employees. Reaction Mo-
tors Incorporated (RMI) stockholders approved the merger on 17 April 1958, and
the company subsequently became the Reaction Motors Division (RMD) of Thio-
kol Chemical Corporation.>®

The Air Force decision to bring Rocketdyne into the fray motivated Reac-
tion Motors to consider alternate designs. However, by the end of April the Air
Force acknowledged there were not sufficient funds to develop alternate designs
from Rocketdyne and Reaction Motors. Believing that the Rocketdyne XLR105
derivative offered the best chance of success, the Powerplant Laboratory urged
Reaction Motors to subcontract with Rocketdyne for its development. Reaction
Motors evaluated which design offered the most promise and presented the results
at a meeting of Reaction Motors, Rocketdyne, NACA, and WADC representatives
on 27 May 1958 at Wright Field. The participants concluded that the Reaction
Motors concentric shell thrust chamber would not solve the chamber burnout is-
sue, and Reaction Motors did not believe it could complete the design in time to
support the flight program in any case. Since this was obviously not acceptable,
all parties agreed that Reaction Motors should discontinue its efforts and subcon-
tract with Rocketdyne for the XLR105 derivative. Two days later the Air Force
officially transmitted the 27 May decisions to Reaction Motors.*’

The next day Reaction Motors and Rocketdyne agreed that $500,000 would
fund the development effort through mid-July. Rocketdyne estimated it would cost
$1,746,756 to develop the alternate thrust chamber. Producing 14 chambers for ini-
tial testing would cost $811,244, and 14 flight chambers would add $657,300.%

Despite the appearance of progress, neither the Air Force nor the NACA was
completely happy with the progress of the engine development effort. The Propul-
sion Laboratory prepared two letters intended to provide additional motivation for
Reaction Motors. The first was from General Wray to General Anderson, dated
17 June 1958:%

For some time, General Haugen and I have been concerned by
the poor progress made by Reaction Motors Division on the
development of the XLLR99 rocket engine for the X-15 airplane
program. This engine was one that had been recommended...on
the strength of a supposed advanced state of development of
the LR30 rocket engine.... In spite of this state of development,

56 Letter, Lieutenant Colonel L. Schaffer, ARDC New York Regional Office, to Commander, ARDC, Subject: Manage-
ment Changes at Reaction Motors, Incorporated, Danville, NJ, 7 March 1958. In the files at the Air Force Historical
Research Agency; John Sherman Porter, editor, Moody’s Industrial Manual for 1958 (New York: D. F. Shea, 1958).

57 Report, Status of XLR99-RM-1, 9 January to 27 June 1958; Letter, F. W. Tangeman, Deputy Chief, Power Plant
Development Section, Power Plant Branch, AMC, to Reactions Motors Division, subject: Contract AF33(600)-
32248, XLR99-RM-1 Back-up Chamber Development, 29 May 1958. In the files at the Air Force Historical Re-
search Agency.

58 Report, Status of XLR99-RM-1, 9 January to 27 June 1958.

59 Letter, Major General Stanley T. Wray to Commander, ARDC, no subject, 17 June 1958. In the files at the Air Force
Historical Research Agency.
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Reaction Motors Division has experienced continual schedule
slippage and financial overruns.... It is by their own admission,
as well as the conclusions of our project engineers, that Reac-
tion Motors Division has used poor judgment and management
during the early stages of the engine development program.
Inability to meet performance and original Preliminary Flight
Rating Test initiation date, which was a contractor deficiency,
has resulted in submission of supplemental proposals. This by
acceptance or rejection has placed the Air Force in the unde-
sirable position of making program decisions which we would
have preferred the contractor, through better management, to
have made at a much earlier date.

Wray also wrote a second letter addressed to Thiokol president Joseph W.
Crosby, but felt it would have more impact if Anderson signed it. Anderson short-
ened the four-page draft to two pages before he sent it to Crosby on 27 June. An-
derson had tempered Wray’s adversarial tone somewhat, but still left little doubt
that the Air Force was upset. The letter implied, but never explicitly stated, that
cancellation of the entire contract for nonperformance was an option. In retro-
spect, it was high unlikely that the Air Force would ever have taken such drastic
action since it likely would have spelled the end of the X-15 program as well.®°

It is difficult to determine whether the letters, or even the implied threat to can-
cel the Reaction Motors contract, had any effect on the program. Regardless, things
began to improve. Test engines at Lake Denmark accumulated more firing time
during the first two weeks of July than during the entire program to date. The tests
showed that performance was somewhat low, but by 7 August 1958, engine perfor-
mance increased to within 2.5% of the specification. Of course, the “specification”
had and would change over the course of the contract, as illustrated below:*!

Proposal | Specification 91F | Specification 91M
February | June 1958 March 1961
1956

Maximum thrust at 45,000 feet (Ibf) | 57,000 57,000 57,000

Minimum thrust at 45,000 feet (Ibf) | 19,500 19,500 31,500

Specific impulse at sea level (sec) 241 238 230

Specific impulse at 45,000 feet (sec) | 278 272 265

Engine dry weight (pounds) 540 856 910

Engine wet weight (pounds) 625 990 1,025

60 Letter, Lieutenant General Samuel E. Anderson, Commander, ARDC, to President, Thiokol Chemical Corporation,
no subject, 27 June 1958; letter (draft), Commander, ARDC, to Thiokol Chemical Corporation, no subject, ap-
proximately 17 June 1958, (used to compose the letter of 27 June 1958, but not actually sent to addressee). In
the files at the AFMC History Office.

61 Red Flag Report, X-15 Powerplant XLR99-RM-1, D. McKee, Non-Rotating Engine Branch, Propulsion Laboratory,
WADC, 18 July 1958. In the files at the AFMC History Office; Richard G. Leiby, Donald R. Bellman, and Norman
E. DeMar, “XLR99 Engine Operating Experience,” a paper in the 1961 Research Airplane Committee Report, pp.
217 and 222.
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Although the maximum thrust remained constant, the decrease in specific
impulse along with the increased weight had serious performance implications
for the X-15. The change in the minimum thrust had less effect, and greatly sim-
plified the development effort, but even so, the flight program seldom used low
throttle settings.

By August it was obvious that Rocketdyne had been rather optimistic. At
this point the Reaction Motors subcontract with Rocketdyne had already cost
$3,125,000-almost double the original estimate. The Propulsion Laboratory be-
lieved this was unreasonable given that the original premise was that the XLR105
was a well-established design that needed only minor changes to adapt it to the
XLR99. There had been so little progress that the Propulsion Laboratory sug-
gested the Rocketdyne effort be canceled “as soon as possible.”

A meeting held at Reaction Motors on 15 August 1958 included Hartley
Soulé, Brigadier General Haugen, Brigadier General Waymond A. Davis, and
representatives from Air Force Headquarters, the ARDC, and the WADC. Reac-
tion Motors and Rocketdyne provided briefings on the status of their respective
efforts, and the participants agreed to freeze the engine design using the Reac-
tion Motors thrust chamber. Reaction Motors was encouraged to continue mak-
ing minor changes to the injector in an attempt to improve performance, but was
cautioned not to delay the schedule or to sacrifice reliability. Surprisingly, given
the Propulsion Laboratory’s recommendation, the group postponed making any
decision on the Rocketdyne effort until October.**

Reaction Motors made encouraging progress during September as the com-
pany continued to test the engine and injectors. The Rocketdyne program, how-
ever, failed to make any significant contributions, primarily because the company
could not figure out how to mate its thrust chamber with the Reaction Motors
ignition system. The X- 15 Project Office conceded that the Rocketdyne effort was
an “expensive and apparently fruitless” activity.*

On 7 October 1958, the Technical Advisory Group reviewed the engine
programs and concluded that although the Rocketdyne effort might offer higher
performance at some point in the future, Reaction Motors was well on its way to
producing an acceptable engine that would be available sooner. As a result, on
10 October 1958 the Propulsion Laboratory again recommended terminating the
Rocketdyne effort, but this time Headquarters WADC and the X-15 Project Office
agreed. Reaction Motors subsequently terminated the Rocketdyne subcontract.

Development progress continued at a reasonable pace during the remainder
of 1958, despite several failures. For instance, Reaction Motors traced a destruc-
tive failure on 24 October to components that had already been recognized as

62 Red Flag Report, Engine Testing of the XLR-99, Prepared in Non-Rotating Engine Branch, Propulsion Laboratory,
WADC, 7 August 1958; interview, Major Arthur Murray, Chief, X-15 WSPO, Director of Systems Management,
ARDC, 18 July 1959, by Robert S. Houston, History Branch, WADC. Written transcript in the files at the AFMC
History Office.

63 Memorandum, Colonel J. M. Silk, Chief, Propulsion Laboratory, to Commander, WADC, 20 August 1958, subject:
XLR99 Engine for X-15 Aircraft. In the files at the AFMC History Office.

64 X-15 WSPO Weekly Activity Report, 5 September, 13 September, 19 September, and 26 September 1958.

65 X-15 WSPO Weekly Activity Report, 3 October, 10 October, 17 October, and 24 October 1958.
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inadequate. Since Reaction Motors was already redesigning the parts, the Air
Force did not consider the failure significant.®

Despite the best efforts of all concerned during 1958, problems remained
at the beginning of 1959. At a 20 January meeting of the Technical Advisory
Group, Reaction Motors admitted the engine still suffered from injector failures
at low power settings, excessive heat buildup during idle, and minor leakage from
various components. A few days later, on 23 January, excessive vibration in a test
engine at Lake Denmark resulted in a fuel-manifold failure. Despite the seem-
ingly long list of deficiencies, it was apparent that the development effort would
ultimately produce an acceptable engine.”’

Static testing of prototype XLLR99s and associated systems took place at the
Reaction Motors facility in Lake Denmark, New Jersey. The test program used
four test stands: three at Lake Denmark and stand E1 at the Picatinny Arsenal. The
largest stand (R2 at Lake Denmark) was set up to test a complete aircraft system,
including a structurally accurate aft fuselage, at all attitudes. Stands R2ZW and R3
at Lake Denmark were capable of horizontal firing only. The former was used for
durability testing and environmental testing, and the latter was used for delivery
acceptance tests because it was equipped with an elaborate thrust-vector mount.
The test area at Lake Denmark contained support facilities with a storage capacity
of 30,000 gallons of liquid oxygen, 18,000 gallons of anhydrous ammonia, and
4,000 gallons of hydrogen peroxide.

Reaction Motors began engine-system testing during the fall of 1958, and by
the beginning of 1959 eight flight-representative engines were undergoing some
level of testing. Engine run time progressed consistently, and the engines accu-
mulated approximately 340 minutes of operation during the first quarter of 1959.
Various components logged even greater run times, with the thrust chamber ac-
cumulating nearly 1,800 minutes and the turbopump over 4,200 minutes. The
oxidizer pump, loosely based on the oxidizer pump used on the XLLR30, operated
at approximately 13,000 rpm. The fuel pump operated at 20,790 rpm and was
essentially identical to the XLR30 unit. Each pump generated nearly 1,500 horse-
power and had an output pressure of approximately 1,200 psi. The combined oxi-
dizer/fuel flow rate at maximum thrust was 13,000 pounds per minute, exhausting
the 18,000-pound propellant supply in 85 seconds.

The company finally reached a long-sought goal on 18 April 1959 when the
first XLLR99 completed its factory acceptance tests. This was the engine scheduled
for use in the formal preliminary flight rating test (PFRT), which was based on
an MIL-E-6626 modified to include “man-rating” requirements,. The completion
of the PFRT series formed the basis of the engine’s approval for use in the X-15.
The PFRT began the same day the factory acceptance tests were completed, and
ran through 5 May 1960. The tests used four engines on test stands R2 and R3
at Lake Denmark, and E1 at Picatinny. Additional component tests took place at
the Reaction Motors Component Laboratories and the Associated Testing Labo-
ratories in Cadwell, New Jersey. Reaction Motors personnel conducted all of the

66 X-15 WSPO Weekly Activity Report, 31 October, 14 November, and 28 November 1958.
67 X-15 WSPO Weekly Activity Report, 30 January 1959.
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The XI.R99 was a great deal more complicated than the XI.R11 engines used in most other X-planes.
Reaction Motors conducted training classes for the Air Force and NASA personnel who wonld be

responsible for operating and maintaining the engines at Edwards AFB. This was long before computer-
aided instruction had even been dreamed of, and the classes were conducted using mimeographed course
material and chalkboards. (US. Air Force)

tests under the watchful eye of Air Force engineers and inspectors. Captain K. E.
Weiss, the XLR99 project engineer, was present for about half of the tests.®®

In order to obtain a high level of confidence in the service life of the engine,
the Air Force required two engines to each accumulate 60 minutes of operational
time. Some of the tests were challenging: “[T]he engine shall be run at thrust
levels of 50,000, 37,500, and 25,000 pounds for the corresponding durations of
87, 110, and 156 seconds. In addition, one run will be made at 90% of minimum
thrust for 170 seconds duration and one run at 110% of maximum thrust for 80
seconds duration.” In addition, to demonstrate the “all attitude” capability, an en-
gine performed a series of tests while being fired with the thrust vector 90 degrees
up and also 30 degrees down.®

Unfortunately, the PFRT got off to a somewhat less than ideal start. The PFRT
began with engine 012 performing the attitude test series. After it successfully
completed nine 90-degree tests, Reaction Motors repositioned the engine for the

68 X-15 WSPO Weekly Activity Report, 24 April 1959; Captain K. E. Weiss and First Lieutenant R. G. Leiby, Air Force
report AFFTC-TR-60-36, “Preliminary Flight Test Rating Test XLR99-RM-1 Rocket Engine,” October 1960. In the
files at the AFFTC Access to Space Office Project Files. The engines used in the PFRT were serial numbers 011,
012, 014, and 102.

69 Weiss and Leiby, “Preliminary Flight Test Rating Test XLR99-RM-1 Rocket Engine,” pp. 9-10.
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30-degree nose-down test. After several runs, a faulty weld in the second-stage
igniter liquid-oxygen feed line developed a leak that resulted in a fire. The dam-
age to the engine caused Reaction Motors to withdraw it from the test program for
extensive repairs. To prevent further occurrence of this type of failure, engineers
redesigned the igniter line to eliminate the weld, and the company revised its weld
inspection program. The redesigned igniter line subsequently accumulated 1 hour
of operation in engines 012 and 102 without incident. Since the original engine
had not completed the 30-degree test series, all of those tests were repeated using
engine 102.7

Another problem was more serious, and continued throughout the flight pro-
gram. During the PFRT, approximately 80 square inches of the Rokide Z"' ceramic
coating used to insulate the firing chamber peeled off from engine 014. A heat-
transfer analysis indicated that the loss of the Rokide coating would not produce
a chamber burn-through, but the engineers did not understand why it came off.
However, the engine successfully completed its 1 hour of operation, so Reaction
Motors revised the acceptable Rokide loss specification based on this performance.
Other problems included a transient vibration problem during start that could not
be isolated. Fortunately, the built-in vibration cutoff circuit demonstrated that it
would shut down the engine before a hazardous condition developed, and restart-
ing the engine after the cutoff was usually successful. The test series experienced
a variety of other minor problems, mostly resulting from faulty welds in various
components, such as the turbine inlet and exhaust cases. The Air Force did not be-
lieve any of these were serious enough to terminate the tests or reject the engine.”

Reaction Motors conducted over 200 successful firings during the test pro-
gram, accumulating 146 minutes of main chamber operation. In the end, one en-
gine ran for 64 minutes and 100 starts; another ran for 65 minutes and 137 starts.
The 231 seconds of specific impulse was 7 seconds below specification, but the
engine met all other requirements. Engineers explained the low specific impulse
by noting that “to expedite the development program, injector design was frozen
before the optimum design was achieved.” However, nobody expected the slight
reduction in specific impulse to have any particular effect on the X-15 program.”™

Reaction Motors subsequently demonstrated the engine’s durability by ac-
cumulating more than 60 minutes of operating time on two different engines. One
engine fired 108 times without having any more than routine maintenance. In ad-
dition, a series of 93 tests demonstrated that the engine would react safely under
imposed malfunction conditions, and 234 engine tests demonstrated performance
and safety requirements. Of these, 192 were full engine-firing demonstrations,
and the remaining 42 were safety-limit tests that did not require thrust-chamber
operation. The PFRT cleared the engine to operate between 50% and 100% of full

70  Ibid, pp. 10-11.
71 Rokide is a registered trademark of the Norton Company Corporation and licensed to Plasma-Tec Incorporated.

72 Weiss and Leiby, “Preliminary Flight Test Rating Test XLR99-RM-1 Rocket Engine,” p. 11. Cutoffs immediately
after launch happened several times during the flight program. The engine would be started after the airplane
dropped from the NB-52, only to be automatically shut down because of excessive vibration. The pilot would
then immediately initiate a restart, which would be successful and the flight would continue normally, albeit from
a slightly lower altitude than planned.

73 Weiss and Leiby, “Preliminary Flight Test Rating Test XLR99-RM-1 Rocket Engine,” p. 10; Richard G. Leiby,
Donald R. Bellman, and Norman E. DeMar, “XLR99 Engine Operating Experience,” a paper in the 1961 Research
Airplane Committee Report, p. 217.
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thrust. Testing continued, however, and the Air Force subsequently cleared the en-
gine to operate at 30% of full thrust, meeting the initial contract specification.”

It is interesting to note that early in the proposal stage, North American de-
termined that the aerodynamic drag of the X-15 was not as important a design
factor as was normally the case with contemporary jet-powered fighters.”” This
was largely due to the amount of excess thrust expected to be available from the
engine. Engineers considered weight the largest driver in the overall airplane de-
sign. Only about 10% of the total engine thrust was necessary to overcome drag,
and another 20% was required to overcome weight. The remaining 70% of engine
thrust was available to accelerate the X-15.7

At the time it was built, the XILR99 was the largest man-rated rocket engine
yet developed. Of course, this would soon change as the manned space program
accelerated into high gear. The 915-pound XLLR99 could produce 50,000 pounds
of thrust (1bf) at sea level, 57,000 1bf at 45,000 feet, and 57,850 Ibf at 100,000
feet. The nominal oxidizer-to-fuel ratio was 1.25:1, and the engine had a normal
chamber pressure of 600 psi. Playing with the oxidizer-to-fuel ratio could slightly
increase the thrust, and the amount of thrust varied somewhat among engines be-
cause of manufacturing tolerances. Some engines produced over 61,000 1bf at spe-
cific altitudes. The engine had a specific impulse of 230-1bf-sec/lbm at sea level
and 276-1bf-sec/Ibm at 100,000 feet. The engine was throttleable from 30% to
100%, although the first couple of engines were limited to 50% on the low end un-
til early 1962. Even after Reaction Motors modified the engines and the Air Force
approved the use of 30% thrust, a high vibration level meant that they were opera-
tionally restricted to no less than 40% thrust. The amount of available propellant
was all that limited the duration of any given run. Reaction Motors estimated the
service life (mean time between overhaul) of the engine at 1 hour or 100 starts.”

ROCKETS IN THE HIGH DESERT

In June 1959, the $450,000 Rocket Engine Test Facility at Edwards AFB
came on line to provide local testing of the XLLR99, although it would be almost
a year before an XLLR99 was available to use in it. This test facility provided a
capability for engine checkout and pilot and maintenance-crew familiarization, as
well as limited development firings. There were two test areas with a large block-
house between them that contained various monitoring equipment and provided
safe shelter for the ground crew during engine runs. During the early portion of

74 Weiss and Leiby, “Preliminary Flight Test Rating Test XLR99-RM-1 Rocket Engine,” p. 10; Leiby et al., “XLR99
Engine Operating Experience,” p. 217; C. Wayne Ottinger and James F. Maher, “YLR99-1 Rocket Engine Oper-
ating Experience in the X-15 Research Aircraft,” a proposed, but apparently unpublished, NASA technical note
prepared during May 1963. Typescript in the files at the DFRC History Office.

75 All of the airframe competitors had noted this, as had Douglas in the D-558-3 study.

76 Charles H. Feltz, “Description of the X-15 Airplane, Performance, and Design Mission,” a paper in the 7956 Re-
search Airplane Committee Report, pp. 28.

77 Weiss and Leiby, “Preliminary Flight Test Rating Test XLR99-RM-1 Rocket Engine;” Leiby et al., “XLR99 Engine
Operating Experience,” p. 216; Ottinger and Maher, “YLR99-1 Rocket Engine Operating Experience in the X-15
Research Aircraft.”
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the program, Reaction Motors used one area to test uninstalled engines, while the
Air Force fired engines installed in one of the X-15s in the other area. Several
“pillboxes” were also located near each area that provided shelter for other ground
crews so that they could observe the operation of the engine.”

In preparation for the X-15 program, the Air Force constructed the Rocket Engine Test Facility at Ed-
wards AFB to provide local testing of the XI.R99. There were two test areas, each capable of supporting
an X-15 during engine tests. For most of the flight program, the XI.R99 had to be fired prior to every flight
attempt, leading several engineers to complain they were testing the engines to death. Later in the program an

engine conld fly a second flight if no anomalies had occurred on the first. (US. Air Force)

In December 1959, the Air Force formally approved the XLR99 for flight in
the X-15. Reaction Motors delivered a ground-test engine to Edwards at the end
of May 1960, and the first flight engine at the end of July. Initially, the Air Force
procured 10 flight engines, along with six spare injector-chamber assemblies.
Later, the Air Force procured one additional flight engine. However, in January
1961, shortly after the first XLR99 test flight, only four engines were available to
the flight program while Reaction Motors was assembling four others for delivery
later in 1961. Reaction Motors continued to use four engines for ground tests, in-
cluding two flight engines. Three of these engines were involved in tests to isolate
and eliminate vibrations at low power levels, while the fourth investigated extend-
ing the Rokide loss that was affecting the life of the thrust chamber.™

78 System Package Program, System 653A, 18 May 1964, p. 7-1; Leiby et al., “XLR99 Engine Operating Experi-
ence,” pp. 216-217; e-mail, Bill Arnold (former Reaction Motors engineer) to Dennis R. Jenkins, various dates
in September 2002. North American operated the PSTS until it turned over the last XLR99-equipped airplane to
the government. At that time the AFFTC Rocket Engine Group, under the Maintenance Division, took over the
operation and maintenance of the PSTS and all engine maintenance and overhaul. NASA performed all engine
operations, including minor engine maintenance, while the engine was installed in the airplanes.

79 James E. Love, “History and Development of the X-15 Research Aircraft,” not dated, p. 18; X-15 Status Report,
Paul F. Bikle/FRC to H. Brown/NASA Headquarters, 30 December 1960, pp. 5-6. Serial numbers 006 and 012
were the dedicated ground-test engines; flight engines were serial numbered 101-111, although 101 and 102
were never flown and were always used as ground-test engines. Engine 105 was destroyed in the explosion that
damaged X-15-3 on the PSTS, and engine 111 was lost with Mike Adams on flight 3-65-97.
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CONTINUING CHALLENGES

Unfortunately, the reliability demonstrated during the PFRT program did not
continue at Edwards. Early in the flight program, vibrations, premature chamber
failures, pump seal leaks, and corrosion problems plagued operations. Potentially
the most serious problem was a 1,600-cycle vibration. Fortunately, the natural fre-
quencies of the engines dampened the vibration below 100 g. However, between
100 and 200 g, the vibration could be dampened or could become divergent, de-
pending on a complex set of circumstances that could not be predicted in advance,
and the vibration always diverged above 200 g.*

The vibrations caused a great deal of concern at Edwards. On 12 May 1960, as
the program was trying to get ready for the first XLLR99 flight, the Air Force called
a meeting to discuss the problem. Although Reaction Motors had experienced
only one vibration shutdown every 50 engine starts at Lake Denmark, personnel
at Edwards reported that there had been eight malfunction shutdowns out of 17
attempted starts. The vibration began when the main-propellant valves opened for
final chamber start, although the engines had not experienced vibrations during
the igniter phase. Since the demonstrated rate of occurrence had jumped from 2%
at Lake Denmark to 47% at Edwards, nobody could ignore the problem. Engi-
neers discovered that the 1,600-cycle vibration corresponded to the engine-engine
mount resonant frequency, and that Reaction Motors had not seen the vibration
using the earlier non-flight-rated engine mounts at Lake Denmark. As a temporary
expedient, Reaction Motors installed an accelerometer that shut the engine down
when the vibration amplitude reached 120 g, a move the company believed would
permit flight-testing to begin.®'

The engine (serial number 105) used at Edwards differed only slightly in
configuration from those used at Lake Denmark; for example, it used an oxidizer-
to-fuel ratio of 1.15:1 instead of 1.25:1. The desired operating ratio at altitude was
1.25:1, and this is what Reaction Motors had used during their tests. However, to
simulate the 1.25:1 ratio on the ground, the engine had to run at 1.15:1 to compen-
sate for atmospheric and propellant density differences at the lower altitude. Reac-
tion Motors had tested this reduced oxidizer-to-fuel ratio only twice at Lake Den-
mark, and had not encountered vibrations either time. The company recommended
a series of actions, including checking for purge gas leaks at the PSTS, changing
the propellant ratio back to 1.25:1, and performing more engine test firings.®

By the beginning of June 1960, the problem did not seem to be getting any
better. The Air Force conducted two tests with 17 starts on engine 105 at Edwards,
with two vibration shutdowns using the ground orifice (1.15:1 ratio). When en-
gineers reinstalled the flight orifice (1.25:1 ratio), three of five starts resulted in
vibration shutdowns. Reaction Motors conducted 18 starts on engine 104, and

80 Leiby et al., “XLR99 Engine Operating Experience,” pp. 218-219.
81 X-15 Status Report, Paul F. Bikle/FRC to H. Brown/NASA Headquarters, 15 May 1960, pp. 5-6.
82 Ibid; e-mail, Bill Arnold (Reaction Motors) to Dennis R. Jenkins, various dates in September 2002.
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three of the four initial starts resulted in vibration shutdowns, but all restarts
were successful.®

A series of minor changes made to engine 104 by Reaction Motors seemed to
ease the problem, and between the middle of July and the middle of August 1960,
the engine accumulated 25 starts at Edwards without any vibration-induced shut-
downs. In fact, only a single malfunction shutdown of any type was experienced,
which was attributed to a severe “throttle chop” that the turbopump governor could
not keep up with. Other XLLR99s had experienced similar problems, and Reaction
Motors warned the pilots to move the throttle slowly to avoid the situation.®

The Propulsion System Test Stand was the unlikely name for a non-flight X-15 fuselage that was used to test
rocket engines. At least two of the fuselages were manufactured, one for Reaction Motors and one for Edwards
AFB. Here technicians install an XI.R99 in the PS'TS in preparation for a test. (NASA)

Still, as late as the meeting of the Technical Advisory Group on 9-10 Novem-
ber 1960, the vibration problem persisted and the Air Force launched an effort to
solve the problem. This program used two engines (006 and 012) at Lake Den-
mark and completed a series of baseline tests by the end of November that showed
a 30% incidence rate of vibration shutdowns with the flight orifices installed. Re-
action Motors found that modifying the liquid-oxygen inlet substantially lowered

83 X-15 Status Report, Paul F. Bikle/FRC to H. Brown/NASA Headquarters, 1 June 1960, p. 8-9.
84 X-15 Status Report, Paul F. Bikle/FRC to H. Brown/NASA Headquarters, 15 August 1960, pp. 5-6.
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the incident rate of vibration shutdowns. Since this modification did not seem to
have any other noticeable effect on the engine, the Air Force adopted it as a tem-
porary fix.*

Separately, Reaction Motors determined that o-ring deterioration at the cas-
ing joint caused fuel pump seal leaks. Replacing the o-ring was difficult because
it took technicians two or three shifts to remove the turbine exhaust duct, stator
blades, rotor, and inlet housing; just to remove the exhaust duct necessitated the
removal and re-safety-wiring of 60 bolts. Thus, although the o-ring failure itself
was not serious, since it simply resulted in a steam leak, the repair required re-
moving the engine from the aircraft, performing a time-consuming engine disas-
sembly, and revalidating the engine installation. This process directly contributed
to early flight delays using the XLLR99.%6

Ironically, the corrosion problem appeared to be the result of the unusually
long engine life. With a few exceptions, the materials used by Reaction Motors for
the turbopump were compatible with the various propellants, but those in contact
with the hydrogen peroxide were experiencing more corrosion than desired. There
were also some instances of galvanic action between the magnesium pump case
and steel parts with decomposed peroxide as an electrolyte. As one researcher
noted, “the only thing really compatible with peroxide is more peroxide.” There
were no obvious fixes, so the program lived with the problem.*”

The premature failure of the thrust chambers was of more concern. To insulate
the stainless-steel cooling tubes from the 5,000°F flame, Reaction Motors used a
0.005-inch-thick, flame-sprayed Nichrome®®* undercoat with 0.010 inch of oxy-
gen-acetylene flame-sprayed Rokide Z zirconia as an insulating, erosion-resistant
top coating. In service, the Rokide coating began to spall or flake due to thermal
cycling from the large number of engine starts, and from vibration effects from an
unstable flame. For instance, by January 1961 about 50 square inches of Rokide
coating had peeled off engine 108 at Edwards, including 14 inches during a single
vibration shutdown. The loss of the coating exposed the cooling tubes to the heat
and erosive effects of the flame, overheating the ammonia coolant within the tubes
and reducing the amount of cooling available. The superheated ammonia vapors
also attacked the stainless steel and formed a very brittle nitrided layer. At the
same time, the combustion gases began to melt and erode the tube surface. As this
condition continued, the effective thickness of the tube wall gradually decreased
until it burst. Raw ammonia then leaked into the chamber, causing more hot spots
and eventually the complete failure of the chamber.*

In January 1961 the X-15 Project Office and the Materials Central Division
of the Aeronautical Systems Division at Wright Field initiated a study of methods
to improve the chamber life of the XLR99. Two possible approaches were to

85 X-15 Status Reports, Paul F. Bikle/FRC to H. Brown/NASA Headquarters, 15 November, 30 November, and 15
December 1960.

86 Leiby et al., “XLR99 Engine Operating Experience,” pp. 218-219.

87 Ibid, p. 219.

88 Nichrome is a registered trademark of D. H. Alloys, Inc.

89 Lawrence N. Hjelm and Bernard R. Bornhorst, “Development of Improved Ceramic Coatings to Increase the Life
of the XLR99 Thrust Chamber,” a paper in the 1967 Research Airplane Committee Report, p. 227; X-15 Status
Report, Paul F. Bikle/FRC to H. Brown/NASA Headquarters, 1 February 1961, p. 6. In the files at the DFRC His-
tory Office. At the time, the acceptable limit was a loss of 12 square inches; this was raised to 68 square inches
based on a 350°F cooling limit.
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attempt to improve the Rokide coating system, or to develop an improved coat-
ing. The Air Force contract with Reaction Motors already included an effort to
improve the Rokide coating, but researchers expressed little faith that this would
achieve any measurable results. This resulted in the Air Force initiating a program
to develop an alternate coating. In the meantime, engineers at the NASA Flight
Research Center (FRC) surveyed other rocket engine manufacturers to find out
whether they had developed workable processes. Both Rocketdyne and Aerojet
were doing extensive laboratory testing of ceramics applied with plasma-arc de-
vices, but neither had put the process into production. Both companies indicated
that their experience with flame-sprayed alumina and zirconia had been unsatis-
factory. Instead, Rocketdyne was working on metal-ceramic graduated coatings,
and Aerojet was investigating the use of refractory metal (molybdenum and tung-
sten) overcoats on top of ceramics.*

At the time, the Air Force already had a contract with the Plasmakote Cor-
poration to study graduated coatings in general, and this contract was reoriented
to solving the XLR99 problem specifically. A second contract, this one with the
University of Dayton, was reoriented to provide realistic techniques for labora-
tory evaluations of the coatings.”!

A graduated coating consisted of sprayed layers of metal and ceramic; the
composition changed from 100% metal at the substrate to 100% ceramic at the
top surface. This removed the traditionally weak, sensitive interface between the
metal and ceramic layers. Researchers produced the coatings by spraying mixed
powders with an arc-plasma jet and gradually changing the ratio of metal and
ceramic powders, with most of the coatings using combinations of zirconia with
Nichrome, molybdenum, or tungsten. The FRC recommended adopting the new
technique immediately as a way to repair damaged chambers at Edwards. They
noted that engine 101 had been patched using Rokide coating, but the engine
would soon need to be repaired again since the coating was not lasting. The Air
Force and NASA decided that the next patch on engine 101 would use the new
process, and NASA built a special fixture at the FRC to allow the chamber of a
fully assembled engine to be coated.”

Before the new coating was applied, NASA tested an existing Rokide cham-
ber for 5.5 minutes, and 25 square inches of Rokide coating was lost during the
test. Engineers then applied a graduated coating segmented into areas using sev-
eral different top coats, including tantalum carbide, titanium carbide, titanium
nitride, zirconia with 10% molybdenum, and zirconia with 1% nickel. This cham-
ber ran for 5.75 minutes, and only 3 square inches of the new coatings were lost.
However encouraging, the tests were of relatively short duration and researchers
did not consider them conclusive. One thing that became apparent during the tests

90 Letter, Donald R. Bellman, M. Alan Covington, and C. Wayne Ottinger/FRC to Paul Bikle/FRC, subject: Ceramic
Coatings for the XLR99, 16 February 1961; Hjelm and Bornhorst, “Development of Improved Ceramic Coatings
to Increase the Life of the XLR99 Thrust Chamber,” pp. 229-230.

91 Hjelm and Bornhorst, “Development of Improved Ceramic Coatings to Increase the Life of the XLR99 Thrust
Chamber,” pp. 227-228. Plasmakote was operating under Air Force contract number AF33(616)7323. The Uni-
versity of Dayton was operating under Air Force contract number AF33(616)7838.

92 Letter, Donald R. Bellman, M. Alan Covington, and C. Wayne Ottinger/FRC to Paul Bikle/FRC, 16 February 1961,
subject: Ceramic Coatings for the XLR99; Hjelm and Bornhorst, “Development of Improved Ceramic Coatings to
Increase the Life of the XLR99 Thrust Chamber,” pp. 229-230.
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One of the most significant issues experienced by the XI.R99 during the flight program was the
premature failure of the thrust chambers. Researchers eventually traced this to the spalling or flaking
of the Rokide Z girconia coating that had been applied to the inside of the chamber as an insulator.
Although improved coatings were eventually developed, the Flight Research Center also developed an in-

house capability to recoat the chambers when necessary, resulting in a significant cost savings compared
to sending the chambers back to Reaction Motors or procuring new chambers. (NASA)

was that it would be extremely difficult or impossible to reclaim failed chambers
if the coating wore thin or was lost, since the internal damage to the tube might be
sufficient to cause it to fail with no visible damage.*

The Technical Advisory Group met on 11-12 January 1961 at the Reaction
Motors facility at Lake Denmark. All in attendance agreed that chamber durability
needed to be increased, and supported the development of a quick-change orifice
to simplify ground runs. The group also recommended that the X-15 Project Of-
fice initiate the procurement of six spare chambers and sufficient long-lead ma-
terial to construct six more. It could not be determined whether these chambers
were actually procured.*

Some documentation indicates that the XLLR99 was redesignated YLR99 on
29 December 1961, although nothing appears to have changed on the engines

93 Hjelm and Bornhorst, “Development of Improved Ceramic Coatings to Increase the Life of the XLR99 Thrust
Chamber,” pp. 230-232.
94 X-15 Status Report, Paul F. Bikle/FRC to H. Brown/NASA Headquarters, 1 February 1961, p. 5.
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themselves. The original source documentation from the period is inconsistent in
its use of XLR99 or YLR99; this history will use XLLR99 throughout simply to
avoid confusion.”

By March 1962, technicians at the FRC had the necessary equipment and
training to recoat the chambers as needed. The cost of the tooling had come to
almost $10,000, but the cost to recoat a chamber was only about $2,000—-much
less than the cost of procuring a new chamber from Reaction Motors. The coating
finally approved for use consisted of 30 mils of molybdenum primer in the throat
and 10 mils elsewhere, followed by 6 mils of a graduated Nichrome-zirconia coat-
ing and then 6 mils of a zirconia topcoat. NASA used this coating process for the
duration of the flight program with generally satisfactory results.”

As is the case with almost any new technology, some things can never be fully
understood. One of the harder things to grasp when dealing with complex me-
chanical devices is component matching (or mismatching), i.e., why some items
will work in a particular assembly and other seemingly identical items will not.
For example, during the initial checkout of engines 108 and 111 at Edwards, both
engines exhibited excessive vibrations. NASA replaced the igniter in engine 108
with a spare that reduced the vibration to acceptable levels. The igniter that had
been removed from 108 was then installed in 111 and its vibration was reduced to
acceptable levels. Compatibility was not a particular problem, but scenarios such
as this did point out some puzzling inconsistencies.”’

RETROSPECT

After the first 50 flights with the XLLR99 engine, researchers at the FRC took
a step back and reflected on the problems they had experienced. Excepting the
single incident on the ground that gave Scott Crossfield his wild ride at the Rocket
Engine Test Facility, the engine had proved to be remarkably safe during opera-
tion. Although there had been a multitude of problems, large and small, the pro-
gram described itself as “engine safe.”®

One of the major factors in successful engine operation in the X-15 after
launch was the amount of checkout the engine went through on the ground before-
hand. This had its drawbacks, however, since “operating cycles on the hardware
for ground assurance checks take a relatively large portion of the hardware life,”
according to C. Wayne Ottinger and James F. Maher. Illustrating this is the fact
that 350 ground runs, including 100 with the XLR99 installed in the X-15, had
been necessary to achieve the first 50 flights. For the first dozen flights, the FRC
conducted a test of the engine installed in the X-15 before each mission. After the

95 System Package Program, System 653A, 18 May 1964, p. 6-14, In the files at the DFRC History Office.
96 X-15 Status Report, Paul F. Bikle/FRC to H. Brown/NASA Headquarters, 2 January 1962, p. 4.
97 Leiby et al., “XLR99 Engine Operating Experience,” p. 219.

98 C. Wayne Ottinger and James F. Maher, “YLR99-1 Rocket Engine Operating Experience in the X-15 Research
Aircraft,” a proposed, but apparently unpublished, NASA technical note prepared during May 1963, no page
numbers. Typescript in the files at the DFRC History Office.



218 CHAPTER 4. THE MILLION-HORSEPOWER ENGINE

12th flight, a flight attempt could follow a successful flight without a test firing—a
process that saved 18 ground runs during the next 38 missions.”

Between the conclusion of the PFRT and May 1963, 90 modifications were
made to the engine configuration. In order to meet the safety criteria imposed
by the Air Force, Reaction Motors used the “single-malfunction” concept, i.e.,
it designed the engine so that no single malfunction would result in a hazardous
condition. The company used a dual-malfunction concept with regard to structural
failure, meaning that if one member failed, another would carry its load. The
PFRT series of tests convincingly demonstrated these capabilities, since 47 differ-
ent malfunctions resulted in a safe shutdown.'®

Despite all of the effort that went into developing a restartable engine, this
capability was not used during the first 50 flights, except for four flights on which
it was used to start an engine that had failed on the first attempt. However, another
feature proved to be a welcome addition: the ability to operate the pump and both
igniter stages while the research airplane was attached to the carrier aircraft. This
allowed verification of over 90% of the moving components in the engine before
the research airplane was dropped.'”'

When the engines first arrived at Edwards, several components (particularly
leaking pumps and malfunctioning hydrogen-peroxide metering valves) account-
ed for an abnormally high percentage of the flight delays. Relaxing the operating
requirements regarding certain pump leaks and limiting the duration of the pump
run time did as much to reduce pump delays as did the ultimate fixes themselves.
NASA also noted that “excessive time lag in obtaining approval for correction”
and “excessive time required to develop the correction and complete flight hard-
ware incorporation of fixes after approval” were significant contributors to the
delays caused by the XLR99.'”

The control box was the heart of the engine and was responsible for the control
and sequencing of the engine. This was not a computer by the modern definition of
the term, but rather a mechanical sequencer with some electronic components. The
major problem experienced by this device during the first 50 flights was the failure
of pressure switches due to ammonia corrosion of the silver contacts—echoes of
the original warnings on the effects of ammonia exposure. Reaction Motors finally
eliminated this problem by switching to gold contacts. In addition, there were ran-
dom wiring discrepancies, servo amplifier failures, and timer failures.'®

During the latter part of 1962, several in-flight oxidizer depletion shutdowns
resulted in second-stage igniter damage because reduced liquid-oxygen injector
pressure allowed the reverse flow of ammonia into the oxidizer inlet. The subse-
quent minor explosion either bulged the igniter inlet manifold or blew the face
off the second-stage igniter. Reaction Motors installed an auxiliary purge system
to correct the problem. In addition, several sensing-line detonations had defied
correction throughout the summer of 1963. These occurred in the second-stage

99 Leiby et al., “XLR99 Engine Operating Experience,” pp. 216-217; Ottinger and Maher, “YLR99-1 Rocket Engine
Operating Experience in the X-15 Research Aircraft.”

100 Ottinger and Maher, “YLR99-1 Rocket Engine Operating Experience in the X-15 Research Aircraft.”
101 Ibid.
102  Ibid.
103 Ibid.
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Total
Manufacturer 56
Propulsion
systems test 86
stand
X-15 ground 6
Flight ]
8o Lo 4o 8o 120 160
Time, minutes Tire, minutes
Contractor operation - 3 flights. Government operation - 50 flights.

The XI.R99s were extensively tested, especially early in the flight program. For the first 53 XI.R99
Slights, the engines were tested for 188 minutes before being flown for 75 minutes, more than two min-
wutes of testing for each minute of flight. (NASA)

chamber sense line during any thrust decrease when unburned combustible gas
from the previous increasing pressure cycle entered the sense line. Interestingly,
engineers initially attributed this problem to a lubricant used in the main pro-
pellant valve. They believed that the “liquid-oxygen safe” lubricant was impact-
sensitive and responsible for the second-stage igniter explosions. Although further
investigation later proved this theory incorrect, analysis of the lubricant revealed
that some batches were out of specification on impact sensitivity.'*

The hydrogen-peroxide system that powered the turbopump experienced
several problems, including erratic metering valve operation, catalyst-bed de-
terioration, seal failures, and corrosion. Engineers corrected the metering valve
problem by increasing the clearance around the valve. The substitution of elec-
trolytically produced hydrogen peroxide for organically produced product solved
the catalyst-bed deterioration, although it technically violated the engine qualifi-
cation since the PFRT had been run with electrolytically produced hydrogen per-
oxide. The development of improved gaskets and seals relieved the seal failures
and solved most of the corrosion problems. The turbopump itself suffered only
minor problems, mainly steam and propellant leaks. The lowering of specifica-
tions governing the allowable leakage rate provided the most progress in working
with the problem.'%

The oxidizer system also created some headaches, even though it was largely
a copy of the original XLR30 system. The major problems were propellant valve
leakage and the need for a quick-change orifice. Improved lip and shaft seals
initially helped control the leakage, and eventually Reaction Motors introduced
a redesigned valve that eliminated the problem. Prior to the incorporation of the
quick-change orifice, it was necessary to remove the engine from the aircraft in
order to change the oxidizer-to-fuel ratio. Engineers changed the ratio based on
the proposed altitude for the next flight to maximize the performance of the en-

104 Ibid.
105  Ibid.



220 CHAPTER 4. THE MILLION-HORSEPOWER ENGINE

gine. Once Reaction Motors incorporated the quick-change modification, engi-
neers at Edwards could insert different-sized probes into the orifice while the
engine was in the aircraft. This eliminated the need to conduct a ground run after
reinstalling the engine. Tailoring the oxidizer-to-fuel ratio actually allowed the
engine to produce slightly over 61,000 1bf at some altitudes.'®

Although nearly everybody considered the XLLR99 a good research airplane
engine, the engine was far from perfect. Milt Thompson observed that “the LR99
was amazingly reliable if we got it lit, and if we did not move the throttle while it
was running.” Joe Vensel, the director of FRC flight operations echoed the advice:
“[1]f you get the engine lit, leave it alone, don’t screw with it.” This is perhaps
overstating the case, but not by much. During the early part of the flight program,
the XLLR99 had a remarkably poor record of starting when the pilot wanted. Part
of the problem was that the early flight rules said to start the engine at minimum
throttle (50% for the very early engines, and 30% for the later ones). The engine
simply did not like to start at those throttle settings. After the program decided to
start the engine at 100% throttle, things got much better.'"”

Still, even after the engine lit, it did not particularly like to throttle. As a re-
sult, Joe Vensel directed the pilots not to throttle the engine until after the X-15
had sufficient energy to make it back to Edwards. Milt Thompson talked him into
changing his mind for one flight (3-29-48) in order to accommodate a research
request, and Thompson ended up on Cuddeback Lake when the engine quit as he
throttled back 42 seconds after launch. After that, the restriction was rigorously
enforced: no throttle movement until the airplane could glide back to Edwards.
Although the lower throttle limit on later engines was 30%, the program decided
not to go below 40% because of the persistent vibration problem. The pilots also
learned to move the throttle slowly to minimize the chances of the engine quitting.
It mostly worked, and flight planner Bob Hoey does not remember any significant
problems occurring later in the program.'®®

During the flight program, eight in-flight propulsion problems resulted in
emergency landings. These included one due to no ignition, one because the en-
gine hung at 35% thrust, one shutdown when the throttle was retarded, two due
to low fuel-line pressures, one turbopump-case failure, one ruptured fuel tank,
and one due to a perceived lack of fuel low from the external tanks on X-15A-2.
Overall, it was not a bad record for a state-of-the-art engine over the course of
199 flights.

Although 11 flight engines were manufactured, only eight were avail-
able to the flight program. One (s/n 105) was lost in the ground explo-
sion that seriously damaged the X-15-3 before the XLR99 had even flown,
and two other flight engines were dedicated to the ground-test program.
Making 199 flights on eight engines was an outstanding achievement.

106 Ibid.

107 Milton O. Thompson, At the Edge of Space: The X-15 Flight Program, (Washington and London: Smithsonian
Institution Press, 1992), p. 221.

108 E-mail, Robert G. Hoey to Dennis R. Jenkins, 5 July 2001.
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XLR99 Flight Engine Run Time Summary (Minutes per Year) ‘

Year s/n s/n s/m s/m s/n s/m s/m s/n gio.h(:z
103 104 106 | 107 108 | 109 110 111 g
Pre Del | 13.47 | 31.23 | 790 | 8.63 6.29 4.64 4.45 4.43 B
1960 11.42 | 5.88 0 0 0 0 0 0 3
1961 16.66 | 0 12.05 | 4.78 13.34 | 598 1.53 5.75 13
1962 8.72 6.13 7.02 18.32 | 5.77 9.45 11.75 11.87 30
2.55
1963 1.43 8.52 0 16.27 | 5.58 (9.10)* 11.22 6.32 21
0 3.24
1964 1203 | 11.05 608 | 652 | 768 | 658 (6.33)* | (20.03)* | 27
1965 12.03 | 7.86 3.26 1422 | 15.10 | 7.73 8.40 5.93 32
1966 2.72 0 15.07 | 9.98 0.52 2.37 8.85 4.65 20
1967 11.45 | 3.98 1.23 | 2.63 5.50 2.72 4.72 2.30 15
1968 3.80 3.60 2.60 | 0.70 3.63 3.25 1.22 Lost+ 8
Total 73.73 | 78.25 | 55.21 | 82.05 | 63.41 | 45.77 52.14 44.49 169
(54.87)* | (58.49)* | (64.52)

*Additional time used for ground testing of second-stage igniter purge modification.
+Lost in X-15-3.
Data courtesy of Robert G. Hoey.

As was done for most components on the X-15, all XLR99 maintenance was
performed at Edwards using a local, depot-level maintenance approach. With few
exceptions, the engines ran for a brief period in the PSTS before NASA installed
them in one of the X-15s or stored them for future use. Since the X-15 maintenance
philosophy was to provide sufficient spare engines and maintenance personnel to
ensure 100% flight engine availability, it was normal to have a backlog of engines
in flight-ready storage (essentially spares). The engine activity was divided into
three categories: 1) installed in an X-15, 2) active maintenance, and 3) flight-ready
storage. Early in the program, NASA conducted one or more ground engine runs
(leak checks) after installing the engine in the airplane and before every flight.
This requirement for an aircraft engine run between flights was relaxed later in the
program, assuming there were no engine problems on the previous flight.'®

109 Robert G. Hoey, in excerpts from a term paper submitted in January 1976, provided to the author.
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Milton O. Thompson had more than his fair share of experience with the XI.R99, and enjoyed sharing
it during discussions with various groups after the X-15 program ended. One of his favorite stories con-
cerned the emergency landing he had to make on Flight 3-29-48 when the XI.R99 quit as he throttled
back 42 seconds after launch. (NASA)

The staff of the AFFTC Rocket Engine Maintenance Shop from 1961 to 1968
in support of the XILR99 averaged about 37 people. Interestingly, in 1965 these
technicians made about $4 per hour on average. This shop was responsible for all
maintenance of all uninstalled XLLR99s; the FRC handled minor repairs of installed
engines. Every 30 operating minutes, on a test stand or in the airplane, each XLR99
had to undergo a “30-minute” inspection that took just over two weeks to com-
plete. The Air Force overhauled the engines when needed, a process that took just
over a month. Recoating the thrust chamber, done by the FRC, took a few days.'"°

Unlike many rocket engines of that era, the XLLR99 was equipped with a
malfunction-detection and automatic-shutdown system. For most engines, reli-
ability is based on the number of start attempts. However, since one of the primary
features of the XLLR99 was its ability to restart in flight, its total reliability was

110 Ibid.
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defined as the number of successful engine operations per flight attempt, regard-
less of the number of start attempts. The resulting X-15 data and point estimates
of reliability were as follows:"!

XLR99/X-15 flight attempts''? 169
Successful engine operations 165
Successful first-start attempts 159
Overall reliability 97.6%
First-start reliability 94.0%

Over the course of the X-15 program, the flight engines accrued a total of
550.53 minutes of run time, plus an undetermined amount on ground-test en-
gines. A total of 1,016 engine starts were recorded for the flyable engines (dedi-
cated ground-test engines incurred many more). Although there were numerous
automatic shutdowns, there were no catastrophic engine failures. The safety of
the XLR-99 engine (defined as the probability of non-catastrophic engine opera-
tion) may be conservatively estimated by dividing the number of successful starts
(1,016) by the number of starts plus one (1,017) (assuming the next start to be
catastrophic for the worst case). The resulting estimate of the probability of non-
catastrophic engine operation is approximately 0.99902.'*

In retrospect, the engine still casts a favorable impression. The XLLR99 pushed
the state of the art further than any engine of its era, yet there were no catastrophic
engine failures in flight or on the ground. There were, however, many minor de-
sign and manufacturing deficiencies, particularly with the Rokide coating on the
thrust chamber. Surprisingly, the primary source of problems on most large rocket
engines—the turbopump-proved to be remarkably robust and trouble free.

POST X-15

Of the 11 XLR99 flight engines that were produced during 1958-1960 to
support the flight program, one (s/n 105) was destroyed in the 1959 ground ac-
cident and another (111) was destroyed in the 1967 crash of the X-15-3. During
September 1975, researchers at Edwards conducted an inventory of existing en-
gines and engine spares in anticipation that the engine might possibly be used in
a future flight program. Seven flight-rated and one ground-test engine remained
at Edwards, but the Air Force had already scrapped the others or given them to
museums. Although the engineers thought most piece-parts were available from
various sources, three high-cost spares (thrust chamber/injector assemblies, tur-
bopump cases, and igniters) were in short supply.''*

111 Ibid.
112 This is the number of times an XLR99-equipped X-15 was dropped from one of the NB-52s.

113 Robert G. Hoey, in excerpts from a term paper submitted in January 1976, provided to the author. Assuming that
the next instance will be a failure is a standard statistical method of determining the probability of failure.

114 Robert G. Hoey, in excerpts from a paper written in January 1976, provided to Dennis R. Jenkins.
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For instance, each thrust chamber/injector assembly cost $125,000 in 1965,
and 17 were available in 1975. However, the X-15 flight program had gone
through 18 similar units, usually because of cracks in the tubing or injector spud.
Six pump cases ($12,000 each) had been replaced during the X-15 flight pro-
gram, mainly due to corrosion, and there were eight cases available for future
use. Only 10 igniters ($4,000) were available, but the flight program had used
17, mainly due to detonation at shutdown—a condition that Reaction Motors had
largely corrected.''

In addition to the possibility of using existing engines in another program,
several proposals had been made for augmented or improved versions of the
XLR99 to support various projects. The first serious effort was to support the
hypersonic research engine (HRE) experiment on the X-15A-2. On 30 October
1963, Douglas E. Wall, the project manager for airborne hypersonic research at
the Aeronautical System Branch at the FRC, wrote to James E. Love, the NASA
X-15 program manager, advising him that the X-15A-2 would likely fall far short
of the performance requirements for the HRE program.''®

The region of interest for supersonic combustion testing was from 7,000 to
8,000 fps at dynamic pressures between 1,000 and 2,000 psf. Although Wall cau-
tioned that he could not ascertain the extent of the performance shortfall until after
preliminary flight tests, at the time it looked like the X-15A-2 would fall approxi-
mately 1,000 fps short. At a meeting held at Wright-Patterson on 25 September
1963, researchers recommended that the X-15 Project Office fund an upgrade to
the XLR99, and the AFFTC and FRC representatives proposed three different
modifications. The first was the use of an extended nozzle to increase perfor-
mance at the mid-altitudes (=100,000 feet) for the expected ramjet experiments.
The other modifications included a modified injector assembly and the use of a
hydrazine fuel additive. Researchers expected that these modifications would take
between 12 and 14 months to develop and implement. The X-15 Project Office
agreed to look into the matter; however, there appears to be no record indicating
that any action was taken.'!’

Nevertheless, Reaction Motors did conduct several studies during 1964—1965
on possible improvements to the XLLR99. At least one of these investigated the use
of axisymmetric and two-dimensional nozzles, and another studied possible im-
provements to the thrust chamber. Reaction Motors engineers also kept up with
the published reports from other rocket-engine manufacturers to see if any of their
developments might be applicable to the XLR99.'"®

1

-

5 Ibid. The 17 available thrust chambers consisted of four new, one rebuilt, five used assemblies in spares, and
seven assemblies installed in the available engines. The eight pump cases consisted of one spare and seven
installed in the engines. The 10 igniters included three spares and seven installed units.

116 Memorandum, Douglas E. Wall/FRC to James E. Love/X-15 Program Manager at the FRC, subject: Performance
uprating of the YLR99 rocket engine in the X-15A-2 airplane for flight test of the USAF/NASA advanced ramjet
engine, 30 October 1963. In the files at the DFRC History Office.

117 Ibid.

118 For the Reaction Motors work, see, for example, Wolfgang Simon, Thiokol (RMD) internal report DS-100-12,
“Nozzle Performance Program for Axisymmetrical and Two-Dimensional Contoured Nozzles,” 1964; for examples
of other reports looked at by Reaction Motors personnel, see, for example, a report by Aerojet General produced
under NASA contract NAS7-136, “Study of High Effective Area Ratio Nozzles for Space Craft Engines,” June
1964.
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The FRC already had some experience with increasing rocket-engine per-
formance by using nozzle extensions on the Douglas D-558-2. These extensions
were small, radiation-cooled members that permitted the rocket exhaust gases to
attain higher exit velocities by expanding within the nozzle to ambient pressures.
Because of their small size, the extensions had no serious aerodynamic effect or
structural design implications. It appeared to researchers at the FRC that a light-
weight, radiation-cooled nozzle extension could provide a desirable performance
increase for the X-15A-2. The researchers admitted, however, that it would be
more difficult to design such a nozzle for the XLLR99 than for the XLR11 because
of the former’s larger size and more severe operating environment. The size issue
loomed largest because there was a possibility of adverse aerodynamic interfer-
ence with the afterbody flow.'”?

In order to evaluate this potential, researchers ran a series of wind-tunnel tests
that used several different nozzle extension designs. The tests were quite exten-
sive and included various speed brake and horizontal stabilizer positions, ventral
stabilizer shapes, and ramjet installations. Tests were conducted over free-stream
Mach numbers from 2.3 to 8.0 using the Unitary Plan Tunnel at Langley (Mach
numbers