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About This Series

The Hypersonic Revolution began as a study effort while I was Director of the
Special Staff Office at the Aeronautical Systems Division of Air Force Systems
Command (ASD, now the Aeronautical Systems Center of Air Force Materiel
Command) at Wright-Patterson Air Force Base in 1986. At that time, coinciding with
vigorous interest in developing what were then termed “Transatmospheric Vehicles”
(TAV), I was convinced that the hypersonics field needed a solid grounding in its own
history. Accordingly, I assembled and edited a two-volume group of studies by
leading experts and authorities who had written on the major programs, and these were
locally published by ASD in 1987. I planned a third volume as well, on the then-
ongoing National Aero-Space Plane effort (NASP, which became the X-30 program),
but recognized that it would have to be completed at a later date. Reaction to the first
two volumes was immediate and strongly positive, as The Hypersonic Revolution
constituted the first compilation of case studies on hypersonic technology ever
assembled. It quickly became a much sought-after reference, and, I am gratified to
say, has remained so to the present day, despite an obvious need to be brought more
up-to-date.

That updating is at least partially addressed by the third volume, only now ready
for publication. Understandably, it had a lengthier history for, after all, the X-30
NASP program itself was just unfolding. During my tenure at ASD, the leadership of
the NASP joint program office (Brig. Gen. Kenneth Staten, who first established the
JPO, and then his successor Dr. Robert Barthelemy) were both keenly interested in the
history of hypersonics and strongly supportive of ensuring that the history of the
NASP was appropriately documented. As a long-time student of high-speed flight in
general and hypersonics in particular, I found their attitude and support most
encouraging. In 1987 I left to teach at the Army War College On a one-year visiting
professorship, and, the following year, joined Headquarters Air Force Systems
Command, effectively ending any opportunity I might have had to continue at that

time with the history of hypersonic flight (though I later briefly returned to the field
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while serving as a senior issues and policy analyst in the Secretary of the Air Force’s
Staff Group during the exciting and productive tenure of Secretary Donald Rice).

But we were all fortunate that, at this time, another player entered the scene: Dr.
Larry Schweikart of the University of Dayton. Schweikart, a distinguished student of
national defense acquisition policy and programs, already knew Dr. Barthelemy, and
exhibited keen interest in pursuing the history of NASP. Very quickly, the NASP
Joint Program Office supported a contract for his research; ultimately, it proved long
and, at times, tortuous; Schweikart was unflagging in his research and tenacity to get at
the story. Thus, the third volume became a reality a decade after he began his work.
Rather than publish the third volume as a “stand alone” work, the completion of this
third volume now offers an opportunity to reissue the first two volumes as well, giving
the aerospace community an opportunity to have a set of case studies in hypersonics
even as once again there is rising interest in the subject.

It is worth noting that, since the time the first two volumes of The Hypersonic
Revolution appeared, much more information has come to light regarding certain
technology areas and activities, particularly (1) air-breathing propulsion development, and
(2) the hypersonic and lifting reentry activities of the former Soviet Union. Accordingly,
Volume II now has been given a short section on propulsion (added to the editor’s
introduction of the NASA HRE scramjet case study), and an appendix on Soviet
hypersonics (added to the Epilogue) Further, I have added an introductory essay,
“Whither Hypersonics?” briefly tracing and summarizing some of the recent history as
well as the current state of hypersonic projects and work, so as to enable readers to place

these volumes within a broader and more relevant context.

Dr. Richard P. Hallion

The Air Force Historian

HQ USAF/HO

500 Duncan Avenue, Box 94
Bolling AFB, DC 20332-1111
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FOREWORD TO THE SECOND VOLUME

The case studies in this second volume range from a bold
experiment to develop an actual supersonic combustion ramjet
engine for hypersonic flight, to piloted 1lifting body
demonstrators, and on to the Space Shuttle itself, Finally, this
volume contains a concluding essay that, in effect, is a case
study and introduction to advanced hypersonic vehicle concepts
pursued from the time of the Shuttle's inception to the onset of

today's National Aero-Space Plane (NASP) study effort,

As with the first volume, it is hoped that the case studies in
this one will prove useful to members of the hypersonic community
as they pursue contemporary projects, as well as to those seeking

an understanding of the past.

I wish to acknowledge with special gratitude the editorial
contributions to both Volumes I and II made by Ms. Mitzi Vitucci
of the ASD Directorate of History and subsequently the Life
Support System Program Office, and the manuscript preparation
support given to this project by Vicki Cowburn of Headquarters
Squadron Section and Terri Anderson and Patricia Robbins of the
ASD Deputy Chief of Staff for Resource Management, In particular
1 wish to thank Mr. Ronald C. Isemann, the Deputy Chief of Staff
for Resource Management, and Mr. Les Mosher of the Reprographics
Branch, for their assistance in bringing this study to fruition.
Finally, I wish to thank the staff of the ASD Directorate of
History, Mr. Albert E. Misenko, Dr. Bruce R. Wolf, Mr. James F,
Aldridge, Ms., Diana G. Cornelisse, and Joyce E. Bettencourt, for

their unfailing assistance to this project.

Dr. Richard P. Hallion

Harold Keith Johnson Visiting
Professor of Military History
Military History Institute

U. 8. Army War College

Carlisle Barracks, PA 17013-5008

1 October 1987
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CASE VI

CONFRONTING SCRAMJET:

THE NASA HYPERSONIC RAMJET EXPERIMENT

by

John V. Betker



EDITOR'S INTRODUCTION

This case study is an anatomy of a failure. During the
mid-1960s, the National Aeronautics and Space Administration
attempted to develop a flight-worthy supersonic combustion ramjet.
This project, the Hypersonic Ramjet Experiment (HRE) (Figure 1),
cost approximately $50 million, and generated only one noteworthy
accomplishment: "the illumination of ecritical unknowns," as
author John V. Becker writes, It is a graphic example of what
happens when an immature technology is pushed too fast too soon,
in the absence of comprehensive thought and planning, and with
zeal replacing insight, Ultimately, the kind of technical
approach taken with the HRE--namely, the axisymmetric circular-
cross section podded engine a la earlier subsonic ramjets such as
those used on the Bomarc surface-to-air missile--was discredited,
and the modular scramjet approach where the engine is fully inte-
grated into the aircraft rose into prominence. The HRE story
reminds one of other great propulsion disappointments that afflict
aviation history, such as the British A, B. C. Dragonfly of World
War I. Like the HRE a half-century later, the A. B. C. Dragonfly
attempted to take an immature technology--in this case that of the
radial piston engine--and adapt it to the needs of high~-
performance aircraft. The Dragonfly proved a disaster, and the
first successful radial engines did not appear for nearly another
decade. In the 1950s, the sad story of the Westinghouse J46
engine echoed some of the experience of the Dragonfly. 1In the J46
case, Westinghouse underestimated the difficulties of going from
the earlier J34 family of axial-flow turbojets to the more complex
and larger J46, assuming incorrectly that it involved little more
than a matter of scaling. The J46 taught turbojet engine
manufacturers bitter lessons in the importance of comprehending
engineering problems and capabilities, for the failure of this

engine program resulted in major disruptions and cancellations in
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the development of new military aircraft., The HRE story should be

read as a cautionary lesson by today's scramjet enthusiasts.

The scramjet is a form of ramjet engine that makes use of
supersonic combustion; the acronym scramjet is, in fact, an abbre-
viation of supersonic combustion ramjet. It 1is 1inextricably
caught up in the evolution of hypersonic aerodynamics--now more
than ever, since proponents now recognize the necessity of thor-
ough airframe-engine integration. Since the days of the original
Aerospaceplane concept of the 1950s and early 1960s and continuing
into the present-day studies of the National Aero-Space Plane
program, scramjet potentialities have influenced planners defining
and forecasting the final performance capabilities sought of such

vehicles. Fig. 2A offers a comparison of the scramjet and ramjet.

The ramjet itself--from whence scramjet sprang--has an inter-
esting aeronautical history. The "traditional" ramjet 1s of cir-
cular cross-section, and makes use of a spike-like inlet and
diffuser that acts in a method analogous to the compressor of a
conventional turbojet engine. Air entering through the inlet is
compressed, fuel 1s injected into it, the mixture is ignited, and
combustion is stabilized by some form of flameholders, The
exhaust jet passes through a convergent-divergent nozzle before
being expelled. Since the ramjet lacks a rotating compressor, it
requires boosting to some minimal airspeed (usually at least
250 mph) before it can sustain combusticn and generate thrust
greater than its own drag. A close relative of the ramjet, the
pulsejet, powered the V-1 cruise missile of World War II. Because
the field of gas turbine and rocketry advanced so rapidly in the
1940s and 1950s, the ramjet rapidly dropped out of favor as a pro-
pulsion system for conventional aircraft. As propulsion historian
and hydrogen fuel pioneer John L. Sloop has written, "The ramjet,
always needing an auxiliary propulsion system for starting, got
squeezed between improved turbine engines and rockets during the
1950s and never recovered." Nevertheless, its clear potentiali-
ties for hypersonic flight in the region between the turbojet and

the rocket understandably (as shown in Figure 2) led (and continue
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Figure 1
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FIGURE 2A

COMPARISON OF SUBSONIC AND SUPERSONIC COMBUSTION RAMJETS
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to lead) hypersonic advocates to examine its potential as a pro-

pulsion method for advanced aerospace systems.

The story of the ramjet begins with theoretical studies by
René Lorin in France in the years prior to World War I. Fellow
Frenchman René Leduc actively pursued ramjet development during
the 1930s and designed a pioneering ramjet-powered aircraft, the
Leduc 0.10, though the intervention of World War IT prevented it
from flying until 1949. Interestingly, however, a group of Soviet
engineers and scientists pushed ramjet research further than advo-
cates in other nations in the years prior to World War II. In
April 1933, a team under the leadership of Yuri A. Pobedonostsev
bench-tested a small ramjet engine for five minutes. Recognizing
that the ramjet fully realized its advantages only at supersonic
speeds, they decided to build test ramjets from hollowed-out 76 mm
shells, firing them from artillery field pieces: an idea advanced
by British researchers in 1926. The modified shells had their
nosecaps removed in favor of aerodynamic inlets, and the bursting
charge replaced by solid fuel (white phosphorus or solidified
hydrocarbon). A nozzle throat replaced the baseplate of the
shell, and a sabot inserted into the nozzle prevented the powder
charge of the cannon from destroying the ramjet as it was fired.
From 1933 to 1935 the Pobedonostsev group fired a series of
cannon-launched ramjets, achieving speeds up to Mach 2 (though it
must be remembered that the muzzle velocity of the projectile was
already approximately Mach 1.72, indicating that the ramjet
boosted projectile speed by only approximately Mach 0.28).
Numerous problems manifested themselves, but, overall, the tests
encouraged Soviet ramjet enthusiasts to build small rocket-boosted
ramjets, again wusing solid fuel, A research team 1led by
Igor A. Merkulov launched several of these two-stage vehicles
(consisting of the rocket booster and the second-stage ramjet) in
1939; because of the small size of the models, the ramjets only
had fuel sufficient to reach an altitude of approximately
6000 feet following "staging"” from the booster at approximately
2000 feet. Merkulov and Aleksei Shcherbakov (designer of

Nikolai Polikarpov's later biplane fighters) next decided to test
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FIGURE 2B
EARLY RAMJET CONCEPTS
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ramjets on aircraft to evaluate their potential as combat boosters
enabling obsolete fighters to engage higher-performance opponents.,
Eventually, on January 25, 1940, test pilot Petr Loginov flew a
modified Polikarpov I-152 biplane fighter powered by two auxiliary
liquid-fuel ramjets: the first flight by a ramjet-powered air-
craft in aviation history. The Soviets eventually conducted fur-
ther tests on modified I-153 and Yak-7 fighters, (as well as some
miscellaneous types), until the rapid development of Soviet gas
turbines (using German and British technology) rendered such aux-
iliary propulsion schemes superfluous in the late 19408.2 Before
and during World War 1II, (beginning with studies by
W. Trommsdorff) Nazi Germany likewise tested ramjet artillery
shells and modified Dornier Do 17Z and Do 217E~2 bombers carrying
experimental ramjets., By the end of the war, German designers
Alexander Lippisch and Eugen Sgnger (among others) had numerous
ramjet-powered aircraft study projects underway, Experimental
ramjet artillery shells of 15 cm (5.9 in.) diameter were fired at
Mach 2.9 muzzle velocities, accelerating under ramjet propulsion
to speeds of Mach 4.2 before burn-out. The Nazi success with ram-
jet artillery contrasted sharply with Soviet efforts, and stemmed
from the greater care taken by the Germans to understand inlet and
combustion processes, and the behavior of a variety of solid,

liquid, and slurry fuels.3 (See Figure 2C)

In the United States, engineer Roy Marquardt pioneered ramjet
development during World War II, working under a Navy contract
with the University of Southern California. The Army Air Forces
tested some of his engines on modified testbed aircraft at the end
of the war, Two M.I.T.-designed 20 in. diameter ramjets mounted
on the wingtips of a modified North American P-51D Mustang boosted
the fighter's speed by 40 mph during trials in 1945 at Wright
Field. 1In 1948, Lockheed added two 30 in. diameter Marquardt ram-
jets to the wingtips of an experimental P-80 Shooting Star, and
the aircraft flew on the power of its ramjets alone, with the J33
engine at idle.4 In 1949, Leduc's 0.10 reached speeds of more
than 500 mph following release at 200 mph from the back of a modi-

fied SE 161 Languedoc transport. He developed two advanced
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prototypes, the 0.21 and 0.22 (the latter a proposed Mach 2
interceptor), but the French government withdrew support in 1957,
bringing Leduc's ramjet work to a close. In 1959, however,
another French experimental aircraft, the canard delta Nord 1500
Griffon reached Mach 2.19 (1448 mph) under the combined power of a
turbojet and ramjet, the ramjet contributing approximately 80% of
the total thrust of the propulsion system. Interestingly, the
United States Air Force supported Nord research via trans-Atlaatic
regearch contracts.5 These projects were the exceptions, however,
for overall, as Sloop has writtem, the success of the turbojet

overshadowed that of the temperamental and fuel-hungry ramjet.

There were some areas where the ramjet excelled, however,
involving primarily the field of missile development. The mili-
tary services expressed an early and intense interest in ramjet
propulsion for missiles, and the NACA contributed greatly to a
ramjet knowledge base with research programs at the Lewis and
Langley laboratories in the 1940s and 1950s, initially undertaken
at the behest of the Navy's Bureau of Aeronautics in 1944. NACA
researchers at the Langley Memorial Aeronautical Laboratory did
not limit their research merely to missile applications, however,
A team composed of Eastman Jacobs, Arthur Kantrowitz, Macon Ellis,
Clinton Brown, and Coleman du Pont Donaldson investigated possible
piloted ramjet vehicle applications. In December 1945, in a NACA
Advance Confidential Report, Brown and Ellis proposed a ramjet
supersonic research aircraft air-launched or towed to altitude,
and then accelerated by small rocket boosters to transonic speeds
where the ramjet would function. This 2500 1b. aircraft would
have had a maximum speed of Mach 1.4, and though it did not emerge
from the conference stage, it is nevertheless interesting as an
example of the directions Langley ramjet researchers were taking
at war's end.6 In 1947, a NACA research ramjet reached Mach 1.45
after a small rocket booster accelerated it to ignition velocity.
In 1949 and 1950, the NACA tested the more advanced ethylene-
fueled F23 ramjet (Figure 3), which reached Mach 3.12 at an alti-
tude of 67,200 feet (coasting to a peak of 159,000 feet after

engine burnout) during one flight test at Wallops Island on

VI-x



June 6, 1950. NACA also undertook air-launched ramjet trials,
launching them from modified North American F-82 Twin Mustang and
McDonnell F2H-2 Banshee fighters, Figure 4 shows one such test
vehicle, with a Thiokol T55 solid-fuel rocket booster contained
within the ramjet and then expelled through the nozzle as the ram-
jet fired up. This ramjet, designed by the Lewis laboratory,
burned pentaborane fuel, and on February 23, 1956, demonstrated
satisfactory operation using pentaborane up to Mach 3.02 following
air-launch from an F2H-2 at 42,000 feet, A slurry-fueled ground-
launched F29 ramjet (the slurry consisting of a mix of 50% Jp-4
hydrocarbon and 50% magnesium, magnesium oxide, and aluminum)
reached Mach 3.84 during testing at Wallops in 1958, a record for
NACA ramjet testing.7

The ramjet asserted itself most notably in early missile pro-
grams such as the Navy's Talos and Air Force's Bomarc surface-to-
air missile systems, and the abortive North American Navaho
(Mx-770). Of these three, the Navaho was the most ambitious,
being a Mach 3+ intercontinental cruise missile. Though a
subscale turbojet-powered demonstrator, the X-10 series, completed
a number of successful flights, tests of the Navaho itself were
disappointing, and the Air Force had, in any case, greater faith
in the pure ballistic intercontinental missile as typified by the
on-going Atlas program. Talos and Bomarc were successful
programs, seeing widespread shipboard and land-based- service,
respectively; the Bomarc program benefitted from the earlier
Lockheed X-7 effort, for the X-7 had tested the RJ-43 Marquardt

ramjets subsequently incorporated on the Bomarc SAM.8

John Becker's essay offers a detailed examination of the
scramjet field as it pertained to the NACA/NASA and the evolution
of the NASA Hypersonic Ramjet Experiment program. As a more gen-
eral background, it is interesting to consider the work undertaken
by other organizations in this area, as well as the climate of
thought regarding the field of ramjet propulsion for very high
speed flight. Following closely on the heels of research papers

by other scramjet enthusiasts beginning in 1958, Antonio Ferri of
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General Applied Science Laboratories (and the Polytechnic
Institute of Brooklyn) had argued forcefully and eloquently for
consideration of supersonic combustion ramjets for hypersonic pro-
pulsion in a series of meetings and papers delivered in the early
1960s before the aerospace community both within the United States
and abroad.9 The great amount of interest that this noted aero-
space scientist stirred-up led researchers within the Air Force,
NASA, and the Navy to investigate the scramjet's potential as a
propulsion system for hypersonic vehicles. Generally speaking,
only the Air Force and NASA envisioned scramjets propelling manned
hypersonic vehicles; the Navy's interest lay primarily in the
field of scramjets for missile propulsion using storable
propellants. Ultimately, after the denouement of the HRE experi~
mental program and the sorry story of the proposed National
Hypersonic Flight Research Facility (which is discussed in the
next case study, and which would have made use of scramjet
propulsion, at least in part), the majority of Air Force interest
in scramjets turned, like the Navy, towards missile applications,
except for die-hard advocates at the Aero-Propulsion and Flight
Dynamics Laboratories at Wright-Patterson AFB, who kept the
service's manned-vehicle scramjet applications alive until the
onset of the National Aero-Space Plane (NASP) program. Before
discussing Air Force work contemporaneous with that of the HRE, it
is useful to examine the Navy-sponsored work, undertaken by a team
of researchers at the Applied Physics Laboratory of the
Johns Hopkins University., Already as early as 1958, APL research-
ers Fred Billig and G. L. Dugger had achieved net positive thrust
during tests of a small scramjet model in a Mach 5 airstream (the
model burned an aluminum alkyl fuel). 1In 1961, Billig and Dugger
took out the first scramjet patent, for a proposed naval surface-
to-air missile. Beginning in the early 1960s, APL devoted its
attention to component development (i.e.: inlets, fuel injectors,
and combustors), and in 1968, this work culminated in the initia-
tion of testing of an actual borane-fueled "free-jet" scramjet
engine at free-steam Mach numbers of 5.0, 5.8, and 7.0 (Figure 5).

The engine featured three separate combustion modules arrayed
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Figure 5
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axisymmetrically at 120 deg. intervals; researchers tested this
engine at the Ordnance Aerophysics Laboratory at Daingerfield,
Texas at Mach 5 and 5.8 velocities, and at APL's own free-jet
facility for the Mach 7 tests. Testing indicated "a number of
areas where further development is needed," including structural
cooling of the engine, cheaper and less-toxic fuels, and research
on fabrication techniques.10

In the first quarter of 1965, the Air Force Aero-Propulsion
Laboratory at Wright-Patterson Air Force Base established a
Scramjet Technology Division following recommendation by an Air
Force Systems Command Scramjet Ad Hoc Working Group that the serv-
ice increase emphasis on ramjet technology hopefully leading to
"early exploitation of supersonic combustion ramjets and

hypersonic vehicles."11

To effect greater coordination, NASA and
the Air Force formed a joint NASA/Air Force Ad Hoc Working Group
co-chaired by Robert Supp of the AFAPL and John Becker of Langley
Research Center. In May 1965, this group issued its findings
after reviewing progress in scramjet technology and hypersonic
vehicle programs, concluding that both the Air Force and NASA rec-
ognized the potential of the scramjet and intended to "exploit
this concept vigorously," that no undesirable duplication of
research effort seemed to exist, that "a major joint goal" should
be "a small manned hypersonic scramjet-powered test vehicle" (for
test in the 1973-1974 time period), and that future close coordi-
nation including joint in-house symposia was highly desirable.
The group recognized six key scramjet flight test research pro-
grams as forming the core of NASA-USAF research in the 1965-1975
time period including an Air Force incremental scramjet study pro-
gram (1965-1969); X-15A-2 HRE testing by NASA (1965-1970);
Mach 3-Mach 12 scramjet flight testing by the Air Force
(1965-1971); an advanced Thypersonic cone study by NASA
(1965-1968); development and testing of the delta-wing scramjet-
powered X-15 by NASA (1965-1970); and, finally, study, design,
development, fabrication, and flight testing of a manned

hypersonic research vehicle (1966—1975).12
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Thus, by 1965, the Air Force and NASA's leading experts in the
field of scramjet and hypersonic vehicle development had committed
themselves to an ambitious program of hypersonic air-breathing
research. 1In fact, precious little of this program ever reached
fulfillment, due to the occasional unpredictable meanderings of
the R and D process and the budgetary pressures of the Vietnam
War. A limited Air Force incremental scramjet flight test program
was undertaken (to be discussed subsequently) though no actual
"hot" scramjet firings occurred; the X-15A-2 flew only with a
dummy HRE installation; the Mach 3-Mach 12 testing did not take
place; the delta X-15 fell by the wayside; and, finally, the pro-
posed manned demonstrator lingered on for over a decade until can-
cellation of the National Hypersonic Flight Research Facility in
the late 1970s. (As of 1986, in fact, no scramjet is known to
have been tested in actual flight, though Canadian researchers
tried twice, with horizontal and near-vertical firings of test
engines from modified 16 in. naval cannon in 1968 and 1974; in
each case problems unrelated to the scramjet concept prevented a
successful flight. That no further test work was undertaken may
be seen as a commentary on both the difficulties of this technol-
ogy as well as, perhaps, a commentary on how the scramjet had
declined in glamour vis a vis aerospace research priorities fol-

lowing the heady days of the 1960s).

In February 1966, the Aerospace Vehicles Panel of the Air
Force Scientific Advisory Board endorsed comprehensive investiga-

tion of the supersonic combustion ramjet concept, stating that:l3

It is the feeling of many members of this Panel, that
hypersonic aircraft with air-breathing propulsion of some
variety will eventually be required for military
purposes. The form that this requirement will take is
today quite vague but could be useful in the staging of
various vehicle systems into earth orbit, or for very
fast reacting cruising systems. At the writing of this
report no clear application of hypersonic flight has been
identified to the point where a strong case can be made
for an immediate development of very high cost. The
Panel instinctively feels that this will come and there-
fore the Air Force should continue to carry out fundamen-
tal work in the critical areas of structures, flight
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dynamics and propulsion for hypersonic vehicles to pre-
serve the option to go this route if a real requirement
develops rapidly as it has done so often in the past,

One of the most intriguing new concepts for the propul-
sion of hypersonic vehicles is the supersonic combustion
ramjet (SCRAMJET). This device offers the potential of a
new mode of propulsion at high speed and high flight
altitudes and appears to be capable of being developed
into a propulsion system for hypersonic aircraft with
additional future effort.

While early experimental work on the SCRAMIET is
encouraging, many problems remain to be solved in such
areas as high efficiency nozzles and inlets, aerodynamic
heating, structures, materials and efficient combustion
over the full range of flight speeds and altitudes.
Operation of the SCRAMJET in the regime of M-6.0 to 12.0
appears less difficult than in the regime of M-3.0 to 6.0
or above M-12.0.

The Aerospace Vehicles Panel agrees with the recommenda-
tions made by the SAB Ad Hoc Committee on Air-breathing
Propulsion "Hypersonic Propulsion Program" (December
1965) . Their report recommends a careful analysis be
made by the Air Force of the potential usefulness of
hypersonic vehicles relative to other Air Force needs and
ways of accomplishing its objective. If the conclusion
from this analysis is that hypersonic vehicles are likely
to be needed, then serious support should be given at a
level to insure an acceptable development of the program,
In the meantime work should continue vigorously in a ¢on-
tinuation of the present background technology of which
the SCRAMJET is one element, with structures and flight
dynamics of equal importance.

In the years following 1964, the Air Force embarked on a num-
ber of hypersonic scramjet engine ground test demonstration and
component development programs including a variable geometry
Mach 5 18 in, diameter scramjet developed by the United Aircraft
Research Laboratory, a General Electric 9 in, diameter Mach 7 com-
ponent integration model scramjet, a low-speed fixed geometry
testbed scramjet developed by General Applied Science Laboratories
under the direction of Ferri, a Marquardt 18 in. flightweight
hypersonic scramjet, and a Marquardt dual-mode (i.e.: subsonic
combustion at lower flight speeds and supersonic combustion at
hypersonic speeds) scramjet, the latter achieving dual-mode per-

formance by using fuel injection from different locations within
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the duct depending on the mode of performance sought. As a sum-

mary report on these efforts concluded:14

These engines were hydrogen fueled and the perform-
ance levels theoretically predicted were, in general,
substantiated, Although many were aerodynamically
designed to operate over a wide range of hypersonic
speeds, ground testing was restricted to a narrow Mach
number range because of facility limitations. Hence, the
full potential of these engines was never documented.

One noteworthy American attempt to generate actual flight test
results in a "real world" environment from a scramjet engine was
the Air Force's Scramjet Incremental Flight Test Program, an Air
Force-Marquardt effort of the mid-1960s under the supervision of
the USAF Aero-Propulsion Laboratory. This program effort began in
October 1964 and included component testing on the ground followed
by a planned comprehensive flight test program involving a dummy
non-active scramjet checkout flight followed by three '"hot"
scramjet launches. The program had the goal of demonstrating pos-
itive thrust from a scramjet in flight, and providing useful

follow-on data for subsequent scramjet exploitation.

Program managers sought to achieve scramjet operation at
flight speeds greater than 6000 ft./sec., an engine burn time in
excess of five seconds, and a "delta V" (change in velocity)
greater than 600 ft./sec, Marquardt chose to develop a small test
vehicle having four axisymmetric hydrogen-fueled scramjet modules
(Figure 6). This vehicle, accelerated to separation and scramjet
ignition speeds by a Castor solid-propellant rocket booster, would
be launched from Vandenberg Air Force Base. Subsequently,
Marquardt did a great deal of development work on this program,
testing the modular engine units at Mach 5.73 at a simulated alti-
tude of 79,000 feet in the test facilities of the General Applied
Science Laboratories. Marquardt determined desirable scramjet
ignition conditions to be Mach 5.4 at an altitude of 58,740 feet
and a trajectory angle of 45,7 deg., based upon the characteris-
tics of the Castor booster. As might be expected, Marquardt faced

serious design challenges in developing the modules themselves,
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adopting no less than five separate module structural design
approaches to overcome anticipated heating problems. The vehicle
design itself underwent refinement in AEDC tunnels and in the
4 ft.-by-4 ft. Supersonic Wind Tunnel of the Lockheed-California
Company's Rye Canyon Research Laboratory, where engineers evalu-
ated it over a Mach number range of 0.4 to 4.4. Drag reduction
became a major concern and occupied the attention of designers
virtually continuously from April 1965 through July 1966. Weight
grew appreciably, from a 400 1b. target upwards to a revised
600 1b. target, and finally, when the dummy test article flew in
1967, to 680 lbs. On January 11, 1967, a test firing of the dummy
vehicle revealed continued drag problems. Higher than estimated
drag reduced the desired separation Mach number from 5.4 to 5.18,
and lowered the separation altitude by nearly 1000 feet.
Postflight data analysis attributed the higher drag to unexpect-
edly high "spillage" drag from the scramjet module inlets, com-
pared to the results of ground testing. (Drag reduced the test
vehicle's estimated apogee from a predicted 228,500 feet to an
actual 177,712 feet, with a corresponding reduction in impact dis-
tance as well). Wwhile Marquardt claimed that ground testing had
demonstrated the actual thrust of the scramjet to within
80 percent of its predicted value, clearly much more work remained
to be done. Despite the value that continued development testing
of the Incremental Test Vehicle might have had, the Air Force can-
celed any remaining flight tests because of, in the words of the

Marquardt summary report,15

a shift in emphasis by the Air Force from hydrogen fuel
to the use of storable fuels and concentration on more
near-term application objectives, and in part on diffi-
culties encountered in the Scramjet module
aerothermodynamic development.

So passed the most ambitious American scramjet program conceived
and taken to the hardware stage, with the exception of the NASA
Hypersonic Ramjet Experiment itself. Air Force interest shifted
to ramjet-powered missiles, adopting the same philosophy as had

governed the Navy's work in the field., The scramjet's future for
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full-size vehicles belonged to the modular airframe-integrated
scramjets of the post-1960s time period. The airframe-integrated
scramjet (Figures 7 and 8) makes use of careful integration of the
scramjet with the aerodynamic shape of the hypersonic vehicle
itself to enhance propulsion system performance. It utilizes the
fixed geometry of the aircraft forebody to furnish inlet compres-
sion via the undersurface bow shock; an annular inlet running
across virtually the entire undersurface furnishes a large enough
inlet capture area to generate the required thrust. This 1inlet
area is subdivided into many smaller rectangular units--the actual
scramjet modules themselves--utilizing mixed-mode fuel injection
for efficient subsonic and supersonic combustion. Exhaust nozzle
flow expansion is aided by the fixed geometry of the vehicle's aft
underbody surface, which acts as a partial nozzle. This airframe-
integrated approach remains attractive to this day, as evidenced
by numerous airframe-integrated wmodular scramjet installations
postulated for various  hypothetical hypersonic  vehicles.
Researchers would do well, however, to remember the cautionary
words of Robert A. Jones and Paul W. Huber of Langley Research

Center's Hypersonic Propulsion Branch, who wrote in 1978 that:16

Unlike the case of turbojets, where performance for
the most part could be assessed in ground facilities, the
integrated scramjet must undergo hypersonic flight tests
to resolve major questions related to 1its extensive
engine/vehicle integration and high-Mach-number
operation, When such tests are done, the hypersonic
speed range of the scramjet can be exploited.

Until NASP, the NASA Hypersonic Ramjet Experiment constituted
the most challenging scramjet development effort undertaken to
date, and its story, as stated earlier, draws forth emotions of
sympathy and bewilderment in equal portions., It is fortunate that
John V. Becker, a key and impartial participant in the whole
NASA-Air Force scramjet story, prepared this study, undertaken at
the behest of the National Aeronautics and Space Administration's
Aeronautical Propulsion Division of the Qffice of Aeronautics and
Space Technology. Though conducted wunder NASA Contract
NAS 1-14250 and completed on July 1, 1976, the study presents the
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Figure 8

M, =6.0; ¢ = 1.0. Welghts do not include fuel or fuel tank,
F, is net thrust in 1light direction.
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thoughts, interpretations, and opinions of Mr. Becker, and thus should not be
understood or interpreted as representing official viewpoints or conclusions of the
National Aeronautics and Space Administration.

Editor’s Note to the 1998 Edition

At the time this introductory essay was written, the intensive hypersonic
propulsion work accompanying the planning for the proposed National Aero-Space
Plane was a thing of the future. As might be expected, the NASP program greatly
stimulated international interest in hypersonic air-breathing propulsion systems,
and, while much of that work undertaken over approximately the last decade is
still sensitive, much of what went on and was accomplished is known and
requires mention. In fact, while air-breathing propulsion still remains a serlous
challenge for hypersonic air-breathing enthusiasts—hence the reliance of many
proposed hypersonic vehicles on the demonstrated practicability of rocket
propulsion—many anticipated | “impossibilities” have become somewhat-less-
daunting “possibilities,” and “possibilities have been transformed into
nevertheless-still-challenging “probabilities,” thanks to the NASP program and
other study efforts, which accelerated basic knowledge of combustion theory,
aerothermodynamics, fuel and oxidizer chemistry and mixing, and—in many ways
most importantly—materials science.

NASP required developing a scramjet for successful operation between
approximately Mach 4 to Mach 15.” This need triggered a tremendous burst of
design creativity, as evidenced by a wide range of experimental engines tested for
the program at the NASA Langley Research Center in the range of simulated Mach
5-8 flight conditions: a very long way from Mach 15. Though innovative ground
research methodologies, including the emerging field of computational fluid
dynamics (CFD)," proved very useful, the obvious need for actual inflight dynamic
scramjet flight testing data led to proposals even while NASP was underway for
funding small free-flight demonstrators to support the larger NASP effort. This
spawned one ambitious but abortive program, HYFLITE (for Hypersonic Flight Test
Experiments). HYFLITE involved three successively more challenging phases, but,
by mid-1994, had proven so complex and unrealistic that it was abandoned in
favor of a derlvative program, HySTP (for Hypersonic Scramjet Technology Project),
intended merely to see if a scramjet could work. HySTP advocates proposed firing
modified Minuteman, and perhaps Peacekeeper, ICBM's with a 25% scale model of
the NASP's proposed scramjet, thus enabling testing in the Mach 12-15 range.
But even this proved too much; DoD's acute funding needs in the mid-1990's then
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worked to dry up funding for HySTP in late 1994, and NASP itself followed in
January 1995. After the collapse of both NASP and HySTP, military hypersonic
scramjet partisans scaled back their efforts still more, to concentrate instead on
hydrocarbon-fueled scramjet testing in the Mach 4-8 region in support of missile-
related propulsion studies by the Aerojet Corporation and United Technologies, a
program known as HyTech (for Hypersonic Technology). NASA opted for the
Hyper-X program, discussed subsequently.

Interesting foreign work within Europe, Asia, and the former USSR expanded
upon the scramjet knowledge base established by American researchers. French
researchers, influenced by the NASA HRE experiment discussed in the following
case study, developed a generally similar configuration called ESOPE with
apparently indifferent results—not unsurprisingly, given the history of the HRE.
{An outwardly deceptively similar design to the HRE and ESOPE was tested in
Russia, but with dramatically different internal flow characteristics). Additionally,
after the demise of the Cold War, they embarked on a series of cooperative
ventures with scientists of the former USSR. As the NASP had triggered a
renewed iInterest in American scramjets, in Germany the Sanger II program
resulted in an equivalent (if brief) jump in scramjet studies; since the Sanger IT's
cancellation, German scientists, too, have approached their Russian colleagues to
continue their studies in the Mach 5-6 regime, without notable achievement. In
Japan, at the National Aerospace Laboratory, Kakuda Research Center, sclentists
have undertaken a variety of subscale scramjet engine tests in the range of Mach
4-8.

But it is in Russia that the most notable foreign work had been undertaken.
There, in addition to the long-standing ramjet interest of the TsAGI (the Central
Aerchydrodynamic Institute, often termed the Russian NASA and, in more distant
years, the Russian NACA), a variety of other laboratories and desigm bureaus have
pursued scramjet research using a varilety of two-and-three dimensional design
approaches. In November 1991, Russian scientists attained a genuine milestone
in the history of hypersonic air breathing propulsion when they successfully
tested a small axisymmetric hydrogen ramjet affixed to the nose of a modified SA-
5 surface-to-air missile. They followed this with two more tests, both of which
involved French scientific support. The first, in November 1992 reached Mach
5.35; the second, in March 1995, unfortunately was a failure. The success of the
two earlier tests encouraged NASA to enter into a partnership with the Russian
hypersonic test team for development of additional test scramjets to acquire flight

VI-xxvii



test data to Mach 6.5; future Russian plans include an even more complex boost-
glide scramjet technology demonstrator to attain test conditions near Mach 18.

American research on hypersonic air-breathing propulsion in the post-NASP
era is surprisingly vibrant and involves reinvigorated traditional approaches as
well as intriguing newer ones such as detonation wave engines reminiscent of the
Second World War's pulsejet-powered V-1 “buzzbomb.” The most interesting and
exciting contemporary hypersonic airbreathing propulsion project currently
underway is NASA's Hyper-X program (Figure 9), a planned five-year joint project
between the Langley and Dryden research centers to validate inflight scramjet
performance up to Mach 10 using four 12 foot long test vehicles built by
MicroCraft Inc. and reminiscent in shape to the abandoned NASP. After air
launch from a NASA B-52 at 40,000 feet over the Pacific Ocean’s Western Test
Range off the California coast, a modified Orbital Sciences solid-fuel Pegasus
booster will accelerate the Hyper-X to approximately 100,000 feet where it will
separate and ignite its own scramjet engine for a five-second powered test
(encountering temperatures upwards of 2,000 deg. F), followed by up to fifteen
minutes of hypersonic coasting. The first flight, to Mach 7, is currently planned
for 1999, with a second to a lower Mach 5, and the remaining two to Mach 10.
Thus, if successful, the Hyper-X will fly faster than any previous air-breathing
aircraft."

In closing, it is worth noting three other forms of hypersonic airbreathing
propulsion systems that are currently undergoing consideration: the combined
cycle engine (for operations in the regime of 0 < M < 5), the dual-mode
ramjet/scramjet (for operations in the regime of 1 < M < 20), and the ram
accelerator. Each of these concepts is under serious examination within the
United States Air Force (with technical support from NASA) for potential military
use In the next two-three decades. The combined cycle engine (such as the
turboramjet and the ducted rocket) avoid the problem of the traditional ramjet in
that they can operate from a standing start to speeds on the order of Mach 5 (the
low end of the hypersonic threshold), but blending rotational machinery (the
turbojet) and the ramjet in a single flowpath introduces significant design
complexities and heating challenges. The dual-mode ramjet/scramjet uses the
rising temperature within the engine exhaust nozzle throat to modulate thrust
rather than using mechanical ramps to vary the exhaust nozzle area, but heating
is a very serious challenge, as is combustion stability, smooth transitions from

ram to scram operation and back again, and the impact of the thrust-induced
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pitching moments from these engines upon the flight control characteristics of the
vehicle itself, The sﬁaﬂ ram accelerator i1s actually an application of hypersonic
technology to accelerate projectiles to hypersonic speed. A small hypersonic dart
is injected at supersonic speeds into a closed tube containing an explosive mix;
the shockwave of the dart detonates the mixture, when then propels—i.e.,
accelerates—the dart to an even higher hypersonic velocity, on the order of Mach
5.%

It is difficult to predict the future of air-breathing hypersonics, except to note
that the lower scramjet speed range--the high supersonic/low hypersonic range—
is the lkellest for near-term exploitation, most probably for missile systems.
Nevertheless, as evidenced by the international nature of hypersonic air breathing
propulsion work, and by the ambitious Hyper-X program, there is considerable
Interest in extending the frontiers of scramjet propulsion technology into the high-
Mach range. Whether such will be the future of flight or merely a historical
curiosity obviously remains to be seen, but one thing is certain: it will continue to
require an extensive investment in both ground and flight testing methodologies
and facilities if air-breathing hypersonic flight is to become a reality.
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CHAPTER I
ORIGINS AND START-UP

The present practice of many govermment agencies of closing
out large projects with only techunical reports, supplemented by
self-serving agency press releases and special certificates for
the project personnel, relegates to oblivion a complex mix of man-
agement and technical experiences and insights which if carefully
examined, might be found to hold important guidance for Efuture
projects. The present study is, in a sense, an experiment to test
whether such hindsight assessments can be truly worthwhile. It
also provides a technical history of the project written by a

research engineer who participated in many of the key events,

The HRE project was chosen because it offered fertile possi-
bilities for analysis, from both management and technical
standpoints. It was a major undertaking of the NASA Aercnautics
program involving over 10 years of effort and some $50 million
total cost. Although much useful new technology was generated,
HRE produced no dramatic achievements. It was a victim of hard
times for hypersonic R & D and narrowly missed termination on more
than one occasion. Perhaps more can be learned from study of this
kind of project than from the happier dramatically successful

ones,
Background

The envirommental background in which R & D ideas take shape
and eventually achieve approved project status is of fundamental
importance in a study such as this, 1In this section, we will
review the decade prior to HRE in which the scramjet concept
emerged, Section 3 will deal specifically with the formative

stages of HRE.
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Stimulated by the emergence of the large missile rocket
engines after World War 11, a few venturesome aeronautical engi-
neers began toying with fascinating new rocket aircraft concepts
having speeds and ranges far greater than anything they had previ-
ously dreamed of, These were frustrating exercises, however,
because the new aircraft would have to fly in the hostile high-
temperature hypersonic enviromment, so far beyond the bounds of
1950 technology that their true feasibility and effectiveness
could not be determined. Nevertheless, there was a clear consen-
sus that the apparent potential of these new systems was so great
that R & D programs to develop the needed technologies were
justified. The X-15 project was the first major national step in

this direction,

Although the X-15 was eventually to play a dominant role in
HRE, air-breathing propulsion was not considered at all in its
conceptual development, At that time, 1954, it was commonly
believed that hypersonic air-breathing engines were improbable if
not impossible, and that the rocket engine was the only promising
candidate., Subsonic-burning ramjets were under extensive develop-
ment for missiles such as the Boeing IM-99 Bomarc, but there
appeared to be fundamental obstacles to their use at hypersonic
flight speeds. 1In Avery's comprehensive survey of ramjets in 1955
(1), he concluded that Mach number 4 was about the highest speed
that ramjets could be used. At higher speeds, two problems cen-
tering on the very high engine air temperatures appeared
insurmountable: the lack of structural materials to cope with
combustor design requirements, and the serious energy loss due to
dissociation of the propulsive air flow and failure of this plasma
to recombine in the nozzle. A supposed third problem, often pre-
dicted by piston-engine and jet-engine old-timers throughout the
'508, lay in the very low pressure recoveries inherent 1in
hypersonic 1inlets. This, however, proved to be an invalid
extrapolation of low-speed engine experience, By the latter '50s,

it was understood that inlet kinetic energy efficiency, rather
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than pressure recovery, was the correct index of hypersonic per-
formance and that high performance was possible in spite of pres-

sure recoveries that would be disastrous at low speeds.

A remarkable change from pessimism to optimism in the outlook
for hypersonic air-breathing propulsion occurred in the decade
prior to the start of HRE. By 1964, it was widely accepted that
the 1limiting problems feared in the beginning could be circum-
vented by advanced design. The ramjet using hydrogen fuel and
supersonic combustion, in particular, appeared to have the dra-
matic potential of useful performance throughout the entire speed

range up to near-orbital speeds.

This situation did not come about by any single stroke of
genius, invention, or prophetic study. It was, rather, the
confluence of results from a number of unrelated research efforts.
The first important contribution was the series of external burn-
ing studies at the NASA-Lewis Research Center based on I. Pinkel's
analysis of external burning as a means of lift and maneuverabil-
ity enhancement for supersonic fighters (2). A basic question
arising in these studies was whether combustion in supersonic flow
was a practical possibility. Fletcher, Gerstein, Dorsch, and oth-
ers at Lewis set up a small experiment to find the answer,
Fletcher published a report in 1953 (3) revealing a somewhat
debatable "confirmation" of supersonic burning at Mach 2.5 and
3.0. Commenting on this early achievement about a decade later,
G. S. Bahn of the Marquardt Company stated that a more convincing
demonstration was accomplished at Marquardt in 1957 (4, 5). They
ugsed parallel 1injection of gaseous hydfogen and so avoided
Fletcher's difficulties which were associated with his use of a

vaporizing liquid fuel injected from the wall,

Other exploratory supersonic combustion investigations were
conducted in the latter fifties by Experiment Inc., the Applied

Physics Laboratory of Johns Hopkins University (6, 7), A. Ferri



750

and his group at Brooklyn Polytechnic Institute, and others,
Documentation of this early work is poor, much of it being in the
form of notes and obscure memos. There is, however, general
agreement that the feasibility of diffusive combustion in super-
sonic flow was demonstrated repeatedly during the '55 - '6Q time

period.

A second unrelated line of development at Lewis that had an
important impact was their pioneering use of hydrogen fuel in
large ramjets and later in a jet aircraft (8, 9). This successful
work did much to encourage the later acceptance of hydrogen as a

fuel for hypersonic systems.

The supersonic combustion work at Lewis as applied to external
burning inspired R. J. Weber in 1954 to think about the possibil-
ity of using supersonic combustion internally, in a ramjet engine
{(10). Although he doubted that shock-free combustion would be
possible in a supersonic combustor, Weber decided to analyze the
ideal performance attainable in a ramjet with shock-free heat
addition, and with realistic assumptions for inlet, nozzle, and
frictional losses, The work had very low priority and proceeded
slowly, but the result (11) was the first definitive analytical
assessment of scramjet. (The acronym "SCRJ," first used by Weber,
had an unpleasant sound and soon gave way to '"SCRAMJET," '"SCRAM"
was first used by the Navy (12) to mean Supersonic combustion ram-
jet missile.) Weber and his collaborator, J. S. Mackay correctly
identified all of the exciting features of scramjet -the relaxing
of 1inlet/diffuser requirements, the reduction 1in combustor
heating, the minimizing of the nozzle dissociation problem, the
alleviation of variable geometry requirements, and the potential
for performance levels higher than any other air-breather at
speeds above about Mach 7. The effects of combustor area ratio,
thermal compression, and other design parameters were determined
for the first time. The next few years saw general confirmation

from the studies of McLafferty (13), Dugger (14) and others,
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By the time the Weber/Mackay paper was published in 1958, the
authors had moved on to other areas of research, believing that
there would be little interest in, and few if any applications for
gscramjets. This was the time of transformation of NACA into NASA.
Lewis was in the process of abandoning all work on air-breathing
engines in favor of rocket engine development for the burgeoning
space program, Weber was thus surprised early in 1959 to receive
an invitation from the Air Force to speak at their 2nd Symposium
on Advanced Propulsion Concepts as a specialist in supersonic
combustion, An entire session wunder the chairmanship of
Weldon Worth had been organized to discuss supersonic combustion
ramjets. Worth was then Technical Director for the USAF
Aero-Propulsion Laboratory at Wright-Patterson Air Force Base.
Early in 1957 he had fostered the beginning of USAF activity in
hypersonic propulsion (15, 16, 17). Much of the discussion at the
Boston meeting (18) now appears, naturally, to be rather naive;
however, it was evident that Worth had already become an advocate
for scramjet. Recalling the poor vision of the propulsion indus-
try in this country in the '40s with respect to the turbojet, he
advocated an open-minded approach to explore the full potential of
scramjet, even though its possible applications were, at that
time, obscure (19). Following this philosophy, he was sponsoring
a substantial exploratory scramjet program in the Air Force, the

first fruits of which were seen at the Boston meeting,

The Space Age with its unprecedented demands for new propul-
sion provided an enormous stimulus and a justification for
scramjet development which had previously been lacking. The most
sensational potential application was the Aerospaceplane, the mon-
ster air-breathing airplane with which the aircraft industry pro-
posed to take off conventionally, fly into orbit, and return to
base in the same manner in which conventional aircraft flight
operations were conducted., Shortly after the start of the Mercury

program in 1959 the major aircraft companies, expressing distaste
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for brute force one-shot rocket systems, became involved in stud-
ies of the Aerospaceplane, Republic enlisted the services of
A. Ferri and his cohorts at GASL to collaborate on orbital system
concepts. Drawing heavily on Ferri's inspirations they became
firmly committed to an air-breathing system which used scramjet
for primary propulsion from Mach 8 to orbital speed. Competitive
concepts using imaginative new schemes such as the "ACE" and
"LACE" air collection systems were studied by the other major
companies., Within the government a number of exploratory in-house
studies were undertaken, one by Worth's team in the Aero
Propulsion Laboratory, one by the JHU/APL group, and several
smaller studies by various groups at NASA/Langley (20, 21, 22).

The first public airing of hypersonic propulsion and some of
its possible applications came at the 4th AGARD Colloquium at
Milan in April of 1960. Ferri fired the imaginations of his audi-
ence with the prospects of air-breathing engines working all the
way to orbit (23), Many of the older men present were politely
skeptical, Nonetheless, Ferri established himself at this meeting

as the chief prophet of scramjet propulsion,

During the next few years the single-stage~to-orbit systems
were examined more closely in a second round of studies with USAF
support (24, 25). In all of these studies, it was necessary to
assume both highly speculative propulsion and highly speculative
lightweight structures. Reflecting the conclusions already
reached by most of the contractors and govermment analysts, the
USAF Scientific Advisory Board at its meeting in July 1962 recom-
mended that work on single stage systems be deemphasized and that
a coordinated effort on the less speculative 2-stage systems be
pursued (26), It is clear now, after the passage of some
14 years, that the recommendation was a sound one. Using the same
scramjet performance assumptions as before (now known to be much
too optimistic), Republic evolved an all-air-breathing concept in

which the second stage was scram-powered from Mach 8 to
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orbit (27). They also proposed a scram-powered multi-purpose mil-
itary machine, hydrogen-fueled and capable of semi-global cruise
range (28). To develop and demonstrate hydrogen scramjets,
Republic proposed a small research airplane to be developed and
ready for flight in 26 months. The other companies studied vari-
ous 2-stage versions of their earlier concepts, and a 2-stage
refuelling concept was evolved by Douglas (29). Several promising

scram missiles were also under study during this period (12).

Thus, by the time the HRE concept evolved in late '63, there
was strong justification, on the basis of multiple potential
applications, to pursue a hypersonic air-breathing engine R & D
program. Following typical government practice in such matters,
USAF and NASA R & D managers set up an ad hoc team in the summer
of '62 charged to define a 2-year program of technology develop-
ment in the critical areas of hypersonic air-breathing systems so
that a national decision could be made in 1964 whether or not to
proceed with an air-breathing orbital launch vehicle (30). This
exercise is noteworthy as the first occasion on which the working-
level of R & D professionals of the two agencies were brought
together in large numbers to consider a coordinated national pro-
gram in hypersonic technology. As they can be relied upon to do
in such circumstances, the '"troops" came up with a long list of
"urgent" tasks to be pursued "vigorously" - provided of course
substantial additional funds, amounting to $20 million and addi-
tional manpower amounting to 167 positions were made available
(30). In the propulsion area no mention was made of research
engines; hypersonic inlets appears to have been the only subject
considered for flight testing, using one-shot rocket models. The
resources for this joint program never materialized and it quickly

disappeared from the scene,

During the 1959-1963 period when the application studies were
in full swing considerable progress was made in scramjet component

technology. Through fiscal year '62 a total of some $10 million
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had been invested (31) in the USAF and NAVY programs (including
the system studies)., The question of feasibility of supersonic
combustion had been answered affirmatively and no "concept-killer"
obstacles had been encountered. Equally important was the appear-
ance of a rapidly growing cult of ardent scramjet enthusiasts of
which Ferri was the chief spokesman and Worth the chief
benefactor. Avery, Dugger, and Billig in the Navy-supported pro-

gram were also strong advocates.

It is obvious now that the readiness technology to support a
flight-weight research engine development was greatly over-
estimated in 1964, at least in part because of the optimism engen-
dered by the scramjet enthusiasts. A careful reading of some of
the principal scramjet papers of the period is quite revealing in
this regard (31, 32, 33, 34). 1In his Lanchester lecture of 1964
(33), Ferri concludes that the understanding of mixing-controlled
combustion had reached the stage of "complete confidence" for
application in engine design. He cited test facilities and struc-
tures as remaining important problems, However, in an obscure
answer to a question at the close of the lecture, Ferri admitted
that "actual" supersonic combustor flows were "too complex to be
calculated," and his conclusion of "complete confidence™ applied
only to highly simplified flow models. Unfortunately, this major
qualification was lost in the persuasive optimism of the lecture.
Swithenbank's over-optimistic 1964 summary (34) states that
"scramjets are passing into the development stage'" and lists no
less than 19 institutions said to be involved, 5 of whom are said

to be "testing complete engine models."

In 1964, the Air Force conducted one of its periodic summer
studies of advanced technology opportunities referred to as
"Project Forecast." Largely through the efforts of Worth and
Ferri, scramjet was recommended as an area meriting special
emphasis, Consequently, General Schriever who then headed the

USAF Systems Command, established a special Task Force to examine
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scramjet technology and potential in detail. The routine work of
this exercise devolved upon a "working group" comprised largely of
scramjet specialists from Worth's shop at Wright Field. They were
aided by presentations from all of the companies involved in
scramjet studies or related technology programs. By that time
some $22 million had been spent on scramjet and the working groups
were able to show a substantial assemblage of data and study
results, The following remarkable pronouncements, taken from

their report (32) reflect their general optimism:

"No foreseen (combustor) problems . . ., are unsolvable by

engineering methods."

"Supersonic combustion can be mixing-controlled to

Mach 25.,"

"Successful future research is forecast to provide a suf-
ficiently large body of information for actual combustor

design."

"Solution of the structural problems rests in the excel-

lence of future design ingenuity."

The Task Force envisioned a focused high prierity national
program to develop a mature scramjet design technology. 1In his
letter thanking them for their services, General Schriever noted

especially their great enthusiasm.

Behind the scenes in 1964 were skeptics including both those
who sincerely doubted that the technical problems of scramjet
could ever be solved, and o0ld timers in the engine business who
knew by experience and intuition that the bringing forth of a com-
plex new type of propulsion system would be many times more
difficult, more time consuming, and more costly than the eager

proponents of scramjet expected. Little was heard from the
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skeptics; they were unwilling to buck the USAF hierarcy which had
obviously decided to embark on a crusade., A few cases came to
light in the interviews in which certain of the skeptics had been

specifically advised to remain quiet,

In the decade prior to HRE, then, several supposed barriers to
hypersonic air-breathing propulsion were progressively toppled.
The enormous demands of the Space Age stimulated the development
of air-breathing space launch vehicle concepts employing ramjets

or scramjets for primary propulsion at speeds ranging from about

Mach 4 to orbital speed.

By the early '60s, a cult of enthusiasts had developed with
Ferri as the persuasive principal spokesman, Although actual
solid progress in scramjet technology was limited, the field was
rich in unproven new ideas and tentative potentialities. The
effects of this environment of inflated technical optimism on HRE

will be apparent in the succeeding sections.

Origins, Promotions, and Approvals

The origination of large government R & D projects is rarely a
logical orderly process and HRE was no exception. The initial
motivation appeared in the industrial firm which built the X~-15.
North American Aviation was interested in the new business that
might come its way through extensions of the X-15 program into new
areas, And thus it was that E. W. Johnston of North American vis-
ited the NASA and USAF Centers in May of 1962 with a proposal to
modify an X-15 so that it could serve as a flying test bed for
hypersonic engines (35). North American's collective imagination
of what might profitably be done Vin this new field was
uninhibited, ranging from a large variety of captive test engines
to X-15-launched nonrecoverable test engine modules. There was

little evidence of interest in these proposals at the time.

A few months later, however, an event occurred which changed

the picture. The number two X-15 was extensively damaged in a
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crash landing in November 1962, and this gave North American a
unique opportunity to reiterate their proposal to modify the air-
plane for propulsion testing - the modification to be made in con-
junction with the necessary repairs to number two. In order to
reach speeds high enough for scramjet tests, they proposed to add
dropable external propellant tanks and to coat the exterior of the
X-15 with an ablator to permit flights to Mach 8. A fuselage
extension to accommodate a liquid hydrogen fuel tank would also be
made, The total cost of the revisions and the repairs would be in

excess of $6 million.

General support for the plan was found in the Air Force, which
was willing to foot the bill. NASA managers were opposed to the
modifications (36) preferring only to repair the crash damage.
Balch and Loftin, who had just completed the joint USAF/NASA
hypersonic program study referred to previously, (30), both
regarded Mach 8 X~15 capability of limited value for propulsion
research (37), Nevertheless, NASA decided not to press its
objections, and work on the modifications was started. Thus the
prospect in early 1963 was that a Mach 8 carrier vehicle would
shortly be available for propulsion testing - but the propulsion

test objects themselves were completely undefined.

To correct this illogical situation, the NASA Flight Research
Center at Edwards quickly launched a study aimed at determining
what type of engine testing to pursue on the X-15. Recognizing
that the expertise for monitoring such a study lay chiefly in the
other Centers, they circulated a letter soliciting comments on the
RFP for the proposed study (38). No support was forthcoming at
any of the other NASA Centers. On the contrary, X. F. Rubert (who
later became HRE Project Manager) expressed his opposition to
flight programs, stating "this would be an unwise expenditure of
government funds" . . . "(engine R & D) 1is better done on the
ground” . . . "there is no genuine need (for flight tests)" (39),

Under the circumstances, FRC obviously had no alternative but to
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press on in spite of such comments. They did, however, shift the
emphasis to a "feasibility and preliminary design study" of the
most desirable engine test system, which was to be selected after
brief initial screening of the several possibilities. 1In defiance
of their critics, FRC stated firmly that they planned "to take an
active role in advanced air-breathing propulsion and the X-15
should prove very useful in this regard" (40). Marquardt was
selected to perform the 4-month study, and it was no surprise that
they chose three ramjets as being the most desirable test engines,
a subsonic-combustion, a supersonic-combustion, and a convertible
design. To reduce costs to a minimum, they proposed to equip the
engines with simple structures insulated within and without by

ablative material adequate for the X-15's Mach 8 heat pulse (41).

None of the NASA reviewers outside of FRC believed it justifi-
able to proceed with the Marquardt engines. They pointed out that
the emphasis on 1low cost would result in overly simplified
designs. 1In particular, the use of ablative materials would pro-
duce contaminants which might strongly affect combustion. In dis-
cussing the problem with Rubert just prior to his departure for
the final briefing of the study at FRC, J. V. Becker who then
headed the Aero Physics Division at Langley, suggested that Rubert
offer an alternative test plan which would be worthwhile. Rubert
then described in general terms a concept very close to what later
became the HRE - a sophisticated dual-mode engine, thoroughly
researched on the ground and utilizing a clean internal metallic

structure, possibly regeneratively cooled.

At the conclusion of the Marquardt briefing, D. Wall, who was
in charge of the X-15 research engine activities, called an infor-
mal meeting of the NASA Center reviewers to discuss the next move.
The outside Center representatives were unanimously aligned
against the Marquardt engines. Rubert stated his views on what
would be acceptable to Langley, emphasizing the need for a much

enhanced ground program as a necessary precursor to a flight
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spectacular, Wall argued convincingly that financial support for
an extensive scramjet program in NASA was quite unlikely unless it
was tied to an X-15 engine as the end objective., Some of the
Center people regarded this end objective as really unnecessary,
but all agreed that it was probably the only device by which a

meaningful scramjet effort could be started.

A formidable obstacle was recognized in the almost certain
opposition to such a plan of Lewis management., Not only was Lewls
traditionally unsympathetic to research airplanes, but also they
had recently abandoned air-breathing engine research almost in
toto. Therefore, 1t was decided to propose the plan as an
FRC/Langley project, with Langley managing the ground development
phase and FRC the flight phase (42).

Bikle endorsed this scheme and presented it verbally to NASA
Headquarters who agreed to take it up with Langley management. In
Bikle's proposal he specifically suggested Rubert for Project
Manager. Langley Director Thompson and his assistants, Donlan and
Loftin, were understandably surprised. Loftin, of course, had
recently recommended against such a project (37). Thus, the first
top-level Langley reactions were negative. 1In the Langley Aero
Physics Division in which Rubert's Branch was located, there was a
quite different reaction. For years, the propulsion-related fluid
mechanics and hypersonic inlet/diffuser work of this Division had
suffered from a dearth of real-life applications. Therefore, the
prospect of total involvement with a real engine for X-15 testing
offered an exciting infusion of much needed vitality. Another
argument that was appealing to Langley managers was the prospect
that an HRE project would reveal whether the many paper perform-
ance claims for scramjet were really valid. Still another impor-
tant consideration was the complete lack in 1964 of ground engine
test facilities for true-temperature simulation with clean air at
Mach numbers above 5., The X-15 was thus viewed as a unique test
facility which should be exploited. Importuned with these

arguments, Langley management agreed to support the HRE project.
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Of the various arguments for the project, the need for engine
testing in the true environment of hypersonic flight appeared to
be most important to N. Rekos, who was responsible for propulsion
programs in the Aeronautics Division of OART. He was concerned
that the only large hypersoniec facility in existence at that time,
the Navy Daingerfield facility, was capable of only Mach 5 true
temperatures with clean air, Mach 7 to B8 could be simulated only
with combustion-heated air containing large quantities of water
vapor. Various schemes for correcting this situation had been
suggested, but all had their shortcomings. Rekos thus considered
the X-15 as a unique engine-test facility, and he became a princi-
pal Headquarters advocate for the HRE program primarily for this

reason.

Rubert was directed to formulate a specific proposal for
agency discussion and approval. He tackled the job with great
energy and enthusiasm. If the project actually materialized, it
would be his most important assignment since coming to NACA
23 years earlier. 1In short order, a preliminary proposal document
was completed (43), containing the following ambitious statement

of objectives for a 3-phase program:
Phase I

1. To define a practical, high-performance, Mach 3-to-8

hypersonic ramjet engine, of laboratory size,
2. To design, develop, and build this engine.
Phase II

3. To measure the performance of and to qualify this engine

in the laboratory.
Phase III

4. To measure the performance of this real engine in maneu-

vering flight, from Mach 3 to 8.
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5. To validate the technology of certain ground-based
hypersonic air-breathing engine test procedures; for example, the

use of vitiated air in combustion experiments.

6. To advance and crystallize the technology of hypersonic
air-breathing propulsion systems, and to reevaluate for more

effective planning the requirements for future research.

Objective 6 was obviously a general "motherhood" type goal which

applied throughout the project.

Significantly, the proposal document assumed that the reasons
for interest in scramjet were so well known that they need not be
discussed. 1In regard to the state of the art it was stated flatly
that the "“gaps" in component technology "had been filled" leaving
only uncertainties "which can be discovered and resolved only by
design and construction of a truly practical résearch engine." No
one at Langley challenged these claims, which, by hindsight, pro-
vide evidence of the inflated technical confidence level that
existed then. Rubert was Langley's best authority on scramjet,
having spent several years studying hypersonic propulsion as a
special assignment, and no one was inclined to question him.
Neither were the estimates in the prospectus of the time allotted
to the program (4 years, total) or the cost ($30.4 million plus
operations costs of the X-15) delved into in any detail. It was
left to the Phase I study to provide exact figures later, but the
document implied that the estimates were undoubtedly of the cor-

rect magnitudes.

In April and May of 1964, the proposal sailed through its
approval briefings for OART and top NASA management with no oppo-
sition and few questions asked. It had the important advantage of
being a joint venture of two Centers. Behind the scenes Director
Floyd Thompson of Langley, in his capacity as chairman of a head~-
quarters committee charged with recommending agency policy regard-

ing powered lifting systems, had provided important advocacy for
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the project. Dr. Hugh L. Dryden, Deputy Administrator and the
senior approving official, was personally inclined favorably
towards research engines, having made an early suggestion in 1949
that they deserved consideration (44). Dryden had also previously
approved the modifications of the second X-15 for hypersonic
engine testing. Dr. Robert Seamans was also favorably disposed;
he had been under pressure to enhance aeronautics funding relative
to space and HRE provided an opportunity. Seamans asked why Lewis
was not involved, and when told he said, "Okay, but what does
Abe Silverstein have to say about HRE?" Silverstein, who was
then Director of Lewis, was called by telephone. Although he had
some doubts about HRE, he said he would not oppose it and that
Lewis would provide consultation. Dryden and Seamans thereupon
approved the entire project in principle. Release of funds for

Phase I was approved on June 13, 1964.

Project proposal presentations at that time were usually care-
fully rehearsed all-out advocacy propositions containing all of
the positive arguments and no unrefuted negative arguments. Vital
considerations negative to the proposal were often omitted
entirely even though they were a source of much worry to the
proposers. NASA managers were of course aware of these tactics
and when they neglected to look for the hidden problems, they were
simply expressing their general approval and willingness in this
case, to accept the plans of subordinate managers. Perhaps they
considered the project too small to devote any further time to it.
After all, $30 million was only half of 1 percent of the upcoming
NASA budget. A more likely explanation lies in the fact that the
X-15 program in early 1964 was at the zenith of its success, By
association this new proposal of the X-15 team had high credibil-
ity and seemed to offer continued expleitation of a proven
technique., It should also be noted that HRE was the first major
scramjet development and was by far the largest developmental pro-
ject in the propulsion fiield ever undertaken by OART/Aeronautics
up to that time; the lack of an objective detailed inquiry at the

outset may be charged in part to this inexperience.
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In the remainder of this section, we will consider some of the
important issues either never brought to light or never considered
in meaningful detail in the HRE approval process., Most basic per-
haps is the fact that no assessment was made of alternative less
costly and possibly more cost-effective methods of advancing
scramjet technology - improved ground facilities, expanded wind-
tunnel testing of subscale engines, rocket models, future flight
vehicles, etc., Actually the very high cost of X-15-related pro-
jects was not really a serious factor in the eyes of the Center
engineers who made the proposal. NASA personnel at that level in
the mid-sixties had the attitude that all research is expensive,
especially flight research. The only really meaningful considera-
tion of costs was what the system would tolerate, Thirty-million
dollars could not be handled in a ground research program but as
an add-on to a glamorous three hundred million dollar flight vehi-

cle program it looked feasible.

Equally difficult to justify by hindsight was the absence of
any coordination with the established USAF and Navy programs. The
HRE proposal disposed of this question by saying coordination
would be initiated if the proposal were approved. 1In fairmess to
the proposers it should be remembered that up to that period NASA
personnel had rarely been required to coordinate projects of this
kind with other agencies before their approval. Each agency acted
independently and only after large established efforts showed
signs of duplication or overlap might an attempt be made to

“"coordinate."”

As a matter of fact, concurrent with the birth of HRE, USAF
was bringing forth a competitive rocket-boosted scramjet engine
program, the first inkling of which came to NASA on
September 18, 1964 in the form of a copy of USAF Technical
Development Plan 651E (45). Their plan was to boost a series of
"incremental" scramjet engines to progressively increasing speeds

starting at about Mach 5 and eventually reaching about
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Mach 9 (46). Simplified 1low-cost versions of the ablation-
protected engines Marquardt had proposed in their NASA study were
to be the test objects. Rubert adopted the convenient view that
these "quick and dirty" tests would supplement rather than dupli-
cate the "more sophisticated" HRE. It is interesting that the
Schriever Task Force had nothing whatever to say specifically
about either the HRE or the Incremental projects, even though they
were briefed on them in late 1964. They did say that flight pro-
jects should await the realization from ground programs of a firm
technology base - advice which was ignored by both agencies as

they forged ahead with both flight programs,

Finally, no one asked how Langley proposed to compensate for
its lack of experience in engine hardware development and testing.
Were experienced consultants from the engine industry to be used
on a regular basis? Were Lewis personnel who had been intimately
involved in Bomarc, for example, to have a place on the team?
What steps had been taken to confirm the time and cost estimates
with engine specialists in this field? What was the
success/failure ratio in test flights of past programs using cap-
tive test engines? Had FRC ever achieved 25 successful flights of
the X-15 in 12 months let alone 25 flights with a complex research

engine with many unsuspected problems and low reliability?

In sum, then, the idea of captive hypersonic engine testing on
an X-15, originating with North American Aviation, was at first
rejected by agency researchers and managers who favored ground-
based approaches. They finally became convinced, however, that
the only way to achieve a substantially funded scramjet technology
program in NASA was to focus on the goal of a glamorous X-15
flight engine. Other persuasive arguments included: considera-
tion of the X-15 as a unique engine test "facility" not subject to
the various shortcomings of the "hot" ground facilities of the
mid-sixties, the need for "real" engine performance data to vali-

date paper performance claims, and a desire of Center researchers
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for the stimulus and educational values of clost association with

a flight engine development.

The specific HRE proposal in 1964 - to conceive, design,
develop, qualify, and test a sophisticated engine in transient
flight conditions on the X-15 up to Mach 8--all in the short time
of four years for NASA costs of only sbout $30 million--is seen by
hindsight by a majority of the interviewees to have been naive and
premature. It reflected both the general overestimation of tech-
nology readiness that prevailed at that time and the lack of
actual engine hardware development and test experience of the

Langley team,

Each management level of review and approval of the proposal
seems to have been willing to assume that the previous level had
done its homework, the result being that no comprehensive search-
ing assessment was ever made. Issues of major importance that
received only cursory scrutiny include: comparative cost and
effectiveness of other approaches, coordination with the long-
established USAF and Navy programs, technology readiness, realism
of the very short time schedules and low costs relative to previ-
ous engine developments, the need for consultation with experi-
enced engine developers, and major problems of extension of X-15

operations and funding.

If these issues had been thoroughly explored and costs rela-
tive to other approaches had been weighed seriously, it seems
unlikely that the proposal would have been approved, even in the

relaxed funding atmosphere of 1964.

Concept and Contractor Selection

In the promotional literature of the HRE (43), the test engine
was described in general terms as a "truly practical complete
engine," a '"real" engine, a "typical" engine, the testing of which

would provide "solid," "factual," or "realistic" performance data
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said to be needed by decision makers for operational systems. If
all of the hopeful claims of the original prospectus could have
been realized, this single engine project would have advanced the
technology from the early exploratory research stage to full read-
iness for hypersonic aircraft systems applications. An elaborate
subscale prototype engine would obviously be required to fulfill
such claims. Phase I was intended to establish in detail the con-
cept and the preliminary design of an engine which could accom-
plish these ambitious objectives, exact schedules and costs, and
at the same time provide the basis for selection of the contractor

who would build the engine in Phase II.

The type of engine actually called for in the Phase T
Statement of Work differed significantly from the ‘'truly
practical™ complete engine described in the prospectus. The SOW
called instead for the "best possible research engine" (47). That
most important of all subsystems in a "real" hypersonic engine,
the critically difficult high-temperature regeneratively cooled
structure, was not a principal problem area to be considered for
this research engine, nor was the equally critical problem of
external drag. The objective, said the SOW, was "to deal primar-
ily with the aerothermodynamic (internal flow) problems."
Structure and external features were to be "refined only to the
extent necessary for compatibility" with the internal flow per-
formance requirements. The only definite specification for the
structure at this stage was that a heat-sink, cooled, or other
nonablating type should be employed to avoid contamination of the

propulsive gases,

This downgrading of the engine concept from the advanced pro-
totype inferred in the prospectus to the aerothermodynamic
boilerplate research engine called for in the SOW was never openly
acknowledged or discussed in the HRE documentation. Project per-
sonnel now say they realized that funds were too limited to sup-

port a prototype and had no alternative but to pursue the more
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limited approach. Throughout the entire 1life of HRE,
unfortunately, the engine continued to be spoken of as though it
really was some sort of prototype. For reasons never made clear,
the performance test model AIM, for example, was always inferred
in the project writings to be somehow much more "realistic" and
significant than the several other boilerplate performance models

successfully developed and tested by other investigators.

In spite of the absence of a requirement in the SOW, a flight-~
type structure was developed to meet X-15 weight limitations. It
is ironic that the successful development and test of this struc-
ture is now generally regarded as the most important contribution
of HRE. 1In other respects, the plan called for in the SOW fol-
lowed closely the 18-inch diameter pod-type engine installation

suggested in the Marquardt study (41),

The achievement of very high internal performance levels was
stated to be the primary goal, and the SOW contained a chart show-
ing both minimum acceptable levels of internal specific impulse
and thrust coefficient and "goal" levels (Fig. 1). The lower
bound was said to be the limit below which scramjet engine per-
formance would be of '"no interest.," The upper bound coincided
approximately with the levels assumed in some of the early system
studies, It was apparently believed possible of attainment for
highly refined "point design" engines, although several years
later HRE personnel began to call this goal the "liars' curve"
(48). A different, more realistic "goal" curve has been used by
USAF (Fig. 1) and neither of the arbitrary HRE limiting curves are
now considered to have any real significance. The "engine data"
points shown on Fig. 1 were calculated from combustor test data
existing in 1964 together with assumed performance for inlet and
nozzle, except for the "GASL engine" point which was for the only
complete (but rudimentary) aerothermodynamic Mach 7 engine availa-
ble in 1964. The SOW urged contractors to strive towards the
"goal,™ although it acknowledged that some reduction would be una-

voidable in a design capable of Mach 4-8 operation,
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The decision to seek the highest possible internal performance
and to impose no thrust-minus~drag requirement had several unfor-
tunate consequences. In order to comply, the contractor who
eventually won the Phase I competition used a higher-than-optimum
degree of external compression which caused high external cowl
drag. In his final design the cowl was thickened to house
equipment, still further aggravating the drag, to the point where
the thrust-minus-drag of the engine at Mach 6 for stoichiometric
burning was near zero, A secondary effect was to reduce the
height on the inlet annulus at Mach 8 to only about Llf-inch,
almost half of which was filled with boundary 1layer from the
spike. The near-zero net thrust characteristics came to light
later in the program causing a loss of interest and support for
HRE at Lewis and OART. Langley interest also shifted to other
concepts which offered very low external drag losses (50)., It was
difficult to reconcile the final high-drag HRE design, heavily
slanted as it was to favor internal performance, with the claims

that it was a "truly practical complete engine,"
Five tasks were defined in the Phase I SOW (51):

- Develop concept

- Make preliminary design

- Determine performance, life, weight, safety

= Provide substantiation

- Provide development plan, manufacturing plan, costs,

and management plan for Phase II

The RFP for this 9-month, 27,500 man-hours study was mailed to
35 companies. Only four responded - General Electric (G. E.),
Pratt and Whitney (P & W), Marquardt, and Garrett - three of whom

were to be chosen to conduct parallel studies.

The choice was obvious from the start because only three of

the contractors had made a serious effort to compete., It was
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never understood why the fourth (P & W, Florida Division) had sub-
mitted his proposal. Nevertheless, a full-scale source evaluation
exercise was conducted involving some 50 professional engineers
and researchers from 4 Centers, who were tied up for some 4 to
5 weeks. The makeup of the Source Evaluation Board was wholly
NASA personnel, The supporting committees and working panels were
similarly constituted, with only one notable exception,
Frank D. Stull from the USAF Aero-Propulsion Laboratory. To the
large majority, scramjet was a subject in which they would get
their first significant exposure in this evaluation. Only a very
few had ever participated directly in the actual development of
any type of jet engine, except through inlet aerodynamic tests or
the like, There was little or no concern among the NASA people
about this weakness. They would do the best they could, but nei-
ther individually nor as an agency had they much to lose whatever
the outcome, provided all of the government rules and substantiat-

ing paperwork requirements were observed.

Actually, although the evaluation literature does not say so,
the responses to the Phase I RFP were disappointing to many of the
NASA team. Langley had no preconceived ideas, but it had hoped

' as they are often called in

that "America's crack design teams,'
the press, would come up with some exciting, fresh ideas for the
"best possible" research engine. Three of the designs were
simple, axisymmetric pods. The fourth was a much more complex
design of Ferri's incorporating his '"thermal compression" scheme.
No lack of iaventiveness in this one, but unfortunately it was
essentially a copy of the concept Ferri was developing in the Air

Force program,

Five months after receipt of the proposals on May 28, 1964,
fixed price contracts for the three Phase I studies were awarded.
Nine months later, the same small army of evaluators reconvened,
this time with three large stacks of substantial engineering docu-
ments to study. The three concepts remained basically the same as

before (Fig. 2). The evaluation took seven weeks and before it
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was over there was some grumbling from the out-of-town

participants.

The outcome of the evaluation (52) seemed to validate the
rough time and cost estimates made prior to Phase I. It so
strongly favored Garrett that there could be little doubt that
Administrator Webb would have to concur. Phase II with Garrett as

contractor was officially approved on July 11, 1966.

With benefit of hindsight it is possible now to see some flaws
in the deliberations which led to Garrett's selection. I would
emphasize, however, that the judgments made were honest and proba-
bly the best ones that could have been made, given the particular

background and preconditioning of the NASA troops.

First, let us examine why Garrett was such a heavy favorite.
Their engine (Fig. 2) was the smallest, simplest, easiest to cool,
and had the best structural approach of the three designs, Added
to these indisputable credits was a judgment credit that it had
very high research potential because of the quasi-2-dimensional
nature of the flow in its shallow annular combustor. It was
believed this would simplify analysis of the combustor data and
make it applicable to any future engine employing
quasi-2-dimensional flow - for example, combustors of rectangular
cross section. On this latter consideration, G. E.'s engine was
penalized because its combustor annulus was judged so deep that
2-dimensionality could not be assumed. Their engine was also
large, heavy, and hard to cool (Fig. 2). G. E. was penalized fur-
ther because of their proposed long development schedule and esti-
mated high costs - roughly double the government's cost guideline,
We now know that the G. E. estimates were much more realistic than
either of the others and in retrospect should have been awarded

credits,

There was another powerful consideration in Garrett's favor.

Under the leadership of A. duPont, Garret had exhibited energy and
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zeal unmatched by the others, Drawing on $250,000 company funds
they had built in 60 days a full-scale HRE combustor model, and
later had operated it successfully in the Daingerfield Facility at
simulated Mach 6 conditions (53). This suggested to NASA that
Garrett's engine would be easy to design, quick and inexpensive to

develop, and that the team was aggressive and competent,

The Marquardt (Ferri) engine was downgraded because of its
complex 3-dimensional flows and general lack of substantiation of
the claims made for it, including the thermal compression effect
used to avoid variable geometry, Its engineering design also

appeared inferior to the others,
Three specific flaws in the evaluation can now be cited:

l. The supposedly simple "2-dimensional" flow with wide
future applicability for which the Garrett engine received high
credit was illusory. The thick wall boundary layers, focused
shocks, and resulting separations and complex interactions in the
combustor made the actual flow virtually unanalyzable, unique to
this particular engine and undesirable from all standpoints (See
the section on test results). The generally better performance
eventually obtained with the G. E. combustor (54, 55) suggests
that it should have rated at least equal with Garrett in research
value. It is interesting to note that in the oral presentations
made by the contractors during Phase I, Ferri called attention to
the problems of the axisymmetric designs, 1including "focused
shocks," "high losses,” and "high cowl drag" - the difficulties
which actually plagued the selected design. The evaluators

unfortunately dismissed these comments as prejudiced.

2. A major flaw in the logic of the Phase I study was the
belief that it would reveal true time and costs in a situation
where the contractors had been given the government's guideline
estimates of what the time and cost should be. Furthermore, the

two contractors who agreed with the guidelines were credited with
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"responsiveness.”" The one who correctly but unpopularly estimated

large increases was penalized.

3. The direct-connected combustor model developed and tested
during Phase I for which Garrett received special credits was
actually very unfortunate in two respects. TFirst, it created a
false impression that the combustor could easily be made to work.
There is now a strong indication that part of the observed pres-
sure rise formerly credited to heat release in this early
combustor test may have been due to separation (49). 1In any event
the actual combustor development proved to be the primary problem
of HRE. Second, this exercise gave a completely false indication
of time and cost requirements. Garrett now blames their mislead-
ing experience with this model for their gross under-estimates of

the true time and costs for the actual engine,

Regardless of the foregoing questions about specific items of
the evaluation, many of the interviewees believe that a single
factor, Garrett's previous lack of experience in scramjet
aerothermodynamics was sufficient reason for disqualification.
They were doubly critical of the combination of an inexperienced
contractor and an inexperienced management group. Several believe
that the unhappy record of the HRE combustor development (to be
discussed later) was directly caused by this dual weakness,
Actually the question of Garrett's qualifications to do the job
had come up in 1965 before the Phase I study contractors had been
selected. Garrett was in fact interrogated on this matter by
Langley personnel and judged "to understand" scramjet problems
(51). The fact that Garrett was then proceeding at their own
expense with a combustor model was cited, apparently with the
inference that this actual experience would provide acceptable

qualification.

It was also suggested in the interviews that a major explora-

tory undertaking of the scope and complexity of HRE demanded the
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best national talents in each of its problem areas; a single prin-
cipal contractor choosing one or two subcontractors for business
reasons left much of the experienced prime talent of the country
unused., They believe the project should have been designed from
the outset for broad industry participation throughout the devel-

opment phase.

As can be seen, then, the concept called for in the Phase I
SOW was an aerothermodynamic (internal performance) boilerplate
research model, much more limited in scope than the advanced pro-
totype engine which would have been required to fulfill all the
objectives and claims of the original prospectus. This discrep~
ancy between what HRE was advertised to be and what it really was
continued to cause confusion and misunderstandings throughout the

life of the project.

The three particular design concepts developed in Phase I were
generally disappointing to many of the NASA evaluators., Two were
simple axisymmetric pod-type engines, The third was more
sophisticated, ©but conceptually it was the same thermal-
compression modular type already being pursued in the USAF
program, and it utilized complex flow fields which would have

required lengthy development,

The government evaluation team was inexperienced in both
scramjet technology and in jet engine development, however they
were well intentioned, well organized, and did the best they could
under the circumstances. A substantial consensus of those inter~-
viewed was found to exist on the following points of weakness in
the evaluation which are now evident in retrospect: failure to
make contractor experience in ramjets or scramjets a major item of
the evaluation; the assignment of high credits for "research
value" to Garrett's shallow annular combustor simply because its
geometry favored 2-dimensional flow, without any demerits for such

critical difficulties in the actual flow in such a design as
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reflecting strong shocks, interactions of shocks and thick bound-
ary layers, major flow separation effects, and effects of fuel
injection superimposed on the above phenomena; and penalizing as
"unresponsive" the contractor who determined that the actual costs
and time to complete Phase II would be much greater than the gov-

erament projections.

Belated Start and Stretchout of Phase I1;

Termination of the X-15

When NASA Administrator James Webb approved HRE/Phase II with
Garrett as contractor on July 11, 1966, he had every reason to
believe that it could be accomplished according to plan, However,
almost 1immediately after the start of negotiations with the
contractor, the hard realities, which up to this point apparently
no one had ferreted out, began to emerge: modifications and gov-
ernment supplied equipment (GSE) for the X-15 would cost a stag-
gering $8.7 million, millions more than expected. The contractor
could already see other large overruns; and the Project Manager
himself, only six weeks after the start of Phase II, proposed a
whopping $10 million increase, half of which was to be a contin-
gency fund for the overruns which he believed were inevitable in
an R & D program (56). These shocking new demands struck NASA
headquarters at a very inopportune time of national belt-
tightening forced by the mounting costs of the war in Viet Nam.
It was now, at last, mandatory that NASA managers start to ask the
hard questions and face up to the enormous difficulties and real
costs of developing a complex new engine for X-15 flight research.
To make matters worse, a new set of top managers generally not
favorably disposed to the X-15/HRE plan, had replaced Dryden,
Bisplinghoff, and Zimmerman. Mac Adams, a ballistic missile spe-
cialist from AVCO, had taken over from Bisplinghoff as head of
OART. Immediately below Adams and heading the Aeronautics program

was Charles W. Harper, a former Ames division head.
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Another serious blow was struck when DOD indicated its inten-
tion to discontinue its funding of the X-15 program. Since 1955,
USAF had picked up the tab for operations, vehicle alterations,
repair, and maintenance., NASA had provided only instrumentation,
experiment packages, and a large technical staff which worked with
USAF staffs in flight planning, flying the airplanes, and analyz-
ing and reporting the results. But now, in an action endorsed by
Secretary McNamara on August 6, 1965, the USAF funding plan to
upgrade the X-15 to achieve Mach 8 for HRE testing was disapproved
with the suggestion that NASA should take over X-15 funding. The
AACB (Aeronautics/Astronautics Coordinating Board) was asked to
resolve the matter (57). The Aeronautics Panel of the AACB took
up the question of extended X-15 operations and their funding
early in 1966. C. W. Harper made a good case (58) for continua-
tion of USAF funding of the X-15 on the grounds that both the HRE
and Delta Wing projects were of great value to USAF as well as to
NASA and were actually now formally agreed upon parts of the joint
national program organized in May of 1965 by the Becker/Supp
USAF/NASA team (46). A meeting of the Aeronautics Panel was held
in the Pentagon on June 13, 1966, to review this matter.
Presentations of the joint program were made by Becker, Supp, and
Clodfelter (of ASD). The HRE Project and the Delta Wing proposal
were the principal future uses of the X-15 after 1968 although a
number of lesser experiments were also advocated. After brief
discussion, the Aero Panel endorsed these programs and recommended
to AACB that a proper cost sharing formula be arrived at later
(59). The AACB, however, rejected this plan and decided in its
meeting of July 5, 1966, that NASA should assume total responsi-
bility for all X-15 costs on January 1, 1968 (60).

The withdrawal of USAF support for extending the X-15 program,
coming at the outset of Phase II, was a serious setback because it
meant that the NASA/OART Aeronautics Budget would have to be
increased by at least some $8 million per year, an enormous

increase in the funding level for hypersonic technology, and it
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was by no means certain that NASA top management would actually
accept the burden of promoting such an increase., At the same time
there was another more subtle adverse development on the USAF
side - the gradual drying up of USAF R & D funding and management
support for hypersonic technology in general and scramjet in
particular, General Schriever had been unsuccessful 1in his
attempts to obtain the ambitious funding initially planned for the
1965-1968 USAF scramjet program (on the order of
$50 million (46)).

Losing both the funds and its principal ‘top management
advocate, the USAF scramjet activity quickly started to
disintegrate. What turned out to be the final meeting of the
USAF/NASA Working Group was held at Langley on
September 21-22, 1966, to review progress in the technology pro-
grams (60). Upwards of 100 persons attended the meeting.
Ostensibly, the program was booming; but privately, Supp confided
to Becker that he was quite pessimistic, A major funding problem
had developed in the rocket boosted "Incremental" scramjet flight
program mentioned previously (45, 46). Originally projected to
cost $3.5 million, this program having been modified extensively
to obtain more elaborate data, was now estimated at some
$12 million. Furthermore, the Marquardt/GASL engine for these
flight tests was proving much more difficult and costly to develop
that originally anticipated by USAF. This engine was similar to

the one rejected by NASA in Phase I.

A review of the joint program was held by Adams and
General M. C. Demler of AFSC in January 1967, shortly before the
actual start of Phase II work. Neither agency was candid about
its problems; Becker and Supp tried to accent the positive, but
there was a generally gloomy air about the meeting. Adams asked
which flight program, HRE or Incremental, was the more cost
effective. He was given the glib non-answer that the programs

were designed for different purposes and complemented rather than
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duplicated one another. Afterwards, Becker felt obliged to write
Adams a full explanation, pointing out that Langley and HRE per-
sonnel did not really believe in the Incremental program, that it
was far more risky and less cost effective in terms of data points
per dollar than HRE, and that it was beset by cost increases and

developmental problems (61).

Coming at a time when OART funding for FY69 and '70 was lim-
ited because of the economic problems created by Viet Nam, the
projected huge increases in cost and loss of USAF support for
HRE/X-15 flights raised large questions of how to proceed with
Phase II. The question of whether to proceed seems not to have
been raised at all. That question was considered settled when the
contractor had been selected. 1In the mid-sixties cost increases
and other difficulties seemed to be normal features of this type
of R & D program, solved by going back to the public till and

stretching out the time as necessary.

The decision to initiate Phase II was slow in coming in spite
of periodic pressure to expedite matters by A, J., Evans and
N. Rekos of OART and L. Loftin and K. F. Rubert of Langley.
Langley had moved ahead in September with formal establishment of
a project office with Rubert designated as Project Manager,
B. C. Deis as Assistant for Engineering, and E. A. Mackley as
Assistant for Aerothermodynamics (62). By year's end some

12 persons had been assigned to HREPO.

The next part in this classical bureaucratic drama was played
by Hd. Wetzel, President of Garrett, who was politely impatient at
the delay in getting started: 1In a letter to Mr. Webb in December
he threatened to invoke '"pre-project costs" under a provision of
the proposed contract if delays should continue (63). This seemed
to have the desired effect because early in January, a letter came
down from Adams summarizing OART's stretchout plan (64). Phase II

was to be replaced by Phase IIA which would cover development and
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one "Pre-prototype" flight weight engine and consume approximately
the same time as previously planned for Phase II. Phase IIB would
follow and would produce six prototype engines for ground tests,
qualification for flight, and later flight tests on the X-15 in
Phase III. Only Phase ITA was approved for implementation at a
target cost of $15.6 million including fee., Phase IIB was esti-
mated at $13 million, but no estimates for Phase IIT were made,
and nothing was said about the added costs due to NASA's assump-

tion of X-15 operations funding.

Some of the implications of this stretchout can be seen from
Figure 3, which shows how the HRE schedule evolved from the four
year project plan of the original prospectus (bottom of Fig. 3) to
the final actual ll-year history (top of Fig. 3). The original
plan was in reality little more than a Parkinsonian compression of
the project into the time remaining in the X-15 program before its
scheduled termination in 1968. This schedule was actually shorter
than Marquardt's preliminary estimate for their much simpler X-15
engine (40). By the start of the Phase I studies the schedule had
already slipped 15 months solely because of the addition of real-
istic times for evaluation, source selection, and negotiation,
However, there was little concern about this slippage at the time
(May 1965) because it was beginning to be assumed that the X-15
schedule could be extended beyond 1968 as necessary. A proposal
to equip one of the X-15's with a delta wing was being promoted in
1965, providing added hope that the program would be extended,
The Phase IIA plan proposed in late 1966 contemplated a two and a
half year stretchout beyond 1968 which now assumed much graver
implications because NASA would have to provide the extended X-15

operations.
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Faced with the long stretchout, enormously increased costs,
loss of USAF support, waning interest in hypersonic technology
generally, and the prospect of austere funding for R & D in the
years ahead, NASA managers privately saw no real hope in late 1966
for completion of HRE as planned. They considered it unlikely
that the necessary costly extensions of the X-15 program under
NASA funding could ever be successfully promoted, None of the
documentation of the period explicitly states these pessimistic
views, but the interviews revealed that this unhappy outlook was
shared by all of the NASA officials involved, from Rubert on up
the line through Harper and Adams. Most of the USAF and Industry
personnel interviewed had similar pessimistic outlooks at that

time,

Why was the project not abandoned outright in view of these
gloomy prospects? A majority of those interviewed on this point
believe that HRE should have been terminated on the basis of the
facts at hand in late 1966. The general rationalization of the
NASA managers, however, seems to have been that useful scramjet
technology would be developed in Phase IIA in any case, regardless
of the final fate of the project, and since no one could say with
absolute certainty what the future of the X-15 might be, the pro-

ject was allowed to continue in the stretchout mode,

In situations of this kind where managers are under conflict-
ing pressures to save a costly troubled project from extinction on
the one hand and to reduce R & D costs on the other, one often
finds considerable obfuscation in their correspondence. Thus we
read in the Headquarters letter establishing Phase IIA (64) that
the stretchout is consistent with FY69 and '70 agency funding
policies, No mention is made, however, of the enormous prospec-
tive added costs of the stretchout; instead attention is called to
several possible (but in reality unlikely) "cost savings.” These

included: The use of the proposed Lewis Plumbrook facility for
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engine testing rather than the existing Navy OAL facility (no men-
tion of Plumbrook's development and construction costs); and
"savings" due to accomplishing X-15 modifications by Garrett
rather than by North American (in retrospect extremely
questionable). The letter even suggested that overall HRE costs

might be reduced by the new plan.

Thus, although both the plan and the outlook for completion
were now drastically different than the HRE Phase II package
approved by the Administrator in July, the general tone of this
letter to the Administrator's top assistant was optimistic, and
the really important new facts of the case were not brought into
the open., There was therefore little apparent reason for the
Administrator to reconsider his decision, and Phase IIA was
finally launched on February 3, 1967, with the signing of the con-

tract with Garrett.

In the entire seven month period of delay and revision from
July 1966 to February 1967 the most basic questions of all were
never asked by any NASA official as far as I have been able to
determine: '"With prospective program costs now at least double
the July 1966 estimate, is an X-15 flight research engine the most
cost-effective way to advance scramjet technology?", and "Is con-
tinued pursuit of such a program still justifiable in view of the
now almost certain prospect of X-15 termination in 1968?" With
these questions unanswered and without any discernible logic other
than that "technology will be developed," the project shifted into
high gear and forged ahead for some ten months, when as expected,
NASA decided definitely to abandon the X-15 program in 1968 when
USAF support would dry up.

It will prove worthwhile at this point to discuas the termina-
tion of the X-15 and its impact in some detail. Much of the
information was obtained from the interviews and is not well

documented. Paul F. Bikle, Director of Flight Research Center,
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had long believed that any extended operation of the X-15 pProgram
beyond achievement of its original objectives was unwise and hard
to justify in view of the high cost and risk involved. As early
as 1961 he had put forward this view and suggested 1964 as a
desirable termination date (65). When the X-15-2 airplane was
seriously damaged in a landing accident in 1962, he had argued on
these grounds for minimal repairs rather than modifications for
propulsion testing (36). As time went on he felt that continued
extensions were becoming harder to justify, and he personally had
strong doubts that either the Delta Wing or the HRE would ever
reach flight status on an X-15. 1In spite of these personal mis-
givings Bikle went along with the party line, supporting the X-15
extensions in his public statements (66). C. W. Harper had also
continued to work on behalf of the X-15/HRE plan, Following a
good deal of staff work with USAF and DOD he had succeeded by mid
1967 in obtaining a new Memo of Understanding between NASA and DOD
to supplant the previous USAF/NASA/Navy Memo of Agreement which
had stood since 1955 as a guide to X-15 operations (67). The new
memo reestablished USAF responsibility for X-15 operations costs,
and specific other responsibilities of the two agencies were
spelled out in detail. All of the agreements, however, were sub-
ject to the ominous proviso, "funds permitting." To most NASA
managers this meant that NASA would still have to face up to total

funding of X-15 operations.

Harper and Adams in the fall of 1967 made what was in effect a
last ditch effort to find funds for extending the X-15 program.
They solicited the help of the NASA Office of Manned Spaceflight
on the grounds that both the HRE and the Delta Wing projects would
produce new technology for an advanced Space Shuttle. The attenmpt
failed, however, because OMSF was in trouble promoting the present
rocket shuttle concepts and did not want to add to their problems
by supporting an attractive-sounding alternative. Ink was hardly
dry on the new agreement when a tragic accident occurred which

quickly eliminated any remaining question of an extension of the
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X-15 program, In November the third X-15 crashed killing its
pilot. Although the program could have been extended indefinitely
with the two remaining aircraft, this accident underscored Bikle's
views on the risks and high costs of program extensions. 1In the
discussions following the accident Bikle also convincingly specu-
lated on the enormous costs of a real HRE flight program involving
years of delay 1in getting started, malfunctions, repairs,
modifications, etc. Both NASA and USAF decided in December of

1967 to cancel all plans for extending the program beyond 1968. *

Because it had long been anticipated, the actual demise of the
X-15 part of the program seems to have caused only minor distress
in the Project Office. They suggested that the X-15 had served a
very useful purpose by imposing '"real" design requirements for the
engine, and they surmised that some "90 percent" of the program
objectives would be obtained without Phase III. By this time
about half of the Phase IIA Contract funds had been firmly commit-
ted and virtually all of this large investment would be lost if
the project were terminated. 1In addition, there would be sizable
other costs associated with closing the project. These were
uncertain, but Langley's speculative estimates suggested that a
major part of the remaining uncommitted contract funds might also
be sacrificed. It was this unhappy prospect that convinced Rekos
and Evans that HRE should be continued as a ground-based program.
OART therefore hastily altered its budget presentations for OMB
and Congress in January of 1968 to show HRE testing at Lewis

(Plumbrook); loss of the X-15 flight test phase was not discussed.

Rubert journeyed to Garrett early in 1968 to institute work
stoppages on the X-15 modifications and other items relating to
flight testing. These turned out to be relatively minor, amount-
ing to only about $300 thousand (68). It is important to note,

however, that work on the flight engine subsystems including the

*See Hallion, On The Frontier, p. 125, for further details,
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structures, fuel, and control systems was not stopped, The
rationale here was that these systems should be completed to
achieve a "realistic" engine capable of flight testing even though
it was now destined only for the wind tunnels. And thus was HRE
adroitly decoupled from the X-15 which gave it birth and left to
make its own way, apparently unchanged but actually now stripped

of its glamour and its principal reason to exist.

And so it was that early in the negotiations for the Phase II
contract the specious nature of the "confirmations" of HRE costs
and schedules in Phase I became apparent, and the hard realities,
both technical and fiscal, started to emerge. Faced with the
dilemma of burgeoning costs in a time of restricted R & D funds,
OART decided on a stretched out schedule to meet funding rate
limitations, then estimated to add some two and a half years to
the procurement time, Although the contractor's estimates and
other data showed conclusively that the new schedule would eventu-
ally add an enormous increment to project costs, the OART document
setting up the changed plan spoke only of dubious areas of

"saving."

Privately NASA managers now held little hope that the
X-15/HRE flight phase would ever occur, but nevertheless, they
permitted Phase ITA to start with X-15 flights still the
objective. Ten months later the X-15 was definitely marked for
termination in 1968 and HRE was then skillfully and quickly
decoupled from the flight program with no change in the engine
itself. It was argued that the X-15 had served usefully by impos—
ing realistic design requirements on HRE and that "90 percent" of
the objectives could now be realized by wind tunnel tests of the

engine,



CHAPTER II
DEVELOPMENT AND TESTING

Reorientation

HRE had survived the loss of the X-15 flight phase by only a
few months when mounting cost and schedule overruns and other
problems in Phase IIA forced abandonment of the original plan to
develop and test a complete hydrogen burning engine. Notification
of the first overrun ($2 million) had been made in November 1967
(69), and even before this was processed Garrett notified NASA of
a second (%3 million) overrun. Both were additional to the cost
and time 1increases that had been negotiated when Phase ITIA was
started. Confronted with the discouraging prospect of raising at
least $5 million more in a time of fiscal austerity for an
emasculated ex-flight project, OART was forced at long last in the
summer of 1968 to call for a comprehensive review of HRE and

discussion of its future course.

Significantly, and following past practice 1in  such
situations, OART and Center managers placed the responsibility for
critical review and analysis of alternatives in the hands of the
HRE Project Office. No attempt was made to obtain the services or
opinions of specialists free from emotional ties to the project.
Thus it behooved Rubert, Mackley, and Deis to come up with
justifications so strong that the project could continue with
increased funding, or to define alternative plans of reduced scope
and cost. They spent the better part of three months evolving the

following possibilities:

Qutright Cancellation. ©Project Offices are not likely to

recommend their own liquidation and the HRE group rejected this

out of hand--because, they said, virtually the entire contractual
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investment up to that time (about $10 million) would be lost with

little to show as useful accomplishment.,

Reduced Scope to Limited Technology Objectives with no

Funding Increase. This was also vigorously rejected. It would

mean, they said, attaining aerothermodynamic test data only from
"the boilerplate engine, in which the true thermodynamic
enviromment cannot be properly simulated. This is the fundamental
weakness of all other (previous) hypersonic propulsion
investigations.”(70). Staying within the approved 18.1 million
contract limit would mean, they said, testing only the boilerplate
test model plus two selected structural components. (This turned
out to be a gross underestimate of what was actually possible,
explainable only in part by their assumption that some additional

funds would be expended to conclude the subsystem development.)

Expenditure Deferral Plan., This was the plan desired by the

Project Office. Although its title diplomatically implied only a
stretchout (to 1972) the plan also called for an additional
$12.6 million to cover all the then anticipated cost increases.
As seen in Figure 4, 1in this plan the Phase IIA costs were
increased as needed, and Phase IIB costs were reduced by reducing

the number of engines to three,

A More Limited Deferral Plan. This was similar to the above

except that the test engines would be built with the Phase I
contours, saving in tooling and development costs about
$3.7 million. Loftin favored this plan but Rubert was much
opposed to it because it might mean somewhat poorer internal

thrust performance than for the Phase IIA design.

Ignoring the loss of the X-15 flights as a thing of the past
the HRE advocates spoke easily of "achieving all objectives" with

the expenditure deferral plan, Nor was the wunhappy contrast

mentioned between the actual achievement by mid 1968 (Phase IIA

about 30 percent complete) and the original plan in which half of
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the engine flight test program was to have been finished by this
time. The large cost and time overruns were conveniently

dismissed as "the characteristic stamp of R&D undertakings.”

A. J. Evans and N. Rekos of the Aeronautics Program Office in
OART supported the increased funding. C. W. Harper's position was
in effect neutral; however, he agreed to carry the matter to the
head of OART, James W. Beggs, who had recently replaced Adams,
New to the job, Beggs assigned responsibility for the HRE decision
to his deputy B. Lundin, formerly of Lewis and soon to become
director of Lewis on Silverstein's retirement. Lundin exhibited
the traditional Lewis lack of interest in hypersonics and any
propulsion R&D pursued by the non-propulsion Centers. When they
learned that the thrust-minus-drag characteristic of HRE was near
zero, the Lewis hierarchy became quite negative towards the
project, This characteristic, which followed from the overriding
emphasis placed on internal performance in HRE, arose repeatedly
in the ensuing years to plague the project. A research engine
with near-zero stoichiometric net thrust is not unlike a research
airplane that cannot fly. The protestations of the HRE group on
this point to the effect that external drag is a separate problem

had a hollow ring.

The withdrawal of USAF support for scramjet was a deterrent
to OART approvals of any HRE fund increases because traditionally
the easiest way for NASA to obtain support in Congress was to say
a need existed in USAF or the Industry. The three systems studies
started by USAF in 1965 to seek impressive scramjet applications
had been completed with indifferent results (71, 72, 73). All
three listed many possibilities but few new ones, and DOD

strategists now playing Viet Nam war games were not interested.

The shift of research interest at Langley to an entirely
different type of scramjet also contributed to the softening of

OART support, Applying their growing understanding of scramjets,
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Langley propulsion engineers were now well along on a design in
which the vices of HRE (high drag, high internal friction and
coolant requirement, major shock and viscous interactions in the
combustor) could apparently be eliminated, This work (74) had
been started by Becker in 1967 with establishment of a contractual
study at Bell Aero systems to determine feasibility and
practicality of active airframe cooling using the excess fuel heat
sink not required for engine cooling. The favorable results of
this study (75) lent encouragement to the development of a low-
friction low-coolant engine design, the principles of which were

first stated and applied by J. R. Henry and S. 2. Pinckney (74).

Under this threatening cloud the HRE group traveled to
Washington to plead their case on August 13, 1968, aware that they
faced an uncertain future, Rereading their arguments now reveals
a sense of desperation (70). Lundin and Harper listened
patiently, but it was obvious that their minds had been made up
earlier and that there was no hope for increased funds. Lundin's
preference was to disband the project and continue to pursue the
technology in the general research program at a yearly funding
level of perhaps $3 million. This is the course which many of
those interviewed think should have been taken. At the time,
however, Lundin put the idea forward simply as a suggestion. It
served to emphasize to the Project personnel that their only hope
of survival 1lay 1in accepting reorientation to the 1limited

technology goals plan (76). Lundin advocated completing the

combustor development, and testing the boilerplate engine in the
Lewis Plumbrook HTF facility rather than in the Navy Daingerfield

facility as previously planned,

Although they were still in business, Rubert and his aides
had lost their battle to save the HRE complete-engine development

plan., They retained their Project organization, but their goal
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now had been reduced to procurement and testing of an
aerothermodynamic boilerplate wind tunnel test model and two
selected structural test samples--functions usvally carried out by
straight-forward non-project methods in the general research
program, It was a dejected group which picked up its charts and
headed back to Langley. Evans and Rekos however, knew how close
to termination HRE had come, and they were satisfied to see it

still alive.

Immediately following the decision of August 13 to reorient,
the contractor was directed to terminate his efforts in some
eighteen areas of work (76), including the fuel and control
subsystems for the flight-weight engines which had been partially
completed. Terminal summary reports in these areas were
authorized to salvage as much as possible for the record. It has
been customary in most presentations of HRE results to display
specimens and photographs of this partially complete subsystem
hardware, particularly for the hydrogen cooling .and fuel systems
designed to be commanded by a digital camputef. A total of about
$4 million was spent on these systeﬁs up to the time they were
discontinued in 1968. A turbine-driven pump for the liquid
hydrogen fuel and high-temperature hydrogen valves controlling the
fuel flow to the injectors were probably the most advanced items
partially developed. The opinions on this part of the project of
the individuals interviewed who were best qualified to judge was
that these components in themselves did not represent especially
significant advances in technology. However, the fact that the

whole system had reached obstacles to success was thought to be

important,

There was no question after the August 13 decision that the
two-dimensional combustor development and the aerothermodynamic
boilerplate engine program should be continued and planning for
installation of this engine in the Lewis Plumbrook Facility were

started at once., Previous plans for testing this engine in the
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OAL Daingerfield facility were voided with finality by the Navy's
decision to close down this facility, Daingerfield had virtually
no business left except the planned HRE tests which in themselves

did not justify the high cost of keeping the facility alive,

The Lewis Plumbrook hypersonic test facility ("HTF") had been
conceived and promoted by E. Lezberg and his research group at
Lewis, starting a year or two before HRE. It was basically a plan
to make use of a large available nitrogen heater which had been
originally constructed at Plumbrook for the discontinued nuclear
rocket program, By adding oxygen to the hot nitrogen, synthetic
hot air having Mach 7 total temperature could be generated, To
extend the simulation to about Mach 9, Lezberg proposed the
decomposition of nitrous oxide as a supplement to the heater but
this mode of operation was never developed. HRE provided an
application for the HTF, without which it probably would not have
been built. 1Its construction schedule was too slow for all of the
initial HRE testing requirements, but with the reorientation this

problem disappeared,

In the regeneratively-cooled structures technology area the
question of how to proceed after the reorientation was less clear,
The established HRE plan had been to test some of the full-scale
structural components of the engine in the North American high
enthalpy facility, some in OAL Daingerfield, and the complete
preprototype engine in Lewis/Plumbrook, Increasing difficulties
with the North American testing, termination of the Daingerfield
facility, and elimination of the preprototype engine obviously
called for new planning. During the fall of 1968 the Contractor
proposed that a simplified version of the Phase 1 "preprototype"
engine, in which the entire regeneratively-cooled structure would
be correctly represented, should be assembled for structural
demonstration tests., Wherever possible components already
existing or under fabrication would be employed. The flight

weight fuel and control systems would not be used and no
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combustion would be present. Combustor temperatures crudely
approaching those with combustion would be simulated by using
reduced rates of coolant flow. The tests would be made in
Langley's eight-foot High Temperature Structures Tunnel at Mach 7
conditions because the Plumbrook facility, lagging in procurement,
was now committed to the aerothermodynamic tests., Langley was
enthusiastic about this scheme and baptized it with the acronym
"SAM," for Structures Assembly Model. At the same time, following
a suggestion of E. A. Mackley, the Aerothermodynamic Integration
Model was dubbed "AIM,™ A new schedule appeared (Figure 4)
calling for the "AIM" and "SAM" tests in the fall of 1970 (77).
Changes in the project work statement in accord with these

reorientation plans did not appear until September 5, 1969 (78).

After the AIM/SAM approach had been adopted and was well
under way, a formal unsolicited proposal was received from the
contractor (79) for a $7 million follow-on program which was
essentially a costly regeneration of the complete preprototype
flight-weight engine originally planned as the climax of
Phase ITA. It will be recalled that the inlet and duct lines of
this engine were to be those of the Phase I design, (not the
finalized lines to be used in AIM). Structural components would
be the same as those of SAM. Thus the name "HOT SAM" suggested
itself for the follow-on proposal. Rubert estimated the cost of
the proposal might be reduced to about $4.4 million by using
AIM/SAM wind-tunnel-type fuel and control systems rather than the
more costly flight-type systems suggested by the contractor.
There was little possibility of promoting such a follow-on in the
indifferent climate which now prevailed towards hypersonic
research in USAF and NASA managements, even the $4 million

version,

Actually, the same basic scheme as "HOT SAM" was one of the
alternative plans rejected by the Project Office prior to the

meeting with Lundin, Rubert being adamantly opposed to performance
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testing with the Phase I duct contours. In retrospect it is not
at all clear that the Phase I shapes would have produced inferior
performance (80). Hot testing with both correct wall temperatures
and heating rates would have added realism over the partial
simulations of AIM and SAM (see the subsequent sections on SAM and
AIM), and it seems probably now that "HOT SAM" would have been
cheaper than AIM/SAM (80). One must remember, however, that it
was expected in 1968 that the two-dimensional combustor
development would achieve improved duct shapes and performance
levels, a hope which did not actually materialize. Still it is
regrettable that the HOT SAM option was not put forth for full

detailed consideration at the reorientation meeting,

All of the interviewees were asked for their opinions of the
reorientation, Aside from those closely connected with the
project and contractor's offices who generally defended AIM/SAM,
nearly all felt that HRE should have been terminated outright
either at the ending of the X-15 program or at the Lundin review
in August 1968. A few suggested that the SAM program only should
have been pursued, The commonly expressed view was that key
issues as highlighted by the HRE experience up to the fall of 1968
should have been made the subject of individual follow-on focused

technology programs.

Thus, as the realities of the HRE undertaking continued to
emerge, cost overruns for Phase IIA mounting to $5 million by the
spring of 1968 together with dwindling support for hypersonics
forced a major reorientation of the project. All plans to
construct and test a complete hydrogen-burning flight-weight
scramjet engine were abandoned and a technology program using the
techniques of partial simulation was substituted. A boilerplate
wind tunnel performance test model (AIM) having the desired
finalized duct 1lines (but lacking in simulation of wall
temperatures and heat transfers), plus a non-burning structural

demonstration model (SAM) for hot wind tunnel testing at Mach 7
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were selected by the Project Office for the technology program,
By  Thindsight, a '"HOT SAM" alternative to the selected
AIM/non-burning-SAM approach now appears feasible and attractive.
Those interviewed tended to agree that after years of
disappointing progress and loss of the flight phase the project
should have been terminated--either at the demise of the X-15 or
at the reorientation. By asking the Project Office to recommend
alternatives, it was a foregone conclusion that the original image
of the project would be preserved as far as possible as it was in
AIM and SAM. It is now widely believed that a general research
program focused on the problems highlighted by HRE but not slaved
to the HRE concept itself would have been more productive and less

costly,
SAM

The SAM developments and Mach 7 demonstrations are almost
universally considered to be HRE's finest contributions., 1In this
section we will examine the reasons behind this accomplishment,
recalling that the Statement of Work contained no requirement for
structural development other than the prohibition of internal
ablating materials, The weight limits 1imposed by the X-15
provided the main incentive for a sophisticated structure.
Garrett had had outstanding prior experience with design and
fabrication of cryogenic heat exchanges, most of which was
directly applicable, and it followed naturally that they should

pursue a regeneratively cooled structure for HRE.

The detailed account of the successful solution of the many
difficult structural problems of HRE (81) reveals clearly how the
contractor brought to bear a strong background of experience., The
time and the technology were indeed right to build and demonstrate

a complete variable-geometry engine structure.

Some idea of the difficult problems faced and solved by the

SAM designers can be had from the following brief summary:
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Design, precise fabrication, and testing of actively-
cooled panels free of surface discontinuities and
coolant passage obstructions, tolerant of non-uniform
heating, and capable of stable operation inm parallel
circuits

Design of actively-cooled cowl leading edge 0.03 inches
in diameter, capable of  heat fluxes up to
1800 BTU/ft2sec, and tolerant of foreign object damage

Development of integral coolant manifolds and shell
stiffeners which reduce weight and thermal stress

Development of four-step brazing, testing and inspection

procedures for shell assemblies,

The original plan had been to test the various structural
components separately in hot airstreams and then to test the
complex preprototype engine with combustion in Lewis/Plumbrook
until a major failure occurred, hopefully not complete destruction
of the engine. When it became necessary to reorient the program,
and use the Langley eight-foot High Temperature Structures Tunnel
for the structural testing, combustion had to be eliminated
because the test gas in this facility is largely vitiated and
there is no oxygen replenishment system. A single stage of the
fuel injections was provided, however, to establish 1local
interference heating near the fuel jets. SAM was assembled from
the components to have been wused for the preprototype. A
rudimentary control system was used in which manually preset
valves established the relative flow rates to five circuits in the
engine. A single fuel dump valve, modulated by selected
temperature sensors, controlled the total flow to the system. (In
a flight system, of course, each circuit would be individually
modulated by its own temperature sensor). The valves controlling
flow to the combustor and nozzle areas were set s0 as to produce
average initial temperatures crudely simulating those expected for

Mach 8 design conditions with actual combustion.

The eight-foot Hot Structures Tunnel was a relatively new

facility which had never been used for the kind of repetitive
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testing necessary for SAM. * The tunnel combustion heater and
throat sections were the source of many costly delays. A total of
55 test runs (30 minutes of exposure) were made at total
temperatures up to 3400 degrees R and total pressures up to
224 atmospheres (dynamic pressures up to 0.94 atmospheres).
Approximately half of the design fatigue life of the engine was
consumed without any evidence of failure due to thermal cycling
(it was impractical to test the structure to its full design
life). The serviceability of the SAM plate-fin cooled structure
was convincingly demonstrated even when foreign object damage
occurred at the leading edge. The structure and cooling system

were tolerant of large local heating non-uniformities.

In describing the HRE accomplishments Project personnel have
sometimes used language which implies more significance to SAM
than is really deserved, for example, "The SAM tests have proved
the overall successful design of a hydrogen-cooled flight-weight
engine structure for hypersonic flight to Mach 8."(82). Perhaps
so, if the mission can be satisfied with an engine capable of only
100 cycles of operation which is the thermal cycle design limit
for HRE. Oone of the principal results of the HRE structural
development, 1in fact, was bringing into sharp focus the
fundamental problem of thermal fatigue for cooled double wall
hypersonic structures. The cause of the difficulty is "creep,"” or
plastic deformation of the hot surface which in HRE was as much as
1000 degrees F hotter than the thicker relatively cold 1inside
wall, When the entire shell cools down after operation a tension
stress 1s thus left in the previously "hot" surface causing
compression in the 1inside surface and associated distortions.
With each additional cycle these stresses are increased, and the

name "thermal ratcheting" has aptly been applied to the process,

#See the Foreword to Volume I for a brief discussion of this
high-temperature facility,
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Reducing the temperature difference between the cold and hot
surfaces will obviously reduce this thermal fatigue problem.
However, if we attempt to achieve fatigue limits of the order of
10,000 cycles as might be needed for, say, a hypersonic transport,
we find that such a goal is well beyond present capabilities (83).
This problem had been encountered prior to HRE, but the SAM
experience emphasized its importance and provided verification of

the design and analysis procedures,

Another limitation of SAM played down 1in the Project
literature is the absence of actual combustion effects, The
contractor's own assessment of this deficiency given in his
rejected proposal for "HOT SAM" lists the following "shortcomings™

of SAM (79):

The lack of the high heat fluxes that would exist in the
combustor and nozzle with actual combustion and the
corresponding absence of gas-side heat transfer data.

Lack of actual flow field, shock structures, and local
hot spots that would exist with combustion.

Lack of effects of thermal transients on structural
fatigue of components of widely varying mass such as
manifold/support rings, shells, etc.

Clearly, a fuel-burning structural test engine such as "HOT

SAM" could have provided much more valuable data and a more

convincing demonstration than was achieved with SAM.

Generally judged to be the premier contribution of HRE to
scramjet technology, the development and test demonstrations of
SAM in a severe Mach 7 environment successfully validated the
first complete flight-type regeneratively codled scramjet
structure. Major challenges remain to extend the thermal cycle
life of this type of structure and to evaluate the effects of
combustion. Underlying the SAM successes was the Contractor's
solid background of previous design and structural fabrication

experience with cryogenic heat exchangers and turbo-jet engines.
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Thus he was uniformly successful in solving the many difficult
problems faced in HRE. The technology was ready and a skillful

practitioner applied it intelligently.
AIM

When HRE was reoriented in 1968 the boilerplate performance
engine test program was greatly elevated in importance, becoming
the primary remaining effort. In contrast to the highly
successful SAM the AIM program was at best only marginally
successful in spite of the enormous resources expended on it.
There is a great deal to be learned from the AIM story and we will
look first at the development of the inlet, combustor, and nozzle

components:

Inlet Development: The "non-requirement" for low drag and high

net thrust was a significant factor in AIM design, encouraging the
use of higher-than-normal external compression. Specific
requirements called for inlet "starting" at Mach 4 to deliver high
mass flow and contraction ratios increasing from 6 at Mach 4 to 14
at Mach 8 - needed to achieve the high specific impulses hoped
for. At Mach 8 the air in this design is compressed to a thin
annulus of about 0.35 inches in depth at the throat. The throat
is about half filled with boundary layer on the spike side and on
the cowl side the total pressure is depleted by the strong cowl
lip shock, a significantly stronger shock than would occur on a
low-drag cowl. Thus, although the inlet met its design
requirements in terms of pressure and mass flow, it presented the
combustor with a formidable complexity of boundary layers,

reflecting strong shocks, and their interaction effects.

Preliminary tests of a 1/3 scale model of the inlet started
by the contractor during Phase I resulted in failure to achieve
starting at Mach 4, and Rubert subsequently requested help from
Center specialists in solving this problem. It was found

eventually that the boundary-layer thinning effect of heat flux to
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the cooled spike wall had a favorable effect on the starting
problem (86). This was the first major supersonic inlet
development in which wall-cooling had to be properly simulated in

order to obtain valid test results.

Previous extensive experience with axisymmetric inlets and
Billig's two-dimensional work (87) suggested that for the high
contraction ratios and pressure rises found in the AIM inlet
boundary layer bleed would be needed to avoid major £low
separations and associated losses, Accordingly, the 2/3 scale
test model of the finalized inlet design developed by
subcontractor Lockheed/California included provisions for bleed.
Also included were variable geometry and provisions for internal
cooling with cold nitrogen gas. The tests of this elaborate and
very costly model verified starting at Mach 4, provided the wall
was cooled to design temperature ratios, and established the other
flow field and performance data for the final inlet design (88).
With wall cooling, the performance was judged acceptable without
boundary layer bleed, and it was therefore possible to eliminate
bleed from the design of the AIM 1inlet, a very important
simplification of the HRE.

An important series of tests of the 2/3-scale model was made
with helium injection to simulate the effects of fuel injection
and combustion near the throat, The results indicated that 1inlet
unstart occurred when the pressure at the throat was increased by
a factor of about 2 1/2 due to this simulated injection and
burning, corresponding to a ¢ burned of only about 0.38 at Mach 6.
This was the basis for the use of downstream or "staged" fuel
injection at Mach 6--to add the additional fuel needed for
stoichiometric combustion without unstarting the inlet. It 1is
important to note however, that only a small increase in throat
Mach number would probably allow ¢ = 1 conditions for the throat
injectors., At Mach 8 where the average inlet Mach number was

about 2.8 for example, ¢ = 1 conditions did not unstart the inlet
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as they did for Mach 6 where the inlet Mach number was about 2.,5.
It follows that with some relatively minor redesign, reduced
external compression, for example, the Mach 6 case might have
avoided staged combustion entirely. In view of the great
difficulties discussed later for the Mach 6 staged design, it
seems unfortunate that this approach was not evaluated. This
possible solution of the Mach 6 problem must be regarded as
tentative because inlet Mach number may not be the only dominant
parameter; the effects of 1local Reynolds number, velocity, and
ratio of stream energy to heat energy added should also be

considered.,

Center researchers now regard the AIM inlet as configured to
meet such a special set of requiremeats (including closure during
acceleration of the X-15) that it will probably find no actual

applications (89).

Combustor Development: Both the Contractor and the Project Office

were confident that the combustor development would be simple and
quick. On his first attempt with the direct-connected combustor
in Phase 1 (53) Garrett had obtained what appeared to be good
combustion, As late as August 1968 the Project Office was still
totally optimistic, stating in its review for Lundin (70) that the

Phase I results had:
"supported mixing analyses"
"demonstrated the effectiveness of the design"
"proved step-less sub- and supersonic combustion"
"demonstrated mode transition by fuel control"
"highlighted effects of surface roughness"

Considering the pressures of the August 1968 meeting we can

forgive these now painfully obvious exaggerations (project
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personnel now believe that flow-separation rather than heat
release caused part of the pressure rises in the Phase I tests).
In any event the HRE team was so confident initially, that only
$191 thousand was allocated to the two-dimensional combustor
program. The Contractor's selection of a relatively inexperienced
sub-contractor, North American Rockwell, with a small relatively
undeveloped test facility, to conduct the combustor program is

further evidence of how the problem was being underestimated.

Two-dimensional combustor models for direct-connected testing
were designed to cover a wide range of variables., Misleadingly
called '"true scale," these models were not actual representations
of the AIM design although their throat depth of 1/Z inch was
typical of AIM. Another deficiency in these tests was the absence
of the correct inlet conditions to the combustor. 1In particular
the strong shock from the cowl lip was not present. Plate-fin
construction was used to ©provide correct wall-to-stream
temperature ratios. Procurement of these elaborate models took
much longer than expected and it was not until almost two years
after the start of Phase ITA that they were ready. Unfortunately,
the tunnel heater would not operate properly at the very low mass
flows of these models and additional months of delay occurred
while the facility was being modified. Almost as much time was
spent on the facility as on the combustor tests in this program
but finally a picture of the combustor problems began to emerge,

problems for which there were no ready solutions,

It is necessary at this point to review the design of the AIM
combustor. One would naturally expect in a research venture of
this magnitude and importance that a straightforward unified
account of the combustor design assumptions and compromises,
second order refined theoretical flow parameter calculations, and
test data employed would be a prominent highlight of the project
literature =-- but not so. There are several general qualitative

descriptions showing, for example, which injector rows are to be
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used for different flight speeds (82), but there is no
quantitative information on predicted heat release schedules,
pressure distributions, Mach number distributions, and the like.
Early in Phase IIA a first attempt at such calculations using one-
dimensional flow assumptions was made for the preliminary duct
lines in order to provide approximate pressure data for structural
design (90, 91). But nothing even this approximate can be found
for the final lines, and the project literature for the AIM
combustor results does not show any theoretically expected flows
for comparison with the test data. Therefore, in the following
description of the combustor design it has been necessary to glean
bits and pieces of information from several reports and from the

discussions and interviews.

The HRE designers followed generally the guidance originally
provided by the Weber and Mackay study (11) which suggested
selecting an area development in which the combustor Mach number
was depressed to about 1 at the combustor exit for stoichiometric
heat release. Obviously Mach 1 is by definition the lower limit
for true "supersonic" combustion, and thermal choking would occur
if more heat were added in uniform duct flow beyond this point,
To provide a small margin, an exit Mach number 1.3 was used in the
preliminary Mach 8 design (91). This design situation for Mach 8
is illustrated on the top line of figure 5. General verification
of kinetic and mixing calculations showing that stoichiometric
burning could be achieved in the seven inch combustor length was
obtained in the two-dimensional testing (92). The remaining
17 inches of combustor length for the Mach 8 case penalizes Mach 8
performance and is useless except that it fulfills part of the

nozzle function.

AIM was never operated at Mach 8, and we are therefore more
interested in Mach 6 where valid testing was accomplished for
comparison with the design intentions. As previously indicated

only a minor fraction of the stoichiometric fuel flow could be
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injected in the first rows; the design value of 0.25 is shown in
Figure 5, for which it is presumed a slightly supersonic flow
would be maintained at the seven inch station., With the remaining
fuel injected at this station the condition g~ 1.0 would be
reached by the end of the supersonic combustor at a design Mach
number of roughly 1.6. This is somewhat higher than the value 1.3
mentioned earlier because the area ratios were arbitrarily
increased to allow for possible flow separations (91, 92). The
expected pressure distribution for Mach 6 would thus be a sharp
rise in the first few inches, and a second large rise downstream
of the second rows of injectors. These effects would be
superimposed on and would interact with the effects of the strong
reflecting shock from the cowl 1lip. Unfortunately, as stated
previously, no prediction of the pressure distributions is
available from the project literature--either derived from

calculation or from the two-dimensional tests.

The "subsonic" combustor design was seriously compromised to
favor the Mach 6 supersonic combustor, Only a five percent
contraction was allowed to insure that choking at the exit would
not occur for the supersonic combustion case. This meant that the
inlet Mach number for the subsonic combustion mode would have to
be about 0.8 or much higher than desired for efficient subsonic
design. At Mach 6 this geometry required a strong normal shock
far downstream of the inlet throat, with attendant high losses.
At Mach 4 the matching is better (shock nearer the throat) but
burning at Mach 0.8 - 1.0 is still required. Thus for each flight
speed and type of ©burning the HRE combustor 1incorporated

compromises which left much to be desired.

Returning now to the two-dimensional 'true-scale" test
programs we must note first that it had been so long delayed that

the AIM combustor design had been nominally "frozen" some months
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prior to start of the "true-scale" tests, on the strength of hopes
that these tests might not dictate any major changes,
Unfortunately, the tests revealed a grave problem for which no
solution had been found in the two-dimensional program: Efficient
combustion of the fuel injected in the second-stage rows could not
be obtained with any combination of the design variables tested;
the results indicated efficiencies ranging from only

10-50 percent.

This came as an unwelcome surprise to the HRE team, but
hurried calls to the losing HRE contractors and other specialists
revealed that similar problems with combustion in divarging
channels had been noted previously by G.E., Marquardt, APL, and by
Cookson in England, There was, however, no generally accepted
explanation. Rinetic quenching was the theory favored by Garrett,
and this effect would have been aggravated by the water vapor
present in the North American facility. The other explanation
favored by the Project Office suggested that the mixing action
needed for good combustion was inhibited in the falling pressure
of the diverging duct, They postulated that moving the second
stage injectors forward into the region of reduced divergence

would eliminate the effect,

A major meeting to debate the matter was held at the
Contractor's plant on September 29 and 30, 1969. Breaking the
precedent so far set for this project, Rubert approved the
Contractor's suggestion to hire a consultant, Dr. J. W, Shetz
formerly of GASL and then of VPI/SU. To acquire an up-to-date
background Shetz call wupon Dr. Fred §. Billig, the leading
scramjet combustion specialist in the Navy program., Billig had
recently completed an analysis of hydrogen combustor design, a
major part of which had been funded by NASA with J. Henry of
Langley as monitor. Billig felt that HRE had neglected to make
use of this work in their combustor design, rather illogically

since much of it had been NASA-sponsored (95). He had not been
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called upon by HRE to participate in any way, and now his brains
were being picked by Shetz, indirectly for the benefit of HRE.
Billig was understandably unhappy, especially because his previous
offers of help to HRE had not been accepted by them. In checking
on this matter I found that some of Billig's progress reports on
the NASA-sponsored work had been sent to HRE and probably were
forwarded to the Contractor. However, there is no evidence they
were used. Ames Research Center personnel also expressed interest
in visiting the Contractor to learn how they could help in this
problem but their request was denied by the Project Office, which
stated that any flow of information to or from the Contractor
would have to come through the Project Office. Ames support of

HRE quickly deteriorated after this event,

Actually the September meeting turned up no new ideas. There
was general agreement that two additional rows of injectors should
be added to the AIM combustor just upstream of the existing second
stage TrToOwS. Rubert proposed also that the two-dimensional test
program be terminated and that it be left to AIM "to resolve the
problem'" in its tests in Plumbrook (96). The Contractor protested
this course as being much too risky and he proposed two optional
approaches both of which involved continuation of the two-
dimensional testing, delaying AIM as necessary until a
satisfactory design was demonstrated (97). His proposals were
rejected on the grounds that excessive time and funds had already
been used up in the poorly executed two-dimensional program
($2 million or ten times the original budget figure), and
furthermore the vitiated flow and other problems of the two-
dimensional testing were questioned. Rubert felt that only the

complete engine test in Plumbrook would provide truly valid data.

By hindsight this decision to terminate the simple two-
dimensional testing and utilize a complex, inflexible, unproven,
complete engine to resolve a basic problem appears clearly to be a

violation of well established R&D practice and one of the pivotal
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mistakes of the project. If this had been a general research
operation instead of a Project with an engine model to build and
time schedules to meet, unquestionably the two-dimensional work
would have been continued before any commitment to a complete

engine model was made.

During the ensuing two years some support for the "mixing"
theory of the diverging-duct combustion problem was forthcoming
from tests made at UARL with USAF cooperation (98), and from the
Contractor's analyses of the "true-scale" data including both
mixing and kinetic considerations (99). Neither of these,
however, in any way obviated the basic need for further two-
dimensional testing of the AIM combustor prior to commitment to

the complete model.

Nozzle Development: Several of the interviewees pointed out that

the AIM nozzle could have been improved by variable geometry,
increased expansion and skirt length, and refined contours. These
views seem to be at odds with the HRE literature covering the
nozzle which refers to it usually as an "optimized" design (70).
The discrepancy lies largely in semantics. The Project Office
used the word "optimized" to mean "best compromise with fixed
geometry" for performance through the HRE speed range. The
compromises involved both aerodynamics and structures, for example
the use of a conical rather than cusped shape for the nozzle
innerbody, Cooled-wall aerodynamic testing of the 1/3 scale model
of the nozzle was completed without incident and the desired
performance levels were obtained. This was the only major
component for which aerodynamic development cost remained within

the budget estimates (Section 15).

AIM Structure and Fabrication: 1In the original project planning

it was essential to use a water-cooled boilerplate structure for
AIM because fabrication had to start prior to completion of the

flight-weight structural developments, Retention of this approach
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was more or less automatic after considerations of the
preprototype engine were ruled out in the reorientation decisions.
The Project Office liked the thick metal walls of the boilerplate
for another reason - they might conceivably be re-machined to
provide small but important changes in the duct contours if this

should be found desirable,

AIM proved far more difficult to design and fabricate than
the Phase I boilerplate combustor model. It was a much more
complex shape with inlet spike, leading edges, support struts,
etc., than the Phase I model, and its problems were aggravated by
the 1000 psi total pressure of the Plumbrook facility which was
more than double that of Daingerfield., Metal thicknesses up to
1/2 inch were required. Welding of the basic material, nickel
200, to itself, to stainless steel, to Hastelloy X, and to
Zirconium~copper presented extreme difficulties. Electron beam
welding had to be supplemented by furnace welding and explosive

welding which required much experimentation and development,

These problems are blamed in part for the large cost overruns
of AIM (see the subsequent section on HRE costs). Lopez now
believes the preprototype or "hot SAM" structural approach could
have been used for less cost, and he has suggested the possible

deletion of AIM-type boilerplate models in future programs. (94)

Test Facility Problems: Past experience with the Daingerfield

facility suggested that a test engine as large as 24 inches in
diameter could be used successfully with its 36-inch free jet.
This was a primary consideration determining the size of the HRE
engine. With a test model this large there is no possibility of
course, of proper simulation of the external flow aft of the

inlet. The objectives of this kind of testing are:
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to provide valid flow conditions

to provide stream pressures at the nozzle exit low enough
that the supersonic flow in the engine nozzle cannot be

affected by disturbances from the facility

to provide axial force measurements which can be used,
after careful corrections, to determine the internal

thrust performance

to provide complete internal pressure distributions, heat

transfer, etc,

The change from Daingerfield to plumbrook necessitated
reexamination of the starting problem. The Plumbrook HTF facility
had 42-inch nozzles, which eased the blockage problem, but it had
other features whose effects were not favorable, in particular the
exhauster capacity controlling the test cell and exit pressures
was inferior to Daingerfield, The detail features of the new test
installation were derived from an arrangement used successfully by
G.E. in their Mach 7 scramjet tests (54)., Model tests of the
Plumbrook 1installation made in a Langley facility indicated
successful starting could be achieved and suggested detail
features which were incorporated in the HTF (100). Unfortunately,
the actual installation did not perform as expected, due
appareatly to small but vital differences in scale, geometry, and

other factors.

Aeronautical R&D history is replete with examples of the
unpleasant consequences of attempting, simultaneously, to develop
a complex new research object and a complex new facility, The
AIM/Plumbrook experience probably exceeds any previous example,
because here the new facility and new engine were joined in
proportions lying on the fuzzy boundary between the possible and

the impossible, The language of the AIM test reports does not
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dwell on the interminable difficulties and problems of this
program--instead, the final test report states (94): "The tests
were performed in general as planned.” Another statement is
somewhat more indicative of what actually happened: '"six and one-
half months of engine testing was completed with one-hundred and
ten minutes of running time." Of the 110 minutes running time,
however, we can deduce from other data in the report that less
than 60 minutes was useful engine operation. The realities of the
program are best indicated by the following self-explanatory

statistics:
- Total test runs 63

- Test runs in which little

or no useful data were obtained 42

Starting on September 14,.1972, when the first run was made, the
test crews struggled with tunnel and engine starting problems
through 24 unsuccessful runs. Finally on May 24, 1973, the first
"g00d" run was achieved, Hardly had the good runs been started
when major heater malfunctions caused a four month shutdown.
Spread throughout the AIM test run record is the cryptic notation,
"TAFP" -- Test Aborted due to Facility Problems, Even the one out
of three runs which produced useful results were seldom completed
without difficulty. Inlet wunstarts, fuel control problems,
instrumentation problems, coolant leaks, skin cracking, formation
of a "step" between leading edge and combustor wall due to heat
distortion, and erosion due to graphite heater particles in the
airstream (including some the sizes of marbles and golf
balls)~-these were the more common difficulties that plagued the
"good" runs. As can be inferred from the above, there was a
continuous deterioration of the heater as the program progressed.
When the Mach 7 nozzle was installed in January 1974, the heater
could be operated only at Mach 6§ temperatures, making the '"Mach 7"

tests virtually meaningless as far as scramjet performance was
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concerned, The test crews were comprised on contractor,
Plumbrook, Lewis, and project office persoanel who performed with
great perseverance and resourcefulness in the face o0f these
difficulties. Most of the "fixes" developed for the facility
problems were in the nature of "cut and try" aerodynamic
blacksmithery. There is great doubt that they would be applicable
to other installations differing in detail from the HRE, and there
is thus little profit in reviewing them here. Suffice it to say
that if AIM were done again, a smaller ratio of engine/facility
diameters would be used., Ag to the HTF facility, which is now
"mothballed,” major changes in the nitrogen heater design appear

necessary if this is ever to be a routinely operational tunnel.

Test Results: After the first "successful" runs were obtained in

May 1973, the HRE team was jubilant. A preliminary assessment of
the Mach 6 thrust data indicated that it was in line with ATIM
expectations. Dr. Rubert was so well satisfied that he promptly
announced his retirement as of July 1, 1973, and in a memorandum
to his former boss, L. K. Loftin, Jr., he claimed virtually
unqualified success for HRE in all areas--notwithstanding the loss
of the flight phase and the reorientation--and he proclaimed
"mission accomplished" for the entire project (101). Recently,
however, Dr. Rubert has expressed considerably legs expansive and
more critical opinions which are summarized in a supplementary

section,

The discussion in this section, as in the AIM reports, is a
largely qualitative assessment characterized by "data chasing" and
speculation. This approach is all that can be done in the absence
of any attempt to analyze rigorously the complex flows existing in
AIM. Although the combustor flow is clearly not one dimensional
and has the discontinuous non-uniformities characteristic of
reflecting strong shocks, the contractor has averaged the inner
and outer wall pressures at each station, assumed the duct to be

flowing full, and has thus calculated, on a one-dimensional basis,
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Mach number distributions for the combustor based on the pressure
data. Heat release distributions are obtained with the same
assumptions, and obviously any pressure rise due to flow
separation is included in this definition of "heat release." It
is most unfortunate that there was no way to observe or measure
the actual combustor flow except by wall pressures. The reason
given for this deficiency is that any duct instrumentation might

have adversely affected the thrust,

Fed with the thick boundary layers and strong reflecting
shocks from the HRE inlet, the AIM combustor exhibited a huge
total pressure loss; with no fuel injection, 75 percent of the
inlet total pressure was lost, or twice what could be accounted
for by skin friction. With fuel injection from the forward rows,
the total pressure loss is still further increased - far more than
can be accounted for by the effects of heat release. Further
evidence of the degradation of combustor performance with this
inlet can be seen by comparing AIM data with the direct-connected

Phase I combustor data which showed better performance (102).

While the inlet clearly had a large adverse effect on the
combustor, there was no evidence that combustor operation
adversely affected the inlet, provided that the fuel injected

remained below the critical values.

The combustor flow differed drastically from the hopes and
expectations for Mach 6. It should be stated at once that the
basic problem of second-stage combustion in the diverging duct was
not resolved and the status of this problem remains the same as at
the end of the two-dimensional program. Actually, only one of the
two added rows of fuel injectors which hopefully were to '"resolve"
this problem was ever tested and the only beneficial effect it
exhibited was increased interaction with the forward rows due to
its closer location to them. The indicated combustion efficiency

of the second-stage rows was at the same low levels shown in the
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two-dimensional program. 1In fact, a valuable result of AIM was
general confirmation of the trends and conclusions reached in the

vitiated two~dimensional testing.

Referring to Figure 5 and comparing the "test" and "degign"

results for Mach 6, we note the following:

- Stoichiometric fuel injection resulted in apparent
subsonic duct flow in the vicinity of the second-stage

rows, presumably due to flow separation and reduction

in effective duct area.

- By the end of the diverging Mach 6 supersonic
combustor, only about 48 percent of the injected fuel
had been burned in contrast to the complete combustion

exXpected,

- Shock and other disturbances in the portion of the
combustor designed for the subsonic burning mode
unexpectedly triggered release of the remaining heat,
Without this bonanza, AIM performance would have been

far below its design values.

Some of the interviewees, notably Dr. Ferri and Dr. Billig,
believe that despite the obvious complexities, the AIM combustor
data is amenable to more precise analysis, If shock and
separation effects could be accounted for, new insights as to what
was actually happening would obviously be obtained. Dr. Ferri,
with understandable satisfaction, called attention to the fact
that he went out of his way to warn NASA about these inherent

problems of the Garrett engine design during the evaluation but no

one listened to him (103).

In regard to the '"subsonic" burning results, the calculated

one-dimensional Mach number distribution for # =1 shows about the
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same average level of Mach number and pressure as for the
"gupersonic" case. That 1is, comparable apparent "transonic"
conditions existed 1in both cases. The observed overall
performance was thus as might be expected, about the same. These
facts certainly greatly weaken any conclusions drawn relative to
the ease of transition from "subsonic" to '"supersonic'" burning by
control of the fuel injector schedules. Furthermore, the results
teach us nothing significant about the relative performance levels
of '"subsonic" and 'supersonic" burning attainable 1in more
effective designs operating in reasonable conformance with the

design postulates,

How well did AIM do in achieving the objectives advertised
for it in 1971 by the NASA and contractor Project Managers? These

goals can be paraphrased as follows (82):

l. Obtain "realistic," "solid," or "factual" performance data
for a large engine model of such refinement of detail and test

measurements as to provide new insights, and so for the first time

to establish the true state of the art.
2. Illuminate critical unknowns.

3. Provide interim solutions to the new problems encountered

and stimulate basic research for more effective solutions.

Objective 1. The opinion of a majority of those interviewed
is that the AIM performance data are little, if any, more valuable
as indicators of the true state of the art than the results
obtained previously with the smaller test engines. The size of
AIM was an advantage with regard to Reynolds number and
instrumentation, but a disadvantage in the test operations. The
concerted slanting of the design to favor high internal
performance is considered a major detraction. In reality the AIM
performance data show the same general level of internal

performance that was already established by the small test engines
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(Fig. 6), a much lower level than hoped for in the original HRE
prospectus.* The fact that the Mach 6 point for AIM falls exactly
on the AIM prediction is cited by the contractor as "most
gratifying" on page 114 of (117). But on page 115, we learn that
the agreement is coincidental, that the assumed nozzle performance
used was too high, and that if the actual nozzle performance (3 or
4 percent lower under stoichiometric burning than in cold flow)
could be improved, then the actual performance would be
significantly higher than predicted. Unfortunately, insufficient
information is given in the AIM reports to allow the reader to
judge the methods used in the predictions, In general, one can

only conclude that Objective 1 was not truly achieved.

Objective 2, Here AIM deserves a higher score, It did shed
new light on the real-life problems and true status of supporting
technology for scramjet combustors., Much of the information,
unfortunately, applies to wundesirable flow and combustor
situations more to be avoided than to be used in future
applications. None of the researchers or company personnel
interviewed expect to make any use of the AIM data, and most of
them were not even aware that copies existed in their files and

libraries,

Objective 3. This objective was not achieved, The

outstanding example is the failure to resolve the problem of how
to attain efficient combustion with staged-fuel injection in a
diverging combustor., Neither interim solutions nor stimulated
basic research have yet developed as a result of AIM,
Dr. Rubert's view on this point is that the AIM tests were

prematurely ended, that they should have been continued until

*It is interesting to note that the small test engines noted
above for which performance comparable to AIM was obtained
5~to-8 years earlier at very low cost were based on the GE and
Marquardt (Ferri) losing proposals,
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second-stage injection into a region of constant or rising

pressure had been achieved.

As has been demonstrated, then, all aspects of the AIM
combustor development were seriously underestimated in the general
scramjet euphoria of the mid-1960s. The combination of an
inexperienced sub-contractor and an unproven hot facility was
ineffective in dealing with the fundamental complex problems of
combustion in a diverging channel. After long delays and nearly
$2 million in cost overruns, the combustor program was abandoned
without ever achieving efficient staged combustion. It was
decided to use the complex AIM itself "to resolve" the combustion
problem, a decision which appears in retrospect as a grave
mistake, Tests of the large AIM model in the new Plumbrook HTF
Facility were characterized by the host of agonizing problems that
seem always to plague advanced R&D ventures when a very complex
research model is operated for the first time in an unproven
equally complex new test facility. Of some 63 test runs extending
over a period of about 2 years, only 21 produced significantly
useful engine data., Efficient staged combustion in the diverging
duct was never obtained, leaving that problem still unresolved,
Unexpected results included strong beneficial stage interaction
effects, transonic flow, and belated combustion of the unburned
fuel from the supersonic combustor in a downstream region
containing strong disturbances. Although this behavior was quite
different from the AIM combustor flow concept, the overall
internal performance at Mach 6 fell on the lower boundary
specified for HRE, and in the midst of performance data points
obtained previously with smaller much less costly test models. Of
three ambitious goals laid out for AIM, only one was clearly
achieved - "the illumination of critical unknowns."” After ten
years, the HRE concept would have still required additional years
of testing and development before it could possibly have been

judged worthy of an X-15 flight phase.



CHAPTER I1II

HRE IN RETROSPECT

Project QOperations

Until his retirement in 1973, K. F. Rubert had spent
virtually his entire career in propulsion and aerothermodynamics,
first as a teacher, and since 1940, as a Langley researcher and
Branch Head, HRE was the most challenging and responsible
assignment of his career and he responded with energy and
enthusiasm. - He was convinced that HRE was truly vital to the
future course of aeronautics and national security, and as time
went on these convictions seemed to grow stronger. Rubert
inspired strong loyalties in his two principal aides, B. C. Deis
(Engineering) and E. A. Mackley (Aerothermodynamics). At lower
levels, however, he was, in some cases, less successful; a number
of engineers departed HRE at least partially because they were
unable to adapt to Rubert's strong management, which they

considered too autocratic.

The HRE staff was drawn from Langley researchers, design and
equipment engineers, and other supporting personnel. None had
ever had any significant direct involvement in engine design or
development, and only a few had had project experience. The staff
of the Project Qffice peaked at about 14 people in 1968, not
including a roughly equal number of support personnel at Langley
and the other centers who were not formally transferred to HRE.
The total number of effective positions was thus not far from the
requirements estimated in the PDP of May 1965 (33 positions).
HRE, however, always considered that it was understaffed., As late

as September 1972, long after there was any need to augment the
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staff, B. C. Deis wrote a long memo purporting to show that
understaffing had contributed strongly to the problems encountered
with the 2-dimensional combustor development and the fabrication
of AIM. He estimated at least $2 million might have been saved if

a few additional people had been provided (107).

From its very inception in late 1966, the Project Office
operated in an unfortunate environment of waning support for
hypersonics generally and HRE particularly. The NASA top managers
who had so easily granted their approvals initially were now gone
or on the way out, and their places had been taken by skeptical
newcomers, Only A. J. Evans and N. Rekos of the Aeronautical
Programs Office remained as firm supporters. It was clear from
the start of Phase IT A in 1967 that the X-15 flight program and

the enormous funds needed were not likely to materialize.

In Rubert's opinion, the situation degenerated still further
when a reorganization placed HRE under one of the research
divisions at Langley. (Previously Rubert had reported directly to
Assistant Director for Aeronautics L. K. Loftin, and he had
enjoyed a rather free hand.) Fortunately, the division was headed
by an outspoken veteran ex-project manager, H. A. Wilson, Jr., and
HRE hoped that his crusty advocacy would be a help. Shortly,
however, a second reorganization placed HRE in another research
division headed by J, Vv, Becker. Although he had been a proponent
of HRE in the beginning, Becker was now actively engaged with
J. Henry and others in studies of a new low-coolant modular
scramjet concept (74) capable of low-drag 1integration with
hypersonic airframes. Both Becker and Henry, however, continued
to support completion of the AIM/SAM test programs on the grounds
that the huge investment in HRE would be largely lost if these
tests were not completed. Rubert indicated his hope that Division
interference in HRE be minimal. He reminded Becker that a project
office necessarily had to operate with much more autonomy than

research groups.
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The progressive degeneration of HRE seemed to inspire in the
three principals in the Project Office defensive loyalties which
intensified as time went on. Whereas in the early years, HRE was
viewed simply as a research device, it eventually began to be
regarded as having inherent virtues worthy of application in
operational systems. Perhaps this change in attitude started with
the proposal for a specific application made by A, duPont, the
designer of HRE and Garrett's first HRE project engineer, He
advocated a national program to develop a truly reusable
airbreathing Shuttle system having operational costs as low as
1/10th those of the current rocket shuttle. The new system would
capitalize on HRE technology, which he claimed would make possible
its realization many years sooner than if more recent scramjet
concepts were adopted. Podded HRE-type engines would be used,
modified to improve their Mach range and thrust-minus-drag, and
equipped with a cryogenically-pumped injector augmentation system
providing take-off thrust (108). As a precursor to the new
shuttle system he proposed a research airplane which in effect was
a sub-scale prototype (109).* A. duPont aggressively peddled this
proposal throughout NASA, to the Congressional Staffs, to the
Nixon White House Staff, and elsewhere., 1In the course of these
promotions he felt obliged to denigrate the Langley modular low-
drag low-coolant scramjet in order to enhance his HRE-derived
engines. He was a skillful and brilliant salesman and manipulator
of arguments, and the Langley staff was obliged to prepare a white
paper detailing what they believed to be the true facts in
rebuttal of the duPont claims (50, 110). A. duPont eventually
gave up his promotion, still maintaining, however, that the

argument was not settled to his satisfaction.

A second application was a hydrocarbon-fuel version of HRE
studied by Garrett under USAF sponsorship as a possible powerplant

for an interceptor missile in the Mach 5 category.

*A concept similar to the X-30A proposed research vehicle of
today - ed.
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Inspired by these potential applications, the Project Office
came to regard HRE as something more than an object for research,
In late '7] Becker received a memo from B. C. Deis comparing
HRE-type pods and the Langley modular engine from the structural
weight standpoint, the result suggesting the pods might be so much
lighter as to have an overall performance advantage in spite of
their higher drag. (Recent in-depth structural studies by Garrett

and others do not support the Deis arguments.)

Most of the interviewees who were in a position to judge
agreed that the Project Office had a highly exaggerated view of
the importance of HRE. Many examples could be cited; a typical
one was the outraged reaction of the Project Office when they
learned that Langley, as an economy measure was discontinuing the
microfilming of all HRE contractor drawings (111). Rubert fired
off a hot memo to the Director for Administration emphatically
insisting that the drawings were a major element of the "HRE
product” and should be reproducible on demand of the many future
users of the technology whom he visualized. His protests were of
no avail., A check of Langley files in 1975 revealed that not a
single request had been received for any of these drawings. On
this same point it was discouraging in my talks with the
interviewees to learn that none of them had examined the final AIM
reports. In most cases they were not even aware that the reports
were available to them in their files or libraries. Many hours of

video tape recorded during AIM has seen negligible use,

Another indicator of the inflated importance HRE had
developed in the eyes of the Project Office was their continuing
insistence on rigid Confidential classification. Rubert argued on
many occasions and still insists that knowledge of the AIM duct
lines was a vital asset for the United States and should have been
protected, Considering the failure of both the 2-dimensional
program and the AIM program to achieve efficient staged

performance in diverging combustors and the still speculative
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nature of proposed "fixes," it is difficult to understand his
attitude. Classification was retained nevertheless after Rubert's
departure until data from French tests of a. combustor remarkably
similar to AIM (102) became available, Then, with
declassification of much similar material in the USAF program and
the shift of interest to more important configurations, there
remained no credible need to retain confidentiality. The entire
project was declassified with the unanimous concurrence of all

NASA officials involved in late 1974.

Major problems in Project operations developed in 1970 and
continued throughout the AIM program which are worth recounting,
B. Lundin was now Director of Lewis and it was a time of
reduction-in-force for the Center staff. From his direct prior
knowledge of HRE Lundin felt that this was an area of R&D which
should be terminated in a shrinking organization. Lewis/Plumbrook
was furthermore committed to the testing of Viking hardware, an
activity which competed with work on the hypersonic engine test
facility (HTF) for HRE/AIM. Thus, in the summer of 1970 Lundin
directed that work on the HTF should stop pending reassessment of
the remaining facility development problems and manpower

requirements.

The Project Office was shocked by this turn of events, and
was quite vocal in their righteous indignation. They pointed to
Abe Silverstein's letter of 1967 (112) which they regarded as a
"promise" that HTF would be completed and used to test AIM. On
August 12, 1970 Becker sat down with Evarrd and Manganiello of
Lewis management in an effort to resolve the problem, They
questioned at first why Langley wished to proceed with HRE, citing
(a) the zero net thrust capability, (b) the unsolved combustor
problem, and (c¢) serious difficulties with cracks developed in the
graphite blocks of the Ny heater at Plumbrook, requiring costly
redesign, After some discussion they accepted the argument that

the HTF tests were essential to avoid total loss of return on the
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enormous agency investment in AIM. The talk then turned to
reactivation of the HTF program with Langley manpower being
brought to Plumbrook to supplement the diminishing TLewis
complement. Upon returning, Becker took up the matter of Langley
manpower support for Plumbrook with LRC management and they agreed

that HRE should proceed on this basis.

'To help save the program Rubert solicited a testimonial
letter from the Air Force Aero-Propulsion Laboratory Commander,
Col. Tipton P. Mott-Smith, extolling HRE and urging completion of
HTF and the AIM and SAM programs (113). About a year earlier the
previous APL commander, Col, Herbert A, Lyon, had also been
solicited and supplied with material for a similar letter sent to
Loftin at LRC (1l4). These letters affirmed what was already
known, that USAF ramjet R&D was concentrating on hydrocarbon-
fuelad ramjet engines for small missiles, and they added that NASA
was being depended on to carry the ball for hydrogen-fueled
scramjets., Obviously solicited letters of this kind normally have
little influence on Center managers, but there is always the hope
that they may prove useful in Congressional or OMB justifications.

In this case they had little benefit.

Following up on the Langley/Lewls tentative agreements, Rekos
visited Langley on August 24, 1970, to review the wupdated
objectives for AIM testing and Langley manpower support for the
HTF test program. He returned to Washington with the necessary
material to> justify continuation of the HTF/AIM program. The
proposed wuse of Langley manpower was approved in principal;
however, it eventually became clear that the transport and
training of Langley personnel in sizable numbers was a very
inefficient way to accomplish the job and this part of the plan
was never implemented. Work on HTF was resumed and the basic
facility was completed at about the time AIM was delivered for
testing in August 1971. Therz was a long delay however in

completing the installation of the special test equipment needed
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for the AIM program. An appeal was made directly to Lundin to
expedite the final phases of preparation, but it was unsuccessful.
In a meeting with Rekos, Becker, Rubert, and Hennings of UTF on
December 7, 1971 (115), Lundin stated flatly that were he to
reexamine HTF/HRE manpower at Plumbrook it would be for the
purpose of withdrawing support. And thus AIM sat idle from
August 1971 to May 19, 1972 when installation in the HUTF was

started,

When AIM testing was resumed after the interruption from June
to October 1973 to repair the facility heater, another threat
appeared in the form of a Lundin decresz that no HRE testing would
be permitted after December 31, 1973. The entire Plumbrook
operation was scheduled to be terminated by July 1974 as part of
an agency-wide retrenchment program. The December 31 date,
6 months earlier than the terminal date, according to Lundin's
planning would give Plumbrook personnel time to find other jobs or
be reassigned within NASA. This gave AIM roughly half of the time
estimated to be needed for the remaining testing. Tt goes without
saying that the situation looked more and more hopeless as
December 31 approached and only a fraction of the planned testing
had been accomplished, Lundin's aim presumably was to keep
maximum pressure on the hapless HRE troops. He offered no signs
of relenting, aven in the face of several memos (116) and letters,
and phone calls from OART and from Langley Director Cortright. At
a Langley meeting called by Rekos on December 5 to review AIM
progress a new threat appeared: the shortage of fuel oil. 0il
was needed in large quantities to fire the steam plant which
operated the HTF exhausters. Hennings had to pull special strings
to get the needed fuel in the months ahead which saw the first
national oil crisis reach its peak. Finally in the last days of
December, Lundin indicated that AIM might continue for one more
month, Eventually this was extended, by default, to over
four months; the last test was run on April 22, 1974. For almost

seven months AIM testing had been conducted under the constant
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apprehension that the Lundin ax might fall at any moment, months
prior to the actual closing of Plumbrook. At times it was not
clear who was running the project in the day-to-day operations.
Lewis, Plumbrook, Project Office, and Contractor personnel got
along as best they could, but each group had the same complaint:
it was not certain who was in charge. A crystal-clear statement
of authority for the AIM/Plumbrook operation by OART would have

eliminated these difficulties.

The defensive psychology that developed in the HRE team made
it difficult for them to report test results in the fully
objective detached manner of researchers searching for the truth
and letting the chips fall where they may. The natural tendency
of the project team was to try to show that the test object did
what it was supposed to do, confirming and validating the vast
development efforts they had put into it. Thus we find that the
HRE reports tend strongly to accent the positive, and deemphasize,
tone down, or in some cases omit, the negative results, This is
done instinctively rather than from any conscious attempt to
distort or deceive. Some obvious examples seen in AIM

accomplishment 1lists in the project literature of 1974 and 1975

are:

"Maximum thrust close to predictions was obtained”

"Realistic engine performance levels were established for
Mach 5 to 7"

"Customer efficiency of 95 percent was achieved"

"Transonic combustion--was the most efficient heat addition

process . . ."

A first reading of these claimed accomplishments by the
uninitiated leaves him with the belief that HRE did everything it

was supposed to do, with maximum performance near to the goals
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hoped for in the beginning, and with important detailed findings
added such as the result of some supposedly meaningful controlled
comparison of "transonic" vs "supersonic" heat additions. if,
however, the AIM results are looked at without these built-in
biases, we see an entirely different picture--the picture
described briefly at the end of Chapter II which shows only a
partially successful effort, failure to achieve efficient staged
performance in the supersonic combustor, etc. (Similar slanted
statements for SAM results were pointed out in Chapter II as

well.)

Immediately following the f£inal Oral Review (117) HRE
personnel met with Langley scramjet personnel and reviewed the AIM
results with more candor and detail than they had displayed
publicly (118). 1In particular, the problems of combustion in the
diverging duct were aired and their implications for the combustor
of the Langley modular scramjet were discussed. In the £final
years of the project when the Project Office had dwindled down to
the three principals plus one or two others, there was a good deal
of time for unhappy philosophizing especially during the long
delays before AIM was ready for testing in Plumbrook. Rubert and
Deis in particular felt that NASA HQ had failed to provide the
support "promised” when Phase II A was approved and the Contractor
selected, No level of management was spared in these sessions.
Some of the complaints and charges were recorded in a memo by Deis
(114), in which the various past events and decisions marking the
reorientation and decline of HRE are reviewed in rather bitter

terms.

Thus, during its entire 9-year 1lifetime the URE Project
Office operated in an atmosphere of declining support and
successive crises of survival starting with the termination of the
X-15 and ending with the premature closing of the Plumbrook HTF.
Understandably 1in these circumstances the principals in the

Project Office developed defensive attitudes, tending to
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exaggerate the merits and importance of HRE and to belittle the
value of other scramjet programs. In the end it was difficult for
the HRE team to give a completely objective account of the SAM and
AIM research results because of their long preoccupation with the
hardware procurement and their battles to make the hardware "work"
in new and undeveloped test facilities. On the positive side, the
long HRE history of set-backs and problems created a dogged
perseverance in the team without which AIM might never have been

made to operate at all,
Cost Considerations

Cost considerations have figured prominently in the preceding
sections, and we will be concerned here mainly with issues not
already covered. Foremost, is the question of how much HRE would
have cost in total if the flight program had been accomplished.
Referring to Section 15 we note that the AIM/SAM effort cost to
the taxpayer was about $50 million. If the escalation factor
actually experienced for AIM/SAM is appliad to the remaining tasks
for delivery of six flight-weight engines, we obtain $75 million
as the preflight total cost. {This makes no allowance Eor the
unknown but wundoubtedly substantial added cost of continued
development of AIM to achieve a successful combustor, engine
redesign, etc.) The costs of the 3-year flight program now
believed needed to achieve 25 successful X-15 flights for HRE
would be at least 30 million., No account is taken here either of
the large but uncertain costs of the 5-10 year stretchout of the
X-15 operation to await the readiness of the test engines., Thus
we conclude that $100 millioan is the very least total cost level
that could be projected and $125 million would be a more likely

guess--4 times the NASA costs quoted in the original prospectus.

None of the interviewees believed HRE would have been
approved at such a figure--even in the free-wheeling environment

of 1964.
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It is now apparent that a wmuch closer estimate of the real
costs could probably have been made in 1964. Shortly after
Garrett had been selected as Phase II contractor with an estimated
Phase 11 cost plus fee of only about $19 million, Lopez was
contacted by B. Pinkel of RAND. ©Pinkel had made studies of jet
engine development costs, including ramjets such as Bomarc. His
rough estimate for the program was $70 wmillion. But fresh from
his easy success with the Phase I test model, Lopez argued that
HRE was a research engine different in character and less costly
than the pre-production engines studies by Pinkel. Experienced
industrial engine developers also seriously questioned the
Government's guideline estimate, as evidenced by G. E.'s

submission of nearly $40 million for Phase II alone.

It is quite obvious now that the Government's guideline rough
estimate quickly assumed an importance and influence far beyond
what it was worth., Clearly, a major effort to arrive at a better
figure should have been made through detailed consultation with

experienced engine development cost specialists.

In discussing the cost problem, Project personnel now point
out that their original concept of HRE was rzally a flying wind
tunnel model to demonstrate internal aerothermodynamics, which
they still believe might have been accomplished for $15 million.
However, the actual HRE was forced in the direction of a costly
subscale prototype by X-15 requirements. It is also obvious now
that the overly ambitious claims made in "selling"” the proposal
could only be fulfilled by a subscale prototype, and this was

certainly a factor in the escalation.

We have already covered in Chapter I the failure of Phase I
to reveal true costs as it was expected to do. 1In this connection
it is worth noting that the Government's cost evaluators were
unable to detect any falacies in the Phase I results. In its

negotiations with Garrett for the Phase II contract the Government
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negotiators spent two days in pursuit of a 3 percent reduction in

Garrett's proposed cost; they were unable to see the explosive

increases which shortly became so obvious.

By the time of the reorientation in mid-1968 the HRE team had
been hurt so badly and so often by cost overruns that they
overestimated the cost of the reoriented program; in other words,
they underestimated what could be accomplished with the remaining
funds. This had an important bearing on the choice of what course
should be undertaken. The claim at that time was that only the
AIM plus two structural samples could be built and tested.
Actually, AIM was accomplished in spite of cost overruns of about
$4 million, plus SAM, which was a much more elaborate undertaking
than the two structural samples originally proposed. True,
funding add-ons of $2.6 million were also provided, but this delta
covers only the approximate average increase in wholesale price
index during the '68-'72 time period (115). It is apparent in
retrospect that with the same monies two "Hot SAM" models with
some modifications and improvements could have been procured and
that both the structural and aerothermodynamic programs might have
been importantly enhanced thereby. As it was, with the inflated
cost figures and without benefit of 'pencil-sharpening’ in the
fuel and control systems costs, the price of a single "Hot SAM"

appeared quite prohibitive in the summer of '68§.

We have seen the inability of the Govermment's cost
evaluation and contract negotiation teams to detect serious Elaws
in the contractor's estimates--either when they were grossly too
low at the start of Phase II A, or when they were too high at the
reorientation. The underlying cause was the unprecedented and
uncertain nature of the project; the engine companies themselves
were doubtful of their ability to foretell HRE costs. It is most
disconcerting, however, that nowhere in the evaluation or
negotiation literature did the government teams admit the true

facts of this situation. Starting with their evaluations of
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engineering and wmanufacturing methods and continuing through the
associated cost studiess and negotiations, the impression given is
one of comprehensive investigation of what was to be done and
meticulous assessment of costs down to the last dollar. This
misleading impression was clearly favorable to winning the
Administrator's approvals for HRE, but in the longer run it was

obviously a disservice.

The ability of the Government to keep track of the
contractor's cost accounting during the course of the project also
seems open to question., The $1.5 million spent in this area for
Defense Contract Administrative Services was not a worthwhile
expenditure in the hindsight opinion of Project Office personnel.
The following is one example of the difficulties encountered in
assessing the cost situation: At the time of delivery of AIM to
Plumbrook in August 1971 the Project Office indicated that the
remaining HRE funds were extremely tight and that continued
addition of substantial Langley non-contract R&D monies to help
support the project was essential, Over $1 million of these
monies was accordingly supplied in fiscal years '72 and '73. 1In
February of 1973 Becker asked HRE for a detailed accounting of
their funding situation in order to judge the merits of HRE's
request for $250,000 of Langley support in FY74. The HRE reply
(122) contained some large doubtful "ifs," in particular "if
Garrett can be negotiated downward" from their receat cost
increase estimate '"from $366,410 to $175,000" - then the project
could be completed as planned. However, Deis stated, 'this is a
precarious position" and "if the negotiation above fails, or if
added schedule slippage occurs, or if unforeseen problems occur"
additional funds would be required. Garrett was allowed contract
cost increases totalling approximately $366,000 for the slippages
at Plumbrook, the last payment being negotiated on May 3, 1973.
From then on as added slippages continued and costly new problems
developed, it seemed certain that AIM was on the verge of

bankruptcy. Rather than drain Langley R&D funds to bail out HRE,



836

Becker proposed to delete what he considered non-essential and
relatively unimportant tasks from the Garrett contract, such as
the final design review, final oral, and final HRE reports (123),
a proposal that was denounced harshly by the Project Office. As
slippage and added costs continued to mount through 1973, it
seemed imminent that AIM would have to be terminated prematurely,
when suddenly the whole funding problem disappeared. A call from
Garrett said in effect, "no problem, we have more than adequate
funds to complete AIM, present the reviews, write the reports,

etc,"

AIM testing continued on into mid-'74 and the contract,
with several added small tasks, was extended to April 22, 1975 -
all at no added cost., In the end, $60 thousand was left over and

returned to the U. S. Treasury!

So although the promoters of the HRE aimed in Phase I only
towards an internal aerothermodynamics performance test model, the
combination of the ambitious general claims made for the project
and the X-15 flight requirements forced it in the direction of a
much more costly subscale prototype with realistic structural and
other subsystems, The total cost of an HRE program including
25 flights of the X-15 is now estimated to be $125 million or
about 4 times the original guideline estimate of NASA costs, A
more reasonable initial estimate could have been obtained at the
close of Phase I with the assistance of experienced industry cost
specialists, The Government's cost evaluation and negotiation
teams were not able to detect large flaws in the contractor's
estimates, either when they were too low in the Phase 1 studies or
when they were too high at the reorientation. The Linherent
difficulties of maintaining accurate Govermment understanding and

control of the contractor's fiscal operations were also apparent.

Recommendations

Recommendations based on the HRE experiences are summarized
in this section rather than scattered throughout the text where

supporting discussion is given.
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l. Something more effective than the primitive advocacy
system used in the mid-sixties for project proposals should be
sought., ("Advocacy" 1is used here in the legal or advertising
sense in which all unfavorable factors are minimized or omitted.)
In a mature proposal presentation the reviewing office should
require discussion of: the real mix of underlying motivations,
opinions of leading figures in the field representing outside R&D
interests, discussion of weaknesses and plans to add strength,
coordination with related ©projects and plans elsewhere,
alternatives if the project is not approved, and a summary of the

basic reasons why, on balance, the proposal should be supported.

There is no reason why the presentor of such a candid, mature
proposal cannot still exhibit the vigorous enthusiasm so admired
in today's successful technical salesman, But unfortunately, few
of today's proposers and project reviewers have the sophisticated
attitudes necessary for implementation of this recommendation. A
gradual evolution away from the advocacy practices will be

requirad.

2. Three vital functions left up to the Project Office/Prime
Contractor team in HRE should be handled differently in future R&D

projects where extensive new technology must be generated:

- A carefully considered plan for broad-based participation
by the most knowledgeable potential sub-contractors
should be established prior to selection of the Phase I1I
contractor to insure that the best national talents will

be utilized in each critical problem area,

- When it hecomes necessary to consider drastic redirection
or reorientation, it is a mistake to leave it entirely up
to the Project Office to define and recommend
alternatives. This responsibility should, rather, be

placed with an Intercenter Review  Team, with
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participation of both the Project Office and selected
outside consultants., The main questions should be, "What
is the most cost-effective way to achieve the technology
goals as we understand them now?", and not, "How can the
project be redirected and still adhere to the concepts,
objectives, and project image laid down several years

ago?ll

- If the Project approach is to be used in the future to
acquire complex test hardware systems, the test
operations, data analysis, and reporting of the findings
should be the responsibility of independent researchers
rather than the Project team. This is desirabie because
the strong biases which grow in project teams during the
course of hardware development make it difficult for them
to conduct the research and report the results in an

objective manner.

3. The following more specific (and in some instances rather
obvious) recommendations were derived from specific deficiencies

in the HRE project apparent by hindsight:

- The Govermment's initial guideline cost estimate has an
overriding influence on the initial approvals of a
project and on subsequent development plaaning. It
should be established firmly with the aid of experienced
specialists in engine development costs from the
Industry, non-profit groups, and selected senior managers
in the Govermment. If a Phase I study is to reveal true
costs, rather obviously the contractors must not be

influenced by the Government's estimate.

- Major weaknesses or inexperience in an evaluation team or
Project Office should be compensated by use of outside

specialists to the maximum extent legally permissible.
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The head of each panel of the Phase I evaluation team
should he required to submit a recommendation on whether
his panel considers it desirable to proceed with

Phase I1.

Technology demonstration engines should be balanced
designs rather than designs slanted to favor any one

parameter such as internal thrust performance.

Fundamental design problems such as the question of how
to obtain efficient staged fuel injection in a diverging
combustor should be solved 1in component development
programs before commitment to complex inflexible complete
configuration models, regardless of pressures to meet

project schedules or costs.,

In a design like HRE where strong reflecting shocks from
the cowl 1lip play a dominant role in the combustor,
simulation of the shocks should be included in the
combustor component development program. In particular,
the location of fuel injectors relative to the points of
shock impingement may be critical. 1Instrumentation to
observe and survey the flow within the combustor should

be provided.

The possibility of eliminating the need for staged fuel
injection by proper selection of inlet Mach number,
injector locations, use of boundary layer removal, etc.,

should be examined in future designs.

Aerothermodynamic wind tunnel test engines on the order
of 1 foot diameter, and designed for easy modification
are preferable to large inflexible models 1like AIM,

Simple metal heat-sink structures should be used instead
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of the thick-walled water-cooled nickel type of

construction used in AIM.
- Strong OAST management direction should he applied when a
project requires cooperative intercenter activities like

the AIM Plumbrook/Lewis/Langley program.

4. Recommendations relating to Scramjet demonstrations in

flight: Looking ahead we note that scramjet technology for all of
its progress in the past 18 years is still not ready to support a
direct application to an operational system. Before that could
happen one or more preprototype experimental engine systems based
on modern integratable concepts will have to be undertaken and
demonstrated, Previous engine developments teach that such a4 step
is costly, but indispensable in the development process. While
this could be entirely ground-based like some of the previous
programs, it is likely to be better focused and more valuahle if
the demonstrations include actual flight testing of the kind
contemplated in recent USAF/NASA studies. Such a program would in
effect be a latter-day HRE in which the ambitious original goals

are finally realized. HRE experience teaches:

- Establishment of the basic concept and preliminary
development of its components should be accomplished in a
general pre-project program prior to the start of a

flight engine procurement.

- The entire venture should be a national enterprise rather
than a parochial promotion of a particalar research

center,

- The program should be designed throughout to enlist the
active participation of selected outside specialists

drawn from the Universities and Industry.
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- A small working advisory group of perhaps 5 or &
nationally established propulsion consultants should be

considered as an aid to program managers.

Concluding Comments

The results of this study, which have been summarized
previously at the end of each section, reveal it to be an unusual
record of a major NASA R&D undertaking. The bulk of the study is
documented technically-oriented history, supplemented by hindsight
critiques and consensus opinions obtained from many individuals
relating to the project in widely differing roles. While there is
no expectation, of course, for universal agreement on all of the
judgments expressed in the study, it should be interesting and
useful to historians, students of the R&D process, and to

prospective project personnel,

HRE was the victim of unusual times. 1In the beginning the
inflated technical optimism of the early sixties resulted in over-
estimation of technology readiness, and failure to examine in
depth the difficult problems and high costs of combining an
elaborate new flight engine with a complex hypersonic research
airplane. Agency approvals were granted too easily with little
depth of conviction and no real commitment on the part of high-
level managers. Later, in the economic retrenchment necessitated
by the war in Viet Nam, the approvals so readily given were just
as readily withdrawn; the X-15 program was terminated, and HRE
degenerated to a costly wind-tunnel program wusing partial-

simulation test models,

Substantial advances in scramjet technology were accomplished
in the HRE wind tunnel programs., These have been summarized in
detail in Chapter II and need not be repeated here. The majority
of those interviewed in this study believes as I do however, that

these values were purchased at unjustifiably high costs. I1f a
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thorough agency review of the HRE situation at the time of X-15
cancellation had been made, the consensus opinion is that HRE
would have been terminated as a project and its technology
problems taken up more effectively in the general R&D programs. A
minority opinion exists to the effect that some of the technology
generated by HRE--for example the SAM structural contributions—-
could not or would not have been realized except through the

Project approach.

Finally, attention must be given to a special problem of
hindsight study that hecame obvious as this work progressed. It
became very clear that an objective, candid inquiry into a project
which progressively degenerated almost from the start, has a quite
different character than the study of successful projects.
Inevitably in the HRE study we were dealing heavily in unpleasant
facts-~the inflated initial claims, the gross underestimation of
technology problems and costs, termination of the flight vehicle,
interminable delays, etc. Negative events also occur, of course,
in the successful projects, but their impact is softened by the

final success,

This distinction between successful and less-than—successful
projects has a very important practical consequence: only the
studies of successful projects are likely to receive significant
circulation. One of the strongest instincts of any bureaucracy is
to accent only its successes and to bury its mistakes and
failures., 1t is obvious, therefore, that hindsight studies should
be sponsored by an office which has no direct responsibility for

the field of work under consideration.
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Appendix A

Summary of HRE Costs

Phase 1 Contracts: $1.6M
Facility Support, Test Fees, Instrumentation: $8.1M
Ord. Aerophysics Lab. $2.7M
Lewis Plumbrook HTF 2 .8M
Langley 8 ft, HTST 1.5M
Ramjet Instrumentation 1.1M
Phase II A (Garrett) Contract: $20.7M
AIM $8.2M
Inlet (orig. est. $.6M) $1.7M
Combustor {(orig. est. $.2M) 2.0M
Nozzle (orig. est. $.3M) M

Fab.,, Tests (orig. est. $.9M) 4.2M

SAM $7 .0M
Subscale Tests $1.6M
Fab. Techniques, Dies, etc. 1.4M
Hardware Dev,, Tests 4.0M
Subsystems, X~-15 Mods, (not completed) $4 .0M
Project Management $1.5M
Defense Contract Adm. Services: $1.5M
Center Manpower: $7.2M
Langley $3.2M
Lewis 3.3M
Flight (Dryden) .5M
Ames 2M
USAF & NASA Facilities Not Requiring HRE Fees: $2 .5M
Misc. Plus R&D Funds Not Included Above: $1.7M

X-15-A2 Repairs, Conversion for Mach 8 Propulsion Testing,
Drop Tanks, Ablator, Dummy HRE, Build-up Testing t $7.5M

Total HRE Cost $50.8M
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Note:

The cost of HRE is usually cited in agency literature as
$20.7 million; the value of the Garrett coatract as shown above.
The principal intent of this cost summary is to assess the actual
total <cost, when the many other expenditures, hidden and
otherwise, which can logically be charged to HRE are included,
Some of these charges were hard to determine accurately (Center
manpower for example), but nevertheless it 1is apparent that the
overall cost was about $50 million.,
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Appendix B

Selected Views and Opinions on the NASA HRE Effort

This appendix was added at the suggestion of a reviewer to
provide further details of my involvement with HRE, and to give
some selected 1individual opinions which differed from the

consensus,

Hypersonic propulsion aerodynamics at Langley was
concentrated in a Branch of the Aero Physics Division. As Branch
Head and Division Chief, Dr. Rubert and I first became involved
with HRE in the pre-project period when the question of using the
X-15 for propulsion research came up. Rubert and I had worked
together in this relationship for many years and usually reached
harmonious agreements on issues of this kind. 1In this case we
both believed that an X-15 program would be unwise. However, our
views underwent an about-face in early 1963 when the Flight
Research Center first proposed that Langley should manage a major
R&D program to obtain a sophisticated test engine. For about one
year or until June 1964 when Phase I was approved, I worked
closely with Rubert in the normal relationship of Division Chief
and Branch Head on all aspects of project definition and
promotion, Thus any criticisms of what was done in this period

apply equally to myself as well as to the others.

Neither Rubert nor I had had much experience with large R&D
procurements of this kind and Director F. L. Thompson decided
initially that the project would be managed by an experienced
systems engineer, J. H. Parks, reporting to Assistant Director
L. K. Loftin, Jr. A few months later Parks received another
assignment and was replaced by Rubert. To aid in overall
direction of the project Loftin set up a small advisory group of
which I was a member, but the group ceased to function after a few
meetings., Thus for all practical purposes I had no direct

management functions or control over the project during the 5-year
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period from early 1965 to 1970. During this time my division
provided considerable developmental testing, consultation,
participation on evaluation teams, etc.,--the same type of support

functions we routinely supplied to many Langley projects,

A special assignment of mine during the May 1965-early 1967
period which had a strong interface with HRE should be mentioned.,
I co-chaired an ad hoc NASA/USAF team set up to coordinate the
hypersonic technology programs of the two agencies, and HRE was of
course a major element of the NASA program. I have described the
activities of this group in the text, but I wish to call attention
to the fact here that my pro-HRE letter of January 1967 (61) might
have influenced OART decisions to favor the project, although I
had no part in any of the actual decision-making in the '65-'7Q

period.

My attitudes towards the HRE changed radically during the
'67-'70 period. Our understanding of scramjets had been greatly
improved by our connections with HRE. As we looked broadly at the
problems of scramjet engine installations we could see more
clearly as time went on that the HRE pod with its zero-net-thrust
characteristic and shallow annular flow passages was not likely to
have much pertinence to future scramjets. At the same time it was
difficult to obtain 250-500 thousand dollars per year for our
general R&D program - in contrast to the millions going into HRE
hardware. Experience with the more advanced engine concepts in
recent years has confirmed our beliefs that took shape during the
'67-'70 period; HRE performance data has not proved very useful in

the succeeding programs.

In 1970 when Langley management asked me to provide a home
for HRE in its final years in my division, I agreed, with the
definite understanding that there would be no attempts to extend
the project beyond the projected SAM and AIM wind tunnel tests.

By that time the major funding had been committed., Nevertheless
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each year it was the practice of the Project Office to seek
substantial supplemental support from the limited general research
funds of the propulsion program, 1 insisted that the need for
these added funds should be assessed relative to the many other
needs of the general program. Rubert thus found himself in an
adversary relationship with the Branch heads of our Division, a
situation which he did not accept without protest. Several times
he explained his philosophy to the effect that a project, which
had been approved by Congress as an identifiable item in the
budget, should not have to compete with general research - even in
this case in which it sought to use general research funds.
Considering the extent to which HRE had degenerated from the
original plan and the major faults which were now apparent, it
seemed to me that Rubert's aggressiveness at this late stage was
quite unwarranted. Nevertheless, I realized that throughout the
project he had done his best as a vigorous manager, and 1 was
instrumental in obtaining a substantial Langley award for him

before his retirement,

There were a number of important individual opinions which
differed in varying degree from the consensus. To complete the
picture, I have wused my notes and tapes to paraphrase as
accurately as 1 could the pertinent comments of five principal

participants in HRE as follows:

A. duPont (HRE designer and first HRE Project Engineer for

Garrett)

Behind the scenes in the early sixties he knew of a large
number of skeptics who believed efficient supersonic combustion
was probably unattainable and that scramjet would not prove to be
a viable concept, They were not vocal like the enthusiasts and in
some cases they were asked to suppress their views, but
nevertheless they were influential, A substantial flight engine

program was therefore mneeded in the mid-sixties to prove
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dramatically to top management that scramjet was a real system of
great potential, and HRE fulfilled this need to a large extent
even though it never flew. He considers whatever it cost a cheap
price for all of the technology that HRE developed. He agrees
that use of a small working advisory panel of experienced engine
developers and consultants such as combustion specialists would be
desirable in future projects of this kind provided they are not

required to perform management functions.
H. Lopez (Second Garrett HRE Project Engineer)

He considers their structural accomplishments in HRE more
significant than the aerothermodynamic. A principal value of AIM
was to highlight a "cliff-type" problem, namely the inherent
difficulties of staged combustion in a diverging combustor. The
major overall value of HRE was in "putting it all together,"
proving for example that control systems can be designed which are
compatible with combustor requirements, and revealing for the
first time that the total set of systems comprising a real
scramjet can be put together successfully as in integrated engine.
Their design and test work went far enough to prove this even

though a complete engine was not actually built.

F. K. Rubert (HRE Project Manager for NASA until 1973)

He is proud of the original HRE plan and the work statements
which he authored and sees little that he would change. He
realized there would be problems in combustor development - the
statement in the RFP to the effect that component technology was
sufficiently far advanced for applications did not mean to imply

there were no remaining tasks for development.

He considers it foolish to belabor minor questions like the
above when there were glaring faults in the conduct of the project

which include in his opinion:
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- NASA top management approved the project, but then did
not follow through with the resources necessary to

accomplish it,

- NASA HQ and Lewis managements did not keep Plumbrook
operational long enough to permit adequate AIM testing.
He believes efficient combustion in diverging combustor
will prove possible and that it requires injection
locations and fuel flow distributions which maintain a
constant or rising pressure, rather than injection in
regions of falling pressure. Additional AIM testing and
possibly additional injector configurations should have

been employed to prove this postulate.

- NASA researchers failed to follow up with 2-dimensional
or other combustor programs to answer the vital questions

highlighted by AIM.

- Declassification of HRE eighteen months after his
retirement was a mistake. He had always insisted on
strict confidentiality of basic duct lines and test data,
information which he considers vital to the United
States. He wants it known that he is "very bitter" about

this.

In regard to the use of experienced engine developers,
combustor specialists, etc., as consultants to supplement
inexperience in the Govermment project teams, he feels that this
is desirable and was in fact actually done to the extent needed in
HRE - through his personal contacts with a wide circle of

acquaintances in the propulsion field.

E. A. Mackley (HRE Project Manager for NASA, 1973-1975)

Projects are able to command higher levels of funding and

they operate with higher pressure and faster schedules than the
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general research program. Thus they can deliver substantial R&D
accomplishments which would be impossible or long in coming in the
general program. An obvious example is the SAM venture which in
all probability would never have been undertaken by structures
research groups. 1In any major review or redirection the Project
Office should be given the opportunity to state its case and make

recommendations,

He agrees that a more broad-based national participation in
HRE would have been beneficial, However, he would like to see
active specific working participation rather than general

consulting.

By hindsight, AIM testing problems and costs could have been
significantly reduced by using a 2/3 scale model. 1In regard to
additional testing of AIM in Plumbrook, the first requirement
would be to rebuild the heater to provide Mach 7 total
temperatures. With the higher temperatures the problems in the
diverging duct might be alleviated, but whatever the result,

additional understanding would be obtained.

He believes Langley is correctly using its limited resources
to work the combustor problem of the airframe-integrated scramjet
directly, rather than to pursue additional AIM testing or

2-dimensional combustor testing.

Compared with Space projects he believes HRE costs were not
out of line, although he agrees that many opportunities for major

cost savings are evident by hindsight,

Finally he emphasizes that the technology developed and team
experience gained in HRE were invaluable in establishing the

present advanced scramjet program.

A, Ferri (Former head of the Aerospace Department at NYU,
President of GASL, and chief prophet of the

scramjet cult of the sixties,)
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The NASA teams were inexperienced in scramjet. They did not
understand and therefore did not trust advanced concepts based on
the most sophisticated level of technology existing in 1964. Thus
NASA was comfortable with a contractor who also had only a
rudimentary understanding of scramjet and who offered an
apparently simple and easily understood but an unimaginative
concept, The Work Statement demanded an engine that was too
complex--too much like a prototype with all flight subsystems
represented requiring far more money and time than was available.
However, if NASA had been willing to build on the technology which
already existed for his engine scheme and had concentrated on a
simple aerothermodynamic performance demonstration using
boilerplate structures, he believed a useful flight program might
have been accomplished within the time and cost limits originally

suggested,

In regard to the SAM tests he felt this type of structural
demonstration was valuable but it could have been made at any time
for any of the engine concepts and did not need to be a flight
program., He considers SAM the only positive accomplishment of
HRE. Everything else is valuable only as an example of what not
to do. He had predicted that AIM would suffer from the focused
duct shocks and the other problems actually observed. The one-
dimensional analysis of AIM data made by the Contractor is too
crude and could be greatly improved upon but no one would want to
undertake this because the axisymmetric engine with its shallow
annular duct, large wetted gurfaces, high internal friction and

heating, and unavoidable external drag is of little interest.

The present® Langley propulsion program is built on the
principles he espoused in 1964, but it is too slow moving and in

the end will cost more than a vigorous adequately funded program,

*¥1976 - ed,
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I was in an unusually favorable position to undertake this
HRE study, having observed at close range nearly all of the
principal events as they actually unfolded, while at the same time
being free from HRE management responsibility during the critical
first 5 years of the project when most of the major decisions were
made. My retirement from NASA in 1974 afforded time and added
perspective for the work.

An indispensable ingredient in any contemporary history,
especially where hindsight opinion is involved, is a canvass of
the views of the principal living participants., To this end I
interviewed 35 key individuals and acknowledge here both the
valuable factual data and the important opinions they contributed
to the study. With only a single exception, the interviewees were
sympathetic with the aims of the study. 1 would acknowledge,
especially, the very extensive and valuable help of E. A. Mackley,
HRE Project Manager from 1973 to 1975.

After completion of this report, NASA suggested that further
details of my involvement with HRE and brief resumes of the
opinions of 