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Foreword

When the United States began considering a piloted
voyage to the moon, an enormous number of un-
knowns about strategies, techniques, and equipment
existed. Some people began wondering how alanding
maneuver might be performed on the lunar surface.

From the beginning of the age of flight, landing
has been among the most challenging of flight
maneuvers. Touching down smoothly has been
the aim of pilots throughout the first century
of flight. Designers have sought the optimum
aircraft configuration for landing. Engineers
have sought the optimum sensors and
instruments for best providing the
pilot with the information
needed to perform the maneu-
ver efficiently and safely.
Pilots also have sought the
optimum trajectory and
control techniquesto
complete the approach and
touchdown reliably and
repeatably.

Landing a craft on the moon was, in anumber of ways, quite different from landing
on Earth. The lunar gravitational field is much weaker than Earth’s. There were no
runways, lights, radio beacons, or navigational aids of any kind. The moon had no
atmosphere. Airplane wings or helicopter rotors would not support the craft. The type
of controls used conventionally on Earth-based aircraft could not be used. The lack of
an atmosphere also meant that conventional flying instrumentation reflecting airspeed
and altitude, and rate of climb and descent, would be useless because it relied on static
and dynamic air pressure to measure changes, something lacking on the moon’s
surface.

Lift could be provided by arocket engine, and small rocket engines could be
arranged to control the attitude of the craft. But what trgjectories should be selected?
What type of steering, speed, and rate-of-descent controls should be provided? What
kind of sensors could be used? What kind of instruments would provide helpful infor-
mation to the pilot? Should the landing be performed horizontally on wheels or skids,
or vertically? How accurately would the craft need to be positioned for landing? What
visibility would the pilot need, and how could it be provided?

Some flight-test engineers at NASA's Flight Research Center were convinced that
the best way to gain insight regarding these unknowns would be the use of afree-flying
test vehicle. Aircraft designers at the Bell Aircraft (Aerosystems) Company believed
they could build a craft that would duplicate lunar flying conditions.

The two groups collaborated to build the machine. It was unlike any flying ma-
chine ever built before or since. The Lunar Landing Research Vehicle (LLRV) was
unconventional, sometimes contrary, and always ugly.

Many who have seen video clips of the LLRV in flight believe it was designed and
built to permit astronauts to practice landing the Apollo Lunar Module (LM). Actually,
the LLRV project was begun before NASA had selected the strategy that would use the
Lunar Module!

Fortunately, when the Lunar Module was designed somewhat |ater, its characteris-
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tics were sufficiently similar to the LLRV that the LLRV could be used for LM simula-
tion. A later version of the LLRV, the Lunar Landing Training Vehicle (LLTV), pro-
vided an even more accurate simulation following considerable modification to better
represent the final descent stage.

Unconventional, Contrary, & Ugly: The Lunar Landing Research Vehicletells the
complete story of this remarkable machine, the Lunar Landing Research Vehicle,
including its difficulties, its successes, and its substantial contribution to the Apollo
program. The authors are engineers who were at the heart of the effort. They tell the
tale that they alone know and can describe.

Six crews landed their Lunar Modules on the moon. They landed on the dusty
sands of the Sea of Tranquility and the Ocean of Storms. They landed in the lunar
highlands at Fra Mauro and on the Cayley Plains. They landed near the Apennine and
Taurus Mountains. Each landing, in widely different topography, was performed safely
under the manual piloting of the flight commander. During no flight did pilots come
close to sticking alanding pad in a crater or tipping the craft over. That success is due,
in no small measure, to the experience and confidence gained in the defining research
studies and in the pilot experience and training provided by the LLRV and LLTV.

Someday men will return to the moon. When they do, they are quite likely to need
the knowledge, the techniques, and the machine described in this volume.

NEIL A. ARMSTRONG
Lebanon, Ohio
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Dedication

The authors wish to pay tribute to key people whose contributions to the LLRV pro-
gram were invaluable but who did not survive to contribute or participate in this publica-
tion. They include:

» Don Bellman, the NASA FRC LLRV Project Manager, who
with his insight, technical skills, and leadership put together an out-
standing flight research team.

* Paul Bikle, the NASA FRC Director whose leadership, vi-
sion, and management style fostered the environment for successful
programs including the X-15, LLRV, lifting bodies, and fly-by-wire.

* Leroy Frost, the NASA FRC inspector in flight operations
whose dedi cation, knowledge, and ability to inspire teamwork hel ped
ensure safe operations.

» Ken Levin, LLRV Technical Director for Bell Aerosystems,
the key inventor, motivator, and technical manager at Bell Aerosystems,
who conceived and implemented the free-flight, Earth-bound simula-
tion of lunar landings.

* Joe Walker, chief research pilot for NASA FRC and the LLRV
project pilot who made the first eight flights, and atotal of 35 flights,
for the program before heleft to fly the XB-70. Joe had flown the X-15
with reaction controls but had never flown a helicopter before his as-
signment to the LLRV, yet he mastered the challenge.

 Leon Zwink, aBell Aerosystemsavionics engineer. Although
ableto participate in the early development of this publication, he did
not survive for the completion of it. Leon was instrumental in helping
the project overcome the numerous difficulties in the early flight tests
of the LLRV, and later inthe LLTV program.

The authors aso thank Dill Hunley for his patience, expertise, and counsel in this
project. The extraordinary time and effort needed to create and produce this work by the
three authorsreally tested his dedication to professional collaboration. He passed thistest
with flying colors.

Other contributors to this work who deserve a big thanks include Joe Algranti, Bill
Bascom, Bill Clark, Norm DeMar, Art Gorbaty, Dean Grimm, Ray Kellog, Alan King,
Jack Kluever, Don Mallick, Warren North, Bruce Peterson, Don Reisert, Walt Rusnak,
John Ryken, Glen Swanson, Rich Van Riper, Ray White, Bill Wilson, and Ray Young.
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I ntroduction

Although the development of horizontal flight may be the dominant theme in the
history of American aeronautics, the vertical dimension constitutes an important
subplot in the narrative. From Igor Sikorsky’s early helicopter designs and production
vehiclesto the U.S. Marine Corps V-22 Osprey, from the British Harrier jet to the
National Aeronautics and Space Administration’s (NASA) XV-15 tilt-rotor vehicle,
there have been many reasons to pursue vertical flight. Carrying firepower and troops
to inaccessible areas in times of war, conducting search and rescue missions in unfor-
giving terrain, assisting large-scale construction projects, and serving as a commuter
vehicle in dense urban areas all are contexts in which these machines either have given,
or may one day give, service. But in the annals of vertical flight one machine stands
alone in both design and purpose. NASA's Lunar Landing Research Vehicle (LLRV)
arose from one of the greatest engineering challenges of the twentieth century: to land,
as Neil Armstrong wrote in the foreword to this book, “reliably and repeatably” in a
place with no atmosphere and one-sixth the gravity of Earth. Conceiving and producing
this unprecedented vertical flyer reflects a singular achievement in the history of
aeronautical engineering. Flying a vehicle capable of simulating the lunar gravity and
atmosphere—and accomplishing this feat on Earth—represents an equally significant
chapter in the history of flight research. The dual achievement of building and flight
testing these remarkable machines is the story told in this book.*

The path to Apollo and the LLRV could not have been traversed without two of the
great technological breakthroughs nurtured during World War 11, computer technol ogy
and rocketry.? Yet the American space program remained in the planning stages until
the world heard the “beep, beep” of Sputnik 1 on 4 October 1957—followed less than a
month later by Sputnik 2. By orbiting both of the world's first two man-made satel-
lites—and doing so in less than a month—the Soviets took the lead in the race into space.

The U.S. answered early the following year with the launch of the Explorer 1
satellite into orbit on 31 January 1958, followed by the launch of Vanguard 1 on 17
March 1958. The first successful U.S. satellite weighed a mere 34 pounds, while
Sputnik 1 weighed 183 pounds and Sputnik 2 awhopping 1,100 pounds. Nevertheless,
the tiny Explorer 1 satellite-developed in ajoint program by the Army Ballistic Missile
Agency (ABMA) and NASA’s Jet Propulsion Laboratory (JPL)-ed to the discovery of
aradiation belt surrounding the Earth (later named for astrophysicist James Van Allen).

The Soviets stretched their lead on 12 April 1961, when Cosmonaut Yuri Gagarin
launched into orbit on Vostok 1 and completed the first full orbit of the Earth. Less than
amonth later, on 5 May, astronaut Alan B. Shepard, Jr., in the Mercury Freedom 7
space capsule, became the first American to be launched into space, albeit in suborbital
flight. With its successful launches over the next nine months, Project Mercury showed
that the U.S. was a serious contender in the space race. Indeed, the U.S. closed the gap
on 20 February 1962, when astronaut John H. Glenn, Jr., became the first American to
orbit Earth in space, circling it three timesin the Mercury Friendship 7 capsule. Asa
result of a problem with the autopilot, Glenn flew portions of the final two rotations
manually.

Circumlunar piloted flight had been under study in the U.S. since 1958. By 1960,
NASA had undertaken a series of detailed studies on the requirements for landing a
human on the moon. These reports concluded that sending individual s to the moon’s
surface and bringing them safely home to Earth did not await any major technological
or scientific discoveries, but rather required careful planning to solve some operational
unknowns.®

The U.S. Congress appeared ready to support this endeavor. In 1960, the House
Committee on Science and Astronautics recommended that “a high priority program
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should be undertaken to place a manned expedition on the moon” by the end of the
decade.* NASA'sfirst 10-year plan (presented to Congress in February 1960) called for
broadly based research of piloted and unpiloted space flight, including scientific
satellites to study the near-space environment, lunar probes to study and photograph the
moon’s environment, weather satellites to improve understanding of Earth’s broad
weather patterns, and the development of larger launch vehicles for lifting heavier
payloads.

Speaking before ajoint session of Congress on 25 May 1961, newly elected
President John F. Kennedy forged these various strands into a single national policy
when he committed the United States to pursuing the lunar mission. “Now itistime. . .
for this nation to take a clearly leading role in space achievement, which in many ways
may hold the key to our future on Earth,” he said. “I believe that this nation should
commit itself to achieving the goal, before this decade is out, of landing a man on the
moon and returning him safely to the Earth. No single space project in this period will
be more impressive to mankind, or more important to long-range exploration of space;
and none will be so difficult or expensive to accomplish.”®

Project Gemini represented atechnological bridge between Mercury and Apoallo.
Gemini’s twelve flights (made between April 1964 and November 1966) provided
many of the answers needed to advance from orbiting Earth to landing on the moon.
Among other things, the Gemini program demonstrated that astronauts could remain in
space long enough to endure a round-trip lunar voyage without suffering lasting ill
effects from prolonged weightlessness. These flights also proved the rendezvous and
docking maneuvers crucial to the success of the Apoallo lunar flights. Moreover, Gemini
served as the testbed for extravehicular activity (EVA), demonstrating in a series of
experiments that astronauts could do useful work outside the spacecraft, whether on the
moon or in orbit.

Aswalks in space became more routine, NASA concentrated on the Apollo launch
vehicles. When the agency gained the Army Ballistic Missile Agency’s (ABMA)
Development Operations Division in March 1960, it also gained the division’s head,
Wernher von Braun, as well asthe ABMA's Saturn booster project. The Saturn rocket
held the greatest promise of meeting the Apollo program’s need for a launch vehicle
capable of lifting almost 300,000 pounds into Earth’s orbit and about 100,000 pounds
into orbit around the moon. The successful launches of Saturn | and Saturn 1B between
25 April 1962 and 25 August 1966 greatly increased NASA's confidence in the entire
propulsion system.®

Similarly, NASA’s confidence in finding a place for the astronauts to land on the
moon increased with each successful landing of the three unpiloted lunar probes, which
had been dubbed Ranger. Launched between July 1964 and March 1965, these pro-
vided close-up photos of the lunar surface that far exceeded the best telescopic detail
possible from Earth. Between August 1966 and August 1967, the five lunar orbiters—
state-of-the-art mapping satel lites—photographed more than 99 percent of the moon’s
surface, including potential landing sites, and transmitted data on the moon’s gravita-
tional field and environment. Between June 1966 and January 1968, unpiloted Sur-
veyor lunar landers soft-landed on the moon, transmitting detailed images from the
moon’s surface and providing test results on soil samples, including chemical analysis.’

Finally, the event on which the hopes of the entire mission rested-the first test
launch of the gigantic Saturn V rocket—occurred 9 November 1967 during Apollo 4, a
successful developmental flight carrying the unpiloted Apollo command/service
modules. Subsequent firings led finally to the first piloted Saturn V flight as well asto
thefirst piloted lunar-orbit mission. On 21 December 1968 the rocket propelled Apollo
8 into Earth’s orbit, after which the third stage fired again, pushing the spacecraft away
from Earth’s gravitational field and on atrgjectory to the moon. With astronauts Frank
Borman, JamesA. Lovell, Jr., and William A. Anders aboard, Apollo 8's weeklong,
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147-hour flight provided a close-up look at the moon during ten lunar orbits. At close
range, the astronauts were able to verify the feasibility of potential landing sites on the
moon’s surface. The piloted Apollo 9 and Apollo 10 missions in early 1969 completed
the final steps needed before landing on the moon.

Asthe U.S. progressed toward the goal of alunar landing, each NASA center
began addressing technical issues specific to its area of expertise. Landings have long
been among the most challenging aspects of flight, but all that had been attempted
heretofore paled in comparison to this undertaking. Specifically, since the moon had no
atmosphere and its gravitational field was considerably weaker than Earth’s, NASA
engineers and scientists faced a dilemma: how to train astronauts for the complexities
of alunar landing without their actually touching down on the moon?

The drama unfolded in California's Mojave Desert at NASA’s Flight Research
Center (FRC), later designated the Hugh L. Dryden Flight Research Center (DFRC).
Thisfacility already had along history in researching the landing behavior of high-
performance aircraft.? In the X-15 program, for example, the FRC used an F-104 to
simulate X-15 behavior and assure safe landing characteristics under a wide range of
flight conditions. And so it seemed the natural choice for conducting a Lunar Landing
Research Vehicle flight research program.

Through afortunate set of circumstances, in December 1961, Bell Aerosystems
proposed to NASA headquarters adesign for just such aflying simulator.® The Bell
plan merged its own design with concepts popular among FRC engineers. This ap-
proach won approval at NASA Headquarters as well as at the NASA Manned Space-
craft Center (MSC) in Texas, later known as the Lyndon B. Johnson Space Center. The
space agency funded the design and construction of two LLRV's, expecting to collect
sufficient flight research data to master the variables inherent in amoon landing.
Moreover, by flying a variety of control conditions and trajectories, and with one or
two pieces of the hardware of the actual Lunar Module (LM), Bell and NASA engi-
neers hoped to achieve accurate simulations for the astronaut corps.

Most members of the Apollo team realized the importance of developing not
merely arobotic lunar lander, but a free-flying, pilot-actuated vehicle capable of
training astronauts to take the controls of the LM. Although some argued strongly for a
fully automated landing system, they were outnumbered by those who felt that, at a
minimum, a manual override was required so pilots could fly the machine if necessary,
as Glenn did when the autopilot failed in the Mercury Friendship 7.

The supporters of pilot control were soon to be vindicated. As he attempted to land
during the first mission to the moon in Apollo 11, Neil Armstrong found himself in a
dangerous situation only human intervention could correct. Low on fuel and beset by
computer overflow warnings, the LM was headed toward arocky site unsuitable for a
touchdown. Armstrong disengaged the automatic landing system and flew the final
seconds under manual control, in all likelihood saving the mission. Had it not been for
the training he had received with the LLRV—and with subsequent vehicles, including
the Lunar Landing Training Vehicle (LLTV)-this option probably would not have been
possible. Asit turned out, al six Apollo lunar landings were flown manually. Although
the autopilot could perform fully automatic touchdowns, according to Armstrong, “its
primary disadvantage was its inability to pick agood landing spot. In afew flights,
very large attitude changes, at low altitudes, were required to maneuver to the landing
site, particularly Apollo 12 when it was attempting to land in close proximity to the
unmanned Surveyor spacecraft, which had been resting on the lunar surface unattended
for the previous two years.”1°

Valuable as these trainer vehicles proved to be, they were not without flaws. Fragile
and subject to limited operational margins (due to weight, jet-engine thrust, and limited
fuel capacity), three of the vehicles crashed during the astronaut training program at
Houston. The first vehicle to be lost was the Number One LLRV, followed by the first
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two of the three LLTV's (updated versions of the LLRV s with improved capabilities for
LM simulation). Fortunately, because of inherent flight-safety features, the LLRVs and
LLTVsdid not cost any astronaut hislife, either during these accidents or during the
program.

Despite these mishaps and the vehicles' vulnerabilities, MSC Apollo managers and
the astronauts who had already landed on the moon considered these machines to be
essential ingredients of Apollo training. “The LLTV proved to be an excellent simulator
and was highly regarded by the astronauts as necessary to lunar landing preparation,”
Armstrong later recalled.!

Moreover, the LLRV and LLTV contributed to the evolution of a pivotal advance in
modern aeronautics: the first unstable flying vehicles entirely dependent on computers
for flight control. These strange-looking machines left alasting impression on FRC
engineers. In part due to the success of these two vehicles and their analog fly-by-wire
computer systems, afully digital fly-by-wire control system was finally realized during
the 1970sin the F-8 Digital Fly-By-Wire flight research project conducted at Dryden
Flight Research Center.*2

1 Roger E. Bilstein, Flight in America: From the Wrights to the Astronauts (Baltimore and London: Johns
Hopkins University Press, 1984), p. 117-118; Roger E. Bilstein, Orders of Magnitude: A History of the
NACA and NASA, 1915-1990 (Washington, D.C., NASA SP-4406, 1989), p. 143. See also Michael H.
Gorn, Expanding the Envelope: Flight Research at NACA and NASA (Lexington: The University Press of
Kentucky, 2001), chapter 7, for a discussion of the development and flight test of the XV-15 tilt-rotor.

2 Except as noted otherwise, information in this chapter about the early history of the space program is
drawn from Bilstein, Orders of Magnitude, p. 42-71.

3 All of theinitial astronauts were males.

4 Neil A. Armstrong in “Wingless on Luna,” 25th Wings Club General Harold R. Harris * Sight’ Lecture,
presented at Grand Hyatt Hotel, New York, 18 May 1988.

S Billstein, Orders of Magnitude, p. 59.

6 “NASA Magjor Launch Record,” NASA Pocket Statistics (Washington, D.C.: NASA, 1997), B-92 to
B-98.

7“Lunar Exploration,” NASA Pocket Statistics, 1997 Edition, B-78 to B-82.

8 Many research publications reflect this area of expertise, including: Wendell H. Stillwell, “ Results of
Measurements Made During the Approach and Landing of Seven High-Speed Research Planes’ (Washing-
ton, D.C.: NACA RM H54K 24, 1955); Gene Matranga and Neil A. Armstrong, “ Approach and Landing
Investigation at Lift-Drag Ratios of 2 to 4 Utilizing a Straight-Wing Fighter Airplane” (Washington, D.C.:
NASA TM X-31, 1959); Gene J. Matranga and Joseph A. Menard, “ Approach and Landing Investigation
at Lift-Drag Ratios of 3 to 4 Utilizing a Delta-Wing Interceptor Airplane” (Washington, D.C.: NASA TM
X-125, 1959); Gene J. Matranga, William H. Dana, and Neil A. Armstrong, “Flight Simulated Off-the-Pad
Escape and Landing Maneuvers for a Vertically Launched Hypersonic Glider” (Washington, D.C.: NASA-
TM X-637, 1962).

10 Armstrong, “Wingless on Luna,” p. 19.
11 |pid., p. 15.

12 See especially James E. Tomayko, Computers Take Flight: A History of NASA's Pioneering Digital Fly-
By-Wire Project (Washington, D.C.: NASA SP 2000-4224, 2000).
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Chapter 1: Conception

Like most groundbreaking ideas, the concept of a free-flying lunar landing simula-
tor did not materialize fully conceived from any one mind or institution. Rather, it
evolved simultaneously with other technical elements that together constituted the
architecture of Project Apollo. Planning for a lunar voyage began as early as 1959,
when NASA Headquarters and Langley Research Center both assembled moon-
mission work groups. But individuals inside NASA still reacted with shock—-and
perhaps a little panic—when, in 1961, President John F. Kennedy committed the nation
to landing on the moon. Historian James R. Hansen recounted the feeling inside the
agency after the president’s speech:

At first no one at Langley could quite believe it. If President Kennedy had in
fact just dedicated the country to a manned lunar landing, he could not be
serious about doing it in less than nine years. NASA...had never dreamed of a
manned mission that included landing on and returning from the surface of the
moon by the end of the 1960s. Not even Bob Gilruth, the leader of the [Lan-
gley Space Task Group] was prepared for the sensational announcement. He
heard the news in a NASA airplane somewhere over the Midwest on his way to
a meeting in Tulsa. He knew that Kennedy planned to say something dramatic
about the space program in his speech, and so he asked the pilot to patch it
through on the radio. Looking out the window over the passing clouds, he
heard every incredible word. Only one word described Gilruth’s feelings at that
moment: “aghast.” *

Thus the entire lunar rendezvous concept began its long passage toward reality in
the charged atmosphere occasioned by Kennedy’s address. Fortunately, stunned
disbelief soon yielded to intense activity, in part because many of the elements essential
to fulfilling the president’s objective had been under discussion in NASA conference
rooms, hallways, and lunchrooms for some time.

At the time of the speech, debate already had been swirling inside the agency over
three alternatives for reaching the moon: direct ascent, the most popular choice; Earth-
orbit rendezvous (EOR), favored by the powerful Wernher von Braun; and lunar-orbit
rendezvous (LOR), considered the least likely candidate. Direct ascent required an all-
new, battleship-sized rocket dubbed Nova, capable of sufficient thrust to boost a
payload to the moon with no intermediate steps. Von Braun and the EOR proponents
wanted the Saturn to carry several parts essential for the mission into Earth orbit, mate
them there, and send the assembled vehicle toward the moon. Dr. John C. Houbolt, a
relatively obscure assistant chief in Langley Research Center’s Dynamics Loads
Division, initiated and campaigned fervently for the concept of the LOR. Houbolt
dismissed direct ascent as risky, impractical, and fraught with delay, and he regarded
EOR as suspect because of the size and weight of the vehicle expected to fly from
Earth orbit and make a soft landing on the lunar landscape. In place of these proposals,
Houbolt championed a two-part vehicle: a command ship carrying crew and the lunar
landing vehicle together into lunar orbit. The landing vehicle would separate from the
command vehicle during lunar orbit and descend to the lunar surface. On completion of
the mission, only a portion of the landing vehicle would lift off, leaving the base behind
on the moon. It would ascend and dock with the orbiting command module, and the
reunited crew would then return to Earth. Despite intense opposition, and partly due to
intense personal persistence, Houbolt slowly won converts to his position, most notably
\Von Braun and NASA Administrator James E. Webb (who originally favored direct
ascent). Not until July 1962 did the fog of combat lift and allow Webb to announce the
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LOR concept as the winner.?

The development of lunar landing techniques—distinct from, but still part and parcel
of, lunar-rendezvous planning—preceded Webb’s decision by some time, even while the
direct ascent/EOR/LOR debate raged. The NASA Flight Research Center (FRC) on
Edwards Air Force Base, Calif., assumed a leading role in the lunar landing decision-
making process. Hubert M. “Jake” Drake, chief of the FRC’s newly established Ad-
vanced Planning Office, took charge of the initiative. Drake had been at the FRC since
1947, arriving on the heels of Walt Williams and the X-1 flight research team coming
to California from the NACA Langley Memorial Aeronautical Laboratory in Hampton,
Va.® As an engineer in the 1950s, and with an extensive background at Langley in flight
stability and control, Drake played a major role in rocket research planes. Together
with Donald Bellman and Gene Matranga, two other FRC engineers, he contributed
work on the first X-planes, especially the X-1E and the X-15. Drake also served as an
advanced planner under Walt Williams—the first chief of the flight research organization
that became the FRC in 1959-and helped associate the FRC with cutting-edge techno-
logical development, especially in his later advocacy of the X-15. Moreover, Drake’s
close ties to Langley enabled him to foster cooperation across the continent, between
the theorists and wind tunnel researchers working in Hampton and the flight research
practitioners toiling in the Mojave Desert.

Lunar-Landing Study Begins

Drake wasted no time establishing the FRC as a mainstay in the evolution of lunar
landing. As early as May 1960 he proposed to NASA Headquarters that the FRC
conduct research on pilot control during entry into the lunar gravitational field and
subsequent vehicle recovery or landing. Later in the decade he represented the FRC on
two prestigious committees, one headed by Air Force Col. Donald H. Heaton that
studied rendezvous as a technique for accomplishing the lunar mission and another
chaired by John C. Houbolt of Langley that studied spacecraft rendezvous.®

Meanwhile, the month after President Kennedy’s momentous speech before
Congress, Drake invited five talented young FRC engineers to join him on a lunar-
landing study committee. He hoped their youth and relative inexperience might free
them from preconceived ideas. His recruits included Jim Adkins, Gene Matranga,
Charles Richard, John W. Smith, and Joseph Washko.® A former Air Force F-86 pilot,
Adkins specialized in the advanced control systems then being demonstrated on the X-
15. Matranga’s low lift/drag landing research later proved successful on the X-15.7
Richard had a background in loads and structures. Smith, whose expertise concerned
analog simulation, had been assigned to NASA as a lieutenant in the U.S. Army and he
joined NASA after his military commitment ended. Finally, Lt. Washko, with a degree
in aeronautics, had been detailed to NASA.

The committee soon found this project to be full of technical challenges, and one
with more than its share of blind alleys. To begin with, the committee proposed using
an off-the-shelf visual simulator, with which they hoped to create an extensive analog
simulation of the lunar landing. Although this machine could replicate some of the less
complicated factors of lunar landings (such as descent trajectories, fuel consumption,
and visual requirements at altitudes from 10,000 to 100,000 feet above the moon’s
surface), the committee realized that more sophisticated simulators would be needed to
examine specific problems in greater depth. One possible alternative involved the high-
speed sled facility at the Air Force Flight Test Center (AFFTC) at Edwards Air Force
Base, which was potentially capable of adding motion cues to the simulation while
retaining a high degree of pilot safety. Faced with very limited development time for
simulating terminal lunar landing, the committee ruled out tethered devices in favor of
helicopters, vertical takeoff and landing (VTOL) vehicles, or short takeoff and landing
(STOL) vehicles.



Drake’s engineers also conducted an extensive literature search. This revealed that
the Naval Ordnance Test Station (NOTS) at Inyokern, Calif., had been conducting
simulated unpiloted lunar landings since 1959, according to NOTS project engineer
Felton Williamson, Jr.8 Members of Drake’s committee visited NOTS in early August
1961 and learned that station engineers had tested a 700-pound flying simulator late in
the previous year.® Fabricated from available hardware, the vehicle consisted of four
fuel tanks, one oxidizer tank, one pressurizing tank, one variable-thrust rocket engine,
four landing shock absorbers, and control hardware. The machine used a storable
hypergolic fuel-unsymmetric dimethyl hydrazine—and relied on red fuming nitric acid
as an oxidizer. The primary controlling device consisted of an optical altitude/velocity
sensor at the top of the vehicle.

During testing, the vehicle was constrained by four cables suspended from the top
of a 150-foot tower. Controlled entirely from the ground, the vehicle’s first test success-
fully demonstrated only the rocket system. The second test successfully verified that
both the engine vibration and the dust created by the engine had only negligible effect
on the optical scanner. The NOTS project planned more tests for demonstrating the
closed-loop operation of the optical sensor and control algorithms under a variety of
conditions and surfaces. Members of the FRC committee decided to stay abreast of the
NOTS research since it involved critical control parameters essential to their project.

Back at Edwards Air Force Base, Washko pursued the use of the AFFTC high-
speed sled facility assisted by Ernest Coleal, chief of the engineering section of the
Experimental Track Branch, and others.’® AFFTC engineers wanted to support the
NASA research, but they expressed two concerns. First, using a human pilot in the test
would probably require the approval of Air Force Headquarters. Second, since no
existing sled satisfied NASA requirements, a new sled would need to be built. Faced
with an estimated cost of fabrication and test of roughly $20,000, Drake and his team
decided to forego use of the AFFTC facility.

Casting about for a satisfactory replacement, in August 1961 Matranga met with
Bill Swope of the U.S. Army Flight Test Group at Edwards to discuss the feasibility of
using a helicopter to simulate lunar landing. A senior flight-test engineer with extensive
helicopter experience, Swope gave more than a few reasons why helicopters would be
unsuitable. Above all, he warned, thrust vector created by the rotor blades precluded the
large attitude excursions needed for lunar simulation; it also created a coupling between
lift and attitude control that would be hard to mask. Instead, Swope recommended the
development of a specially designed VTOL vehicle.**

This advice prompted Drake to conduct a wide survey. His committee contacted
VTOL experts at NASA Ames Research Center and at Langley. At Ames, Drake
approached research pilot Fred Drinkwater and research engineer Seth Anderson. At
Langley, he contacted research pilot Jack Reeder and John Campbell; the latter was
chief of the dynamic stability branch. All agreed with Swope: VTOL vehicles had many
of the limitations already identified in helicopters. Moreover, VTOL flight duration
lasted only minutes at a time. Therefore, these individuals recommended a non-aerody-
namic platform such as the Rolls Royce “Flying Bedstead” as the basic lunar landing
simulator design.'? They cautioned that, to be effective, the simulator required an
innovative system capable of maintaining a vertical thrust vector as the vehicle went
through attitude changes. At the FRC, Smith conducted preliminary analog simulations
that seemed to bear out the suggestions of the Ames and Langley pilots and engineers;
simulated lunar landing seemed feasible with a free-flight, jet-supported vehicle.*®

A Free-Flying Lunar Landing Simulator

Armed with this information, Drake pressed his case with higher NASA authorities.
He spoke with Ray Bohling at NASA Headquarters on 19 September 1961 about the
studies underway at the FRC and the desire to develop a free-flying vehicle to simulate
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An artist's concep-
tion of the free-
flight lunar landing
simulator. During
the first stages of
planning, design-
ers positioned the
pilot directly above
the jet engine
intake to simplify
center-of-gravity
issues, but this led
to distortion of the
engine’s intake
flow.

(ECN-8227)

lunar landing.** Interested, Bohling suggested further development of the concept for
presentation to NASA Headquarters later that fall. A few weeks later, Drake and
Matranga raised the issue of a free-flying lunar landing simulator during a review of
Apollo control, guidance, and navigation at Ames on 5 October of that year. Again,
Bohling—-along with E. O. Pearson of NASA Headquarters—urged them to pursue the
concept. Encouraged by the expression of interest, Drake cast a wider net. He solicited
support for the project from Walt Williams at an X-15 conference held at the FRC on
20 November 1961. By now director of space flight operations for Project Mercury,
Williams believed the proposal had merit and agreed to do whatever he could to
promote it.

On 7 December 1961, word reached the FRC that NASA Headquarters had re-
ceived an unsolicited proposal from Bell Aerosystems of Niagara Falls, N.Y., for a free-
flight lunar landing simulator. John Disher, one of Bohling’s colleagues at Headquar-
ters, had mentioned the Bell initiative to Wesley Messing, employed in the FRC flight
mechanics branch. Disher apparently suggested combining the FRC and Bell ideas in
order to draw the best from both sources.

Then another opportunity to advance the lunar simulator concept presented itself.
At the Manned Lunar Symposium in December 1961, Matranga and Messing spoke
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with George M. Low about the FRC’s proposed free-flight lunar landing simulator.
Low had joined the National Advisory Committee for Aeronautics (NACA) with a degree
in aeronautical engineering from Rensselaer Polytechnic Institute in New York. After
working in experimental and theoretical research at the NACA’s Lewis Flight Propulsion
Laboratory near Cleveland, Ohio, he became program chief of manned space flight at
NASA Headquarters in 1958, a position NASA Deputy Administrator Robert Seamans
described as “virtually the most important job in all of NASA.”*

When Matranga and Messing mentioned the free-flight lunar landing simulator
proposed by the FRC, Low said he was already familiar with the idea; evidently, both
Walt Williams and Langley’s Bob Gilruth had mentioned it to him. Low agreed to hear
an informal briefing on the subject in late January 1962. He also expressed an interest
in funding the program in 1963, provided the Langley’s Space Task Group agreed.

Bell Aerosystems’ Proposal

Toward the end of 1961, Bell Aerosystems joined a team of companies assembled
by General Electric to study lunar landing. Ken Levin, a Bell engineer in charge of the
preliminary LLRV design team, pinpointed one of the most problematic aspects of the
conceptual vehicle. “We were impressed,” he later said, “with the difficulty of trying to
extrapolate Earth landing experience to lunar gravity.”*¢ Since no one had ever landed
on the moon, no one could be sure what the impact of the lower lunar gravity would be.
While the effects on machinery could be determined from analysis, the same could not
be said of effects on humans. According to Levin, he and others at Bell saw that “some
device was needed with a human being in the loop for simulating lunar landing.” The
Bell concept evolved after Levin and others at Bell did a preliminary study “of all the
different ways we could think of simulating lunar gravity...” They concluded that
“ultimately, you would have to have something that would allow a man to fly free of
the surface.”

At this juncture, Bell managers selected a cadre of engineers for the project.
Although Levin is sometimes referred to as the originator of Bell’s LLRV concept, he
and other Bell employees describe a collaborative creative process. According to Walt
Rusnak (later the LLRV project manager for Bell’s Avionics division), the LLRV
emerged from a brainstorming session by a systems design group in Bell’s structures
division.* Levin credited various people on the LLRV roster with contributing many of
the projects’ pivotal technical facets.

In any event, during November 1961, the company sent its lunar landing simulator
ideas to Bob Voas at Langley, then the NASA center most involved with the Apollo
project. According to Levin, Voas embraced the Bell concept but felt it was about five
years premature since NASA had not yet developed a launch vehicle, let alone an
accompanying trainer.

The next day, Levin took a phone call from Messing telling him he had heard from
Voas about the Bell proposals. Messing expressed interest, and Levin and other Bell
representatives traveled to the FRC to present their ideas for an LLRV. The Bell LLRV
was remarkably similar to the approach envisioned at the FRC. Accordingly, Levin and
his cohorts “whipped out [a] proposal to do a feasibility study” and submitted it to the
FRC on 19 December 1961.

The similarity between the Bell and FRC positions was not surprising. Originally
founded in 1935 by Lawrence D. Bell as the Bell Aircraft Corporation, Bell
Aerosystems knew the FRC’s objectives and personnel well. The company had built
three of the early X-planes with which the FRC had been associated-the X-1, X-2, and
X-5-and had extensive experience in aeronautics, rocketry, and VTOL aircraft.

Levin had been part of the Bell team for many years. He arrived at the firm’s
Niagara Falls facility in 1948 with a degree in electrical engineering, then worked
seven years in New Mexico on the Air Force RASCAL missile. He developed a reputa-
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tion for listening patiently to technical differences of opinion and then arriving at
workable compromises.

Among the many difficulties faced by Levin’s team, reduced lunar gravity and lack
of atmosphere posed perhaps the greatest challenges to vehicular behavior. The Bell
contingent, for example, suggested tilting the vehicle in flight in order to control
“translation,” or horizontal movement, as well as to conserve propellant. On the moon,
however, tilt angles needed to be much greater than those used on Earth because of
differences in gravity between the two.%® Levin and his associates proposed a neat
solution for simulating lunar conditions: a double gimbal that would allow the outer
vehicle to duplicate the moon’s motions while a lift-supporting propulsion device
maintained vertical orientation.

The Bell study recognized four fundamentals for successful simulation. First, the
simulator must react as if it were flying in a vacuum like that found on the moon.
Second, the simulator needed the same ratio of control torque to polar moment of
inertia as that of the lunar landing vehicle. Third, the simulator must have the same
thrust-to-mass ratio as the lunar landing vehicle. Fourth, and most important, the
simulator had to duplicate a lunar gravity field, only one-sixth that of Earth.t®

As it turned out, Bell and the FRC both explored the same range of possibilities for
meeting these requirements. Bell ruled out use of a helicopter for the same reasons
Swope had. (Bell initially considered using a gimballed vehicle supported by a helicop-
ter, only to discard that idea due to the time and expense required to counteract aerody-
namic and pendulum effects.)

Levin’s engineers had only three viable propulsion options: a ducted fan, a rocket
engine, and a jet engine. Individually, each lacked the desired qualities necessary to
meet efficiency and response requirements for powering the craft. Therefore, the Bell
group decided on an ingenious combination. Rockets mounted on the outer gimbal
frame could produce the deceleration response needed while not consuming a prohibi-

Don Bellman (right)
is shown with Flight
Research Center
director Paul Bikle
(left) and Bell
Aerosystems’ Ken
Levin. In Levin's
hand is a model of
Bell’'s proposed
simulator.
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This drawing
illustrates the
hovering tilt angle
capabilities of the
SH-2 helicopter
and LLRV com-
pared to the Lunar
Module (LM). The
LLRYV, with its
gimbaled engine,
was able to more
accurately simulate
the performance of
the LM by approxi-
mating lunar
gravity, which is 1/6
that of Earth.

tive quantity of rocket propellant. Simultaneously, a ducted-fan or jet engine within the
gimbal arrangement could provide efficient thrust for simulating lunar gravity.

Fortunately, a powerplant capable of giving continuous vertical operations already
existed—-the General Electric J85 jet engine. This engine enabled Levin’s team to
envision a specific engine-thruster combination. For planning purposes, the group
assumed a flight duration of ten to fifteen minutes and a rocket thruster operation of at
least three minutes. Finally, a brief mission analysis pointed to not one but two differ-
ent simulators: a simple, one-pilot vehicle used as an early research tool to help design
the lunar vehicles, and a larger vehicle to simulate the Apollo lunar lander with a crew
of two.

Helicopter LLRV

28° tilt

5° tilt
AN %W—)

Thrust =W

Bell proposed three phases for the program. The first involved preliminary design
study and mission analysis. The second centered on designing, fabricating, and con-
ducting a flight research program with the one-pilot vehicle. The third phase encom-
passed the design, fabrication, and flight simulation of the lunar lander. For the first
phase, Levin and his group proposed six areas of study:

1. Establish the required characteristics in performance, stability and control,
and configuration of a piloted and free-flying lunar landing simulator to be
used for research.

2. Evaluate the free-flight vehicle’s ability to simulate landings adequately in
the actual lunar environment, emphasizing dynamic response.

3. Compare the proposed configuration’s advantages and disadvantages with
those of other types of simulators, such as fixed-base and tethered.

4. Compare various methods for providing five-sixths of the basic lift to
simulate lunar weight and determine the optimum method for providing a free-
flight vehicle.

5. Prepare a preliminary design of the proposed vehicle consistent with state-
of-the-art technology that meets or exceeds these minimums in performance:
pilot control, 200-pound payload capability, capability to descend safely from
2,000-feet altitude, capability for 1,000-foot translation at hovering altitude,
10-minute hovering time on the jet engine only, and two minutes of continuous
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retro-rocket operation.

6. Investigate the configuration, performance capabilities and limitations, flight
dynamics, jet and/or rocket installation, stabilization requirements, variable
stability, vehicle and structural design, emergency escape system, and schedule
and cost.

Again, FRC engineers found the concepts in the Bell paper remarkably similar to
their own. Moreover, they were convinced that Apollo program managers and senior
NASA leadership would find the ideas acceptable, especially since the proposed
vehicle would be fabricated entirely from existing hardware. In fact, Bell’s approach
guided Drake and the FRC team as they prepared their own work statement for a study
on LLRV feasibility and preliminary design. They sent the resulting document to Bell
on 22 December 1961 and a fixed-price contract followed in January 1962. Not surpris-
ingly, the Niagara Falls company assigned Levin as chief engineer for the project.?

Launch of the LLRV Program

Paul Bikle, the popular FRC director, named Bellman, then head of the propulsion
branch, to be Levin’s counterpart at the FRC. The down-to-earth and highly capable
Bellman became LLRV program manager in January 1962. A native of Toledo, Ohio,
Bellman’s expertise lay in engine combustion processes, and in 1950 he transferred
from the NACA’s Lewis Flight Propulsion Laboratory to the High-Speed Flight Re-
search Station (as the FRC was then called) to supervise propulsion research. Matranga
became the assistant program manager and chief engineer. Matranga had worked for
the FRC since 1954, specializing in stability and control on the X-1A, X-1B, and F-
100A research planes. Later, he worked with pilots Joe Walker and Neil Armstrong in
developing successful pilot techniques for landing the X-15.2?

Bellman began his tenure as LLRV program manager by visiting Bell Aerosystems
to acquaint himself with the company’s progress. He found Bell engineers making
minor design changes in the vehicle’s center of gravity (cg), and conducting structural-
stress and aerodynamic analyses. But of greatest concern, he noticed, was the J85
engine. Closer investigation of the manufacturer’s data indicated that the engine would
generate only marginally enough thrust for the LLRV’s operation. Compromises
followed, entailing early-morning flights and restricted flights on hot summer days.
Despite these challenges, Bellman left Bell’s New York facility with a favorable
impression.

After returning to California, Bellman found that the LLRV jet engine problem
again needed attention. Levin conceded that the CJ610 version of the J85 lacked
sufficient thrust for the project, as Bellman was aware. He and Levin therefore agreed
upon a new requirement for LLRV thrust: 105 percent of takeoff weight on a warm day.
The thruster rocket specifications also underwent modification. Bell engineers had
planned to use only two 315-pound-thrust rockets, but the NASA group felt this was
inadequate and instead recommended two 1,200-pound rockets. Recognizing the need
for further analytical work, Bell’s management agreed to fund additional research,
clearing the way for analog studies and possibly a wind tunnel test. Meanwhile,
Bellman suggested the contractor explore the Litton inertial navigation system for
altitude and velocity measurement, a navigational instrument requiring no additional
reference data once it had been powered up and its global position had been encoded.
He also agreed to ask Langley’s aerodynamicists to schedule some wind tunnel time for
the LLRV.%

Gradually, the LLRV propulsion system took shape. General Electric proposed that
a fan version of the J85 engine be used, one that would increase thrust from 2,850 to
4,200 pounds at routine temperatures yet simultaneously reduce Specific Fuel Con-
sumption from 0.99 to 0.70. (SFC is a ratio of pounds of fuel consumed per pounds of
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thrust generated.) Although this change increased the weight of the bare engine by 283
pounds, and the weight of the overall vehicle by 480 pounds due to cg considerations,
it represented a satisfactory solution, and GE said it could have four engines ready in
nine months. As to the rocket thrusters, they narrowed the choices to two options:
either six 50-pound, or twelve 25-pound thrusters. Levin and Bell Aerosystems pre-
ferred the twelve-rocket option because of redundancy. Bell also suggested that rocket
operation be on/off-rather than possessing gradations of thrust—for greater reliability.
While bleed air jets received considerable attention and were at first adopted in the
design of the LLRV, planners ultimately discarded the idea. Used on the Bell X-14
VTOL research airplane, these jets provided stabilization. When the aerodynamic
controls proved ineffective on the X-14, air bleed from the jet engine had been carried
to the nose and wingtip of the vehicle and exhausted through control nozzles during
low-speed flight.

The all-important jet engine decision came in February 1962, when Bellman and
Matranga visited Bell to evaluate the program’s progress. Levin and his team wanted to
use the fan version of the J85 jet engine, the CF700-2B (later designated the CF700-
2V), even though the engine had only completed its 150-hour qualification test in May
1961 and had not yet been produced in commercial quantities. It also cost $130,000,
twice the price of a standard J85 jet engine. But with this new powerplant, Bell engi-
neers estimated that in a 14-minute flight, the LLRV could achieve an altitude of 2,000
feet, a forward velocity of 100 feet per second, and a vertical velocity of 200 feet per
second. To accommodate the heavier fan model of the J85, the engine frame was
beefed up, resulting in an increase in the vehicle’s gross takeoff weight to 3,325
pounds.?

Bell engineers also announced their solution to the rocket thruster question. They
requested sixteen 80-pound hydrogen-peroxide rockets on a 12-foot arm-the same
rockets used for reaction controls on the X-15. The rockets would operate as pairs of
redundant systems to produce pure moments. Differences remained about whether to
use a two-axis, side-arm controller and foot pedals for control, as Bell advocated, or a
three-axis, side-arm controller favored by NASA. The parties also disagreed on how
best to compensate for angular accelerations produced by altitude controls. NASA
recommended control powers of two radians per second, squared, with Bell’s represen-
tatives countering that large control accelerations required large thrusters. Bell noted
that its own experiences showed that large control accelerations were unnecessary.
Both agreed to await the upcoming analog simulation, which would shed more light on
the subject.®

Bellman and Matranga felt the design work at Bell was going reasonably well. A
few weeks later, Matranga returned to participate in a weeklong analog simulation
study of lunar landing.?® Bell’s John Gaul had mechanized (programmed) the simula-
tion, using simplified equations of motion with no aerodynamic influence. The simula-
tion display was rudimentary. Round dials showed longitudinal and lateral velocity,
rate of climb and descent, altitude, and vehicle attitudes. An X-Y plotter tracked
forward and lateral positions. A center stick with no force centering or gradient (that is,
with no resistance to movement by the pilot) controlled yaw. The pilot’s task was to
descend from an altitude of 1,000 feet while translating forward 200 feet to the point of
touchdown.

Dave Howe, a Bell test pilot with extensive VTOL and helicopter experience, flew
the simulated landing. Successful simulated landings, it became clear, required the
pilot’s full attention as well as considerable practice. A short hover at an altitude of 100
feet seemed to help the pilot get the craft properly positioned for touchdown. Howe
said that during the simulation study he concentrated first on optimizing the hover, and
examined other aspects in more detail later.

The best balance seemed to be offered by control powers producing angular
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accelerations of 0.25 to 0.5 radians per second, squared, in roll; 0.25 radians per
second, squared, in pitch; and 0.1 radians per second, squared, in yaw. This particular
balance provided rapid response without excessive tendency to over-control. These
were considerably lower values than those generally used on existing VTOL vehicles.
However, the FRC’s three-axis, side-arm controller used in the Bell simulation became
fatiguing for Howe when he used it without force gradient or centering. Even when
light centering forces were applied to ease the task, Howe still preferred the center
stick.

NASA’s Joe Walker joined Howe in February 1962 to take part in the simulation.
Walker had had a distinguished and varied career. After flying P-38 fighters in North
Africa during World War Il with the U.S. Army Air Forces, he logged many wintertime
hours above the Great Lakes flying icing research missions for the NASA Lewis Flight
Propulsion Laboratory. He also had piloted a number of NACA experimental aircraft,
including the X-3, X-4, and X-5 research airplanes for the HSFRS. Walker flew most
of the 60-degree wing sweep flights on the X-5, managing to avoid the serious stall/
spin problems others had experienced. He also encountered roll coupling in the X-3
about the time it surfaced in the F-100A. When Scott Crossfield left the NACA in 1955
to help design and then fly the X-15 for North American Aviation, Walker became chief
test pilot at the FRC.?” Meticulous in all of his flight preparations, Walker planned and
trained no less carefully for his first time aloft in the LLRV.

On 26 February 1962, FRC deputy director De Beeler, chief of research Thomas
Toll, and Hubert Drake went to Langley to discuss how Langley’s Lunar Landing
Research Facility (LLRF) and the FRC’s LLRV would coordinate support for the
Apollo program.? Final arrangements also were made at that time for wind tunnel tests
of Bell’s LLRV configuration. A tethered craft supported within a large bridge struc-
ture, Langley’s LLRF would simulate the final 50 feet of a lunar descent to touchdown.
While there would be areas of overlap between the LLRF and the LLRV efforts, the
LLRF would emphasize final touchdown dynamics and control while the LLRV would
concentrate on terminal control and positioning.
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The project received not one but three “birth certificates” in March 1962. One took
the form of a project development plan that officially gave the Lunar Landing Research
Vehicle its name.? The second resulted from a crucial meeting attended by FRC
dignitaries at the MSC in Houston, Texas. The members arrived to brief Gilruth,
Williams, five of the Mercury astronauts, and an assembly of interested MSC engineers
about the proposed LLRV as well as the paraglider spacecraft recovery project. The
ensuing discussions went extraordinarily well, with the MSC agreeing to provide
$700,000 of current fiscal-year money to initiate the LLRV program. And finally, later
that month, officials from Bell Aerosystems made a comprehensive presentation of
Bell’s preliminary LLRV research.*® The company issued a study report to the FRC in
addition to a technical proposal (including cost) for designing and fabricating two
vehicles.® Just a few days earlier, the FRC project team had finished its own first draft
of a statement of work for designing and fabricating the LLRV.

Between the submission of the Bell proposal and the go-ahead to fabricate the
LLRVs, Levin found himself besieged by the press, with unintended consequences.
During this period he had presented a paper at the annual meeting of the American
Institute of Aeronautics and Astronautics (AIAA) in which he described the LLRV
concept to date. He was subsequently interviewed by reporters, some of whom wanted
to know how much progress had been made in building the LLRVs. Levin replied that
Bell had done a study and was waiting for NASA to provide funding before construc-
tion could begin. “Well, lo and behold,” Levin said, “the newspaper came out that
night, stating that NASA had provided the funds to build these vehicles.” Levin and his
team expected to be “bawled out” in Houston for this, but discovered upon their return
that a Houston newspaper had printed a similar front-page article. “Isn’t it great?” said
a delighted MSC counterpart, evidently grateful for the publicity. “I’ll be darned if that
wasn’t the thing that [drew] attention to it,” Levin said, adding that shortly thereafter
the program got its start-up funding.®? The next hurdles proved to be even more formi-
dable: getting all parties to agree on the technical details and identify the monies
required to build the actual flight vehicles.
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1984. In 1990, NASA renamed its quality and excellence award after him. See T. Keith Glennan, The Birth
of NASA: The Diary of T. Keith Glennan, ed. J.D. Hunley (Washington, D.C.: NASA SP-4105, 1993), p.
36, 98, 160, 198, 214, 300, and 343. The quotation in the text is from Robert C. Seamans, Jr., Aiming at
Targets: The Autobiography of Robert C. Seamans, Jr. (Washington, D.C.: NASA SP-4106, 1996), p. 73.

6 “Working Notes from an Interview of Ken Levin,” by Ivan D. Ertel, Manned Space Center Historian
(Houston, TX), 8 June 1971. All information regarding Ken Levin, including quotations, is from this
unpublished source.

' Walt Rusnak, “LLRV Reminiscences,” 15 March 2000.

18 Proposal for a Free Flight Lunar Landing Simulator Study Bell Aerosystems Report D7161-953001,
December 1961, p. 2-3.

¥ Proposal for a Free Flight Lunar Landing Simulator, p. 6-8, 13-15.

2 A jet engine ejects a jet or stream of gas or fluid to provide thrust. A rocket engine does the same, but
instead of using the oxygen in the atmosphere to combine with the fuel to provide combustion, it includes
its own oxidizer. A ducted-fan engine includes a fan or propeller enclosed in a duct; it can be a jet engine in
which a ducted fan or ducted propeller augments the gases of combustion in the jet stream. See also
Proposal for a Free Flight Lunar Landing Simulator, p. 15-22.

2 Proposal for a Free Flight Lunar Landing Simulator, p. 23-24.

2 Donald R. Bellman, briefing charts, Proposed Free-Flight Lunar-Landing Simulator Program, 9 January
1962, p.1.

2 Bellman, memo to FRC personnel concerned with lunar landing simulator program on telephone
conversation with Ken Levin, Bell Aerosystems, 18-19 January 1962. Bellman contacted Laurence K.
Loftin, Jr., an aerodynamicist who had become Langley’s assistant director in 1961, inquiring about the
availability of wind tunnel test time. Loftin said that although Langley’s 7-by-10-foot and full-scale tunnels
were fully booked he felt the test could be squeezed in. Due to scaling concerns with the non-aerodynamic
configuration, Loftin recommended that the model be as large as possible. Donald R. Bellman, memo to
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those concerned with lunar landing simulator program on telephone conversation with Ken Levin of Bell
Aerosystems Co. and with Laurence Loftin of Langley Research Center 24-5 January 1962.

2 Donald R. Bellman and Gene J. Matranga, memo to those concerned with the lunar landing simulator
project on information received during second visit to Bell 1 and 5 February 1962.

% During this visit by Bellman and Matranga, Bell engineers also indicated that they were studying ways
to save the craft in case a jet engine failed. Using just the lift rockets would require too much propellant,
they decided. However, the combination of a parachute 55 feet in diameter with two rockets having 2,800
pounds of thrust would work, they said, adding only 280 pounds in weight. The parachute would stabilize
the craft’s descent at 32 feet per second, and the lift rockets would reduce vertical velocity further to below
the 10-feet-per-second limit as the craft neared the ground. A third possibility for saving the craft was for
the pilot to flare a parawing near the ground, keeping the impact within design limits. But NASA engineers
were skeptical about using a parawing, due to problems experienced only a few months earlier during
parafoil testing at the FRC. An inflatable lifting surface, the parafoil was a concept first conceived by
Francis M. Rogallo, a NASA engineer at Langley Research Center. NASA engineer R. Dale Reed had
initiated small-scale testing of the parafoil at the FRC, the expectation being that it could be used in the
Gemini program with the space capsule for soft touchdowns on land rather than the ocean splashdown
method used in the Mercury program. The FRC and North American Aviation then conducted full-scale
testing of the parafoil, but it was unsuccessful for the purpose intended. A fourth alternative for saving the
craft in case of engine failure was to use two 130-foot parachutes, but that idea was dropped because the
parachutes would add 900 pounds to the vehicle’s weight. The final alternative suggested—a deployable
two-bladed rotor weighing 380 pounds—would produce intolerable aerodynamic effects. It was also too
complex.

% Matranga, memo to those concerned with the lunar landing simulator project on visit to Bell
Aerosystems Company 19 to 27 February 1962.

2 Milton O. Thompson, At the Edge of Space: The X-15 Flight Program (Washington, D.C.: Smithsonian
Institution Press, 1992), p. 4-5; Hallion, On the Frontier, p. 52, 58-59.

% Bellman, memo for those concerned with FRC lunar landing simulator on visit to the Langley Research
Center to discuss lunar landing simulators 26-27 February 1962.

2 Project development plan for a free-flight lunar landing and takeoff simulator, NASA FRC, 6 March
1962.

% Bellman, memo to those concerned with the lunar landing and takeoff simulator program on oral
presentation of results of Bell study contract, 15 March 1962.

% |ike Howe, Walker found he preferred the center stick to the side-stick. Moreover, he found the best
control resulted from a technique called dithering—that is, making small, rapid movements of the stick.
Walker then made several important observations for project engineers. He noted that the collective engine
control “seemed to be out of directional sense with the motion the vehicle derived from it.” He expressed a
preference for a thrust-to-weight ratio of 1.2 for the flare and landing, and he felt that rate stabilization in
all three rotational axes would improve control immensely. Finally, Walker said of the entire experience,
that he “found the simulation to be extremely interesting not only for acquainting one with the handling
and control of the type of vehicle and for varying parameters of interest, but also for stimulating ideas for
improving the capabilities and usefulness of the actual vehicle.” Joseph A. Walker, Evaluation of Bell
Fixed Base Lunar Landing Simulation, 27 February 1962. See also Feasibility Study for a Lunar Landing
Flight Research Vehicle Bell Aerosystems Report 7161-950001, 8 March 1962.

32 \Working notes from an interview of Ken Levin, by Ivan D. Ertel, MSC Historian, 8 June 1971.
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Chapter 2: A Proposal

With the completion of the LLRV proposal in March 1962, Bell Aerosystems sent a
delegation of engineers to the FRC to summarize the proposal’s findings and field
questions. The technical aspects differed only slightly from the December 1961 report.
But the company’s representatives made an audacious offer, proposing to design and
fabricate a small research vehicle within one calendar year.? In return, they asked the
space agency to allocate nearly two million dollars ($1,946,000) for the effort, the bulk
of the funds to be designated for engineering and manufacturing as well as for compo-
nent and system testing. The NASA group, in turn, presented the Bell team with a
statement of work for design and fabrication of two research vehicles.®

At this stage in the design process, Bell engineers envisioned an LLRV in which
the pilot sat atop a four-legged truss structure. Its jet engine was positioned at the
vehicle’s center of gravity within a double gimbal. The legs spanned 21 feet at the
shock struts. The proposed vehicle measured 19.8 feet in height at the top of the
cockpit and weighed an estimated 3,420 pounds (gross). Walt Rusnak, Bell’s avionics
project engineer for the LLRYV, said the vehicle “looked more like a water tower...than
the aircraft shape with oversized legs that finally emerged as the LLRV.”*

Nevertheless, this early incarnation contained many of the features adopted in the
final design. Each of the vehicle’s four legs consisted of a tapered triangular truss of
welded aluminum tubing equipped with pin-joint fittings that attached the legs to the
platform structure. (The ultimate design of the legs relied on use of an IBM 704 digital
computer to optimize structural elements for the least weight).® To absorb lateral energy
during landing, each leg had a shock absorber attached with two rubber shear mounts.
Engineers conceived the structure to withstand vertical velocities of ten feet per second
(fps) with no side drift, or six fps with a side drift of three fps. Critical structural
elements were designed to withstand a crash impact of 40g.°

The ring housing the jet engine was to be a formed steel tube containing four sets
of gimbal bearings in hubs; two sets attached to the platform structure formed the outer
gimbal and the other two attached to the engine mount formed the inner gimbal. The
mechanism allowed the turbofan engine to tilt 40 degrees in any direction from the
vertical axis. A device consisting of two pairs of nitrogen-actuated cylinders on the
inner and outer gimbal rings locked the gimbals for takeoff and would protect them if
the engine stabilization system failed.” Supported within the gimbal frame and modi-
fied to operate vertically was the vehicle’s main lift force, a General Electric CF700-2B
axial-flow, aft-fan jet engine.

Rocket-propulsion systems typically require both fuel and an oxidizer—bipropel-
lants—such as hydrazine and nitrogen tetroxide. An alternative is to use a monopropel-
lant, as in the case with hydrogen peroxide, which, when passed through a catalyst,
decomposes into steam and free oxygen, generating thrust. Although Bell designed the
rocket system to use hydrogen peroxide as the primary propellant, an alternate design
used hydrazine and nitrogen tetroxide. Despite the fact that the bipropellant system was
lighter, Bell selected a peroxide-only system because the hardware required for the
latter already had been qualified during the X-15 and Mercury programs as reaction
motors. It was also less dangerous. The LLRV’s lift thrust originated from two rocket
motors capable of being throttled from 100 to 500 pounds thrust. Designers provided
sixteen 80-pound rocket motors for attitude control, each operating in on/off mode only
(that is, without throttle adjustment) and installed as two identical subsystems of eight
motors each for redundancy, or backup capability.®

Propellants for the lift and attitude rockets were fed by a common source divided
between two spheres, each containing 400 pounds of hydrogen peroxide and located
fore and aft of the cockpit structure. Fuel from the tanks flowed through valves capable
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of isolating either side of the system. Apart from the tanks containing the 90 percent
strength hydrogen-peroxide propellant-made from 6061-T6 spun-aluminum shells—all
other hardware in the rocket system, such as tubes, valves, and fittings, was fabricated
from stainless steel.®

Bell planned an attitude-control system designed to provide adequate control of the
vehicle for all likely maneuvering tasks. The system also would correct jet-thrust
misalignment, drag moments created aerodynamically, dynamic unbalance resulting
from asymmetrical configurations, and unbalanced thrust from the lift rockets. Bell’s
solution involved firing the attitude rockets to produce instantaneous angular accelera-
tions of nominally 0.9 radians per second, squared, in each axis with both sets of
rockets operating, half of that acceleration with only one set of rockets firing. Angular
rate and attitude feedback gave the pilot the option of selecting angular rate commands
or vehicle attitude control, as previously described.%?

An artist’s early
conception of the
LLRV design.
(E-8228)

Bell’s proposed engine attitude-control system and gimbal arrangement generated
considerable discussion during the follow-up meeting at the Bell plant in Buffalo.
NASA representatives voiced their discomfort with Bell’s plan for an attitude-control
system using engine bleed air and suggested using servo actuators instead. While the
contractor did not like the suggestion (because of the added weight), Bell agreed to

17



evaluate the idea in greater detail.

But attitude control was not the only complicated technical issue. The engine
attitude-stabilization system, for example, countered moments and disturbances pro-
duced by engine-thrust misalignment, drag moments accompanying airflow into the
engine inlet, and engine gyroscopic moments resulting from engine rotation, as well as
dynamic unbalances created by the gimbal mechanism. The engine throttle-control
system gave the pilot direct control of engine thrust. It also provided the means to
automatically position the throttle in response to commands from the vehicle weight
programmer, thus creating the effect of simulated lunar gravity while correcting for
vertical drag forces.™ Yet, unlike the attitude-control system’s double set of sensors,
wiring, and rocket hardware—which provided complete redundancy-the jet engine-
control system did not have a backup but relied instead on the pilot to detect malfunc-
tions and provide manual control in the event of failure.*?

The company’s engineers proposed a cockpit arrangement that accommodated a
single-pilot station with displays and controls. The proposal included space for install-
ing a second pilot station later.”®* Semi-enclosed with Mylar® sheeting, the cockpit area
included minimum instrumentation for flight safety and hovering flight-which is to say,
an altimeter, rate-of-climb indicator, pitch-and-roll attitude indicator, drift meter,
airspeed indicator, and clock. System operating parameters were indicated by engine
thrust, engine rpm, oil pressure, oil temperature, fuel level, fuel pressure gages, and DC
and AC voltmeters. Annunciator lights warned the pilot about locked gimbals, low
hydrogen-peroxide level, and maximume-tilt angle for the jet engine.

Pilot control consisted of conventional pitch-and-roll center stick and yaw pedals.
The center stick controlled movement in pitch (nose up or down) and roll (around an
axis from the rear to the front of the vehicle) while foot pedals controlled nose move-
ment left to right and right to left (yaw). The stick and pedals were mechanically linked
to the systems each controlled. There also was a parallel electrical link to the controls
as well as throttles for the jet engine and lift rockets. Engineers included a zero-zero
ejection seat for the pilot, providing safe ejection in the event of jet engine failure or
loss of attitude control. Such a seat allows a pilot to safely eject from a vehicle at zero
altitude and with zero air speed. Oxygen for the pilot would come from a bottle of
compressed oxygen.

At this stage of conceptualization, the Bell team relied on relatively simple analyti-
cal methods. They estimated aerodynamic forces for the vehicle by using an elementary
theory of cross-flow over the circular tubing of the basic components.** Experimental
wind tunnel test results on wires, cables, and cylinders generally confirmed the esti-
mated values. No interference drag was factored into the aerodynamic estimates since
the engineers expected the aerodynamic data to be upgraded at a later date, after wind
tunnel testing. Similarly, results from Bell’s earlier analog simulations were included in
the March 1962 report and formed the basis for the design of the control-system
elements.?® Designers recognized that more sophisticated simulations would be required
before the design of the control system could be finalized.

The March report also addressed the all-important question of vehicle operation.®
Concerned that it might seriously degrade performance, Bell engineers studied the
possibility of the jet engine ingesting its own exhaust fumes. A variety of experimental
VTOL studies indicated ingestion would not be a cause for concern. Ground effect
proved to be no impediment to the project. After examining debris caused by jet
impingement, the Bell team concluded it would not be a problem as long as flights took
place over conventional hard surfaces. The team also conducted a detailed reliability
analysis of individual systems and subsystems, generating what was almost certainly an
overly optimistic 99.11 percent mission-reliability estimate.”

With the essentials of the Bell proposals in hand, NASA’s Don Bellman contacted
various suppliers to determine whether some crucial modifications might be possible,
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particularly in the LLRV’s rocketry. He first contacted the Marquardt and Rocketdyne
corporations about availability and cost of a bipropellant rocket system for the pro-
posed vehicle.’® Although both corporations had extensive experience with such
systems and said one could be finished in about a year, tailoring them to the LLRV
application would cost millions of dollars, which Bellman found unacceptable. He also
contacted the Walter Kidde Company regarding a 98 percent hydrogen peroxide
solution as rocket propellant. The Kidde representative told Bellman that the company
was experimenting with such a concentration, but was reluctant at that time to commit
to its use. The 90 percent concentrations of hydrogen peroxide then used frequently as
rocket propellant were considered highly volatile; an even higher concentration would
be that much more dangerous. Abandoning all efforts along these lines of inquiry, the
FRC team accepted the decisions made by Bell Aerosystems regarding the LLRV’s
rocket system.

Meanwhile, NASA engineers and scientists began to apply rigorous analysis to
some of the admittedly “quick and dirty” requirements imposed on Bell by constraints
of time and money.* In order to validate the aerodynamics of the LLRV, the FRC team
sent copies of the third work statement, CF700 engine performance curves, and three-
view drawings of the vehicle to engineer Francis Rogallo at Langley. Rogallo needed
the data to plan the test of an LLRV model in Langley’s 7-by-10-foot wind tunnel. Bell
Aerosystems engineers supplemented these documents with their own wind tunnel test
requirements. Significantly, contractor drawings no longer showed the toroidal (donut-
shaped) jet fuel tank. Instead, the drawings showed spherical tanks outside the gimbals,
fore and aft of the engine.

Program Approval and Funding

The technical aspects of LLRV development took time to master. But getting
agency approval for the program, a slow and torturous process under the best of
circumstances, made the planning stage seem brief by comparison. Indeed, little
progress on approving anything had been made since early January 1962. Hoping to
gain some momentum, Drake, Bellman, and Matranga flew to Houston on 10 May
1962. There, at the MSC, the trio met Walter Williams, Maxime Faget, Charles Frick,
Charles Mathews, John Eggleston, Richard Day, Warren North, and others, and suc-
ceeded in resolving the remaining differences about the free-flying simulator.

The MSC officials who helped cut the Gordian knot that day comprised a distin-
guished group. Williams was the founding director of the NACA Muroc Flight Test
Unit. After much success, Williams left California in 1959 to become operations
director for Project Mercury. Faget had played a major role in designing crewed
spacecraft beginning with Project Mercury. By 1962, he was assistant director (and
later director) for Engineering and Development at the MSC. Frick managed the Apollo
project office at the MSC, and Mathews directed the Gemini project office. Eggleston
was an MSC engineer, an assistant to Faget, and had previously been with Langley’s
Manned Space Laboratory Group. Dick Day, a former pilot with the Royal Canadian
Air Force and the U.S. Army Air Corps, acted as the chief astronaut training officer at
the MSC and was a member of the astronaut selection panel. (Williams had recruited
Day from the FRC and persuaded him to come to Houston.) Warren North served as
chief of the Flight Crew Support division in Houston, responsible for astronaut training.
Earlier, he had been chief of Manned Satellites at NASA Headquarters.?

As a direct consequence of this meeting, MSC Director Bob Gilruth informed Dr.
D. Brainerd Holmes, director of the Office of Manned Space Flight at NASA Head-
quarters, that he had conditionally approved the LLRV concept and that the MSC
would allocate $300,000 to initiate qualification of the CF700 engine. Gilruth had been
a consistent supporter of the LLRV program. An early advocate of human space flight,
he had been part of the group that completed basic planning for Project Mercury in the
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summer of 1958. By November of that year he was in charge of Project Mercury and
the Space Task Group then was assigned to Langley, which was later moved to Houston
with the founding of the MSC.2

Yet despite Gilruth’s intercession, the wheels of bureaucracy moved as slowly as
before. The technical and financial management channels of authority and responsibil-
ity seemed of particular concern to NASA Headquarters. Bernard Maggin and Bill
Fleming, from the office of NASA Associate Administrator Dr. Robert Seamans,
wanted additional information about the LLRYV, specifically about the estimated deliv-
ery date of the jet engine—a date they considered unduly optimistic. Maggin was well
known at the FRC from the NACA era, so Bellman and Drake telephoned him in late
May 1962 and provided him with additional information on the project. The two FRC
engineers followed up with a revised project development plan and the fourth draft of a
work statement to NASA Headquarters and to Dick Day at the MSC.

At this juncture, the plain-spoken Paul Bikle wrote to Williams, expressing concern
about the delays in formalizing the LLRV program. Bikle and Williams shared more
than just a background in flight-testing fighters and bombers during World War Il. As
the first and second directors of the FRC, the two had developed similar no-nonsense
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management styles geared toward producing results. Bikle proposed a meeting at the
MSC to resolve remaining management concerns about the LLRV program, and
Williams arranged the meeting.

After waiting, and hearing nothing further, Bikle telephoned Williams on June 20
to prod him toward a resolution of management disagreements at the MSC, only to find
that prodding wasn’t necessary. Williams told Bikle that an agreement had been
reached and that Gilruth had approved the plan and sent it to NASA Headquarters.
Williams added that he was satisfied with the plan and felt sure the FRC would be
satisfied with it as well. Under the agreement as it had been approved, Warren North
would be responsible for the program at the MSC, assisted by Dick Day.

Another month passed before the initiative received the approval of Associate
Administrator Seamans. Ultimately, the project development plan, procurement plan,
and work statement that had been finalized in May were not formally approved until
mid-August.?? The management plan kept decision-making at NASA Headquarters
while vesting the FRC with operational control. Under North, the MSC would follow
the LLRV program to assure that it met the needs of the Apollo program, and provide
funding in a timely manner.

Projected funding called for $350,000 in fiscal year 1962, primarily for developing
the jet engine, another $3,600,000 in fiscal year 1963 for completing the purchase of
the engine and fabricating the two LLRVs, and $500,000 each in fiscal years 1964 and
1965 for operating the vehicles. Though funding for engine development became
available in fiscal year 1962, funds for vehicle design and fabrication did not material-
ize until well into the next fiscal year. Meanwhile, back in California, FRC engineer
Wayne Ottinger had been chosen to act as NASA’s plant representative at Bell during
the 14-month contract, and relocated to Bell’s Niagara Falls facility in January 1963.

The contract between the FRC and Bell Aerosystems specified $3,365,632, to
which an added fixed fee of $245,000 raised the total to $3,610,632. The 14-month
schedule called for the first vehicle to be delivered within twelve months, the second
two months later. As part of the contractual agreement between the FRC and Bell, Bell
agreed to buy the jet engines from General Electric and the FRC promised to furnish
the ejection seats as well as the velocity and altitude sensors. The money appeared at
the FRC in increments: $1,050,000 in the first installment (which was then sent to
Bell), and additional payments later in the year.2® With the signing of the agreement
between the FRC and Bell Aerosystems, the tower-like profile of the Lunar Landing
Research Vehicle began to rise from the floor of the Bell plant.

! Fourteen months later, in May 1963, the configuration looked significantly different. The description of
the initial design of the LLRV given in this chapter is from the Bell study report, Feasibility Study for a
Lunar Landing Research Vehicle Bell Aerosystems Report 7161-950001, 8 March 1962. Hereafter, this
report is referred to as Feasibility Study.

2Feasibility Study, p. 211-215.

% Donald R. Bellman, memo for those concerned with lunar landing and takeoff simulator program on visit
to Bell Aerosystems Co., Buffalo, NY; to discuss provisions of lunar landing and takeoff simulator work
statement, 3 April 1962.

4Walt Rusnak, “LLRV Reminiscences,” 15 March 2000. Rusnak provided the authors with a copy of this
unpublished document.

® Feasibility Study, p. 33-35.

® That is, acceleration 40 times that produced at sea level by normal Earth gravity.
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" Feasibility Study, p. 20.

8 Duct, nozzle, and valve components of the air-bleed engine stabilization system would be secured to and
supported by the engine-mount structure attached to the mating flanges of the fan front and rear frames of
the engine. A toroidal tank with a capacity for 500 pounds of JP-4 jet fuel-enough for ten minutes of flight—
surrounded the engine in the plane of the compressor case. lbid, p. 152-153, 161.

° The T6 designation reflects the heat treatment of the aluminum. The rocket propellant tanks would be
pressurized with gaseous nitrogen. Two titanium spheres on both sides of the craft, each having an inside
diameter of 16.5 inches, would store the nitrogen at 3,000 psi. Nitrogen would pass from these tanks
through five-micron filters and regulators to the peroxide tanks. The whole system was designed to provide
ten minutes of attitude-rocket operation and two minutes of lift-rocket operation. It should be noted that
weight problems plagued the LLRV design. Several possible solutions were discussed, including off-
loading propellants to reduce thrust margin and flight duration, reducing the 200-pound instrumentation
payload, using aluminum rather than stainless steel in the rocket system, using 98-percent hydrogen
peroxide rather than a 90-percent concentration, and using a bipropellant system. Bell finally considered
only two options: off-loading propellants or reducing the instrumentation payload. Although reducing
weight through either of these means required more flights than originally planned, neither would signifi-
cantly affect the desired research. Bell and FRC representatives also discussed using common basic sensors
for research data, pilot display, and control. Feasibility Study, p. 58-59, 153, 155-156.

0 1hid, p. 58-59. In the absence of aerodynamic resistance and system feedback, the firing of an attitude
rocket produced an angular acceleration—-measured in radians per second, squared—that varied directly with
rocket thrust, creating an ever-increasing angular velocity measured in radians per second. Rockets fired in
the opposite direction could preclude the unlimited increase in angular velocity. Since controlling motion in
this way is a very exacting task, one alternative would be to use angular-rate feedback so the firing creates
an angular rate rather than an angular acceleration, resulting in an increasing attitude angle at the angular
rate commanded. When the desired attitude is reached, the pilot would center the control stick to stabilize
the attitude angle. Most pilots prefer such control. Another mode of control would be to use both angular
rate and attitude angular feedback so the pilot’s stick becomes proportional to attitude. While this mode
gives the pilot direct control of attitude, it also requires the stick to be held at the desired attitude. After a
short time, most pilots object to having to hold the stick at any position other than neutral.

1 Feasibility Study, p. 61, 65-70.

2 Ibid., p. 171-174.

8 The electrical system proposed by the contractor consisted of a turbine air impingement start duct, AC
generator, three-phase rectifier (for converting alternating to direct current), associated controls, and power
distribution. Bell designers had selected an eight-pole synchronous AC generator capable of supplying
400-cycle, three-phase power at 6,000 revolutions per minute (rpm). For this, the Leland Company could
provide an off-the-shelf unit delivering five kilovolt amps (kva) power, and a three-phase solid-state
rectifier made by Westinghouse would provide 35 amps of DC power at 28 volts. Ibid., p. 168-1609.

¥ 1bid., p. 81-94.

% Ibid., p. 118-132.

% Ibid., p. 175-177.

7 Ibid., p. 177-189.

18 Bellman, memo for those concerned with the lunar landing and takeoff simulator on findings on visits to
Marquardt Corporation and Walter Kidde Company, 10, 13 April 1962.

¥ FRC Lunar Landing Simulation Program Chronology. Unless otherwise noted, information that follows is
taken from this chronology.

2 Sources for biographical details include: NASA News Release 95-179, “NASA Pioneer Walter C.
Williams Dies,” 11 October 1995; NASA Biographical Sketch, “Paul Bikle,” March 1966; “W.C. Williams
Named to Project Mercury Team; Bikle Takes over Direction of High-Speed Flight Station,” NASA High-
Speed Flight Station, X-Press, Extra, 28 August 1959; Bilstein, Orders of Magnitude, p. 50, 69; Hansen,

22



Spaceflight Revolution, p. 52, 54, 55, 63, 65, 226, 232-233, 263, 387; Henry C. Dethloff, Suddenly
Tomorrow Came . . . History of the Johnson Space Center, 1957-1990 (Washington, D.C.: NASA SP-4307,
1993), p. 62-67; and R. Dale Reed with Darlene Lister, Wingless Flight: The Lifting Body Story (Washing-
ton, D.C.: NASA SP-4220, 1997), p. 142, 159.

2 FRC Lunar Landing Simulation Program Chronology, 11 May 1962.

22 NASA Contract No. NASA-234, 16 January 1963; also Paul Bikle, memo to Jack C. Heberlig, 4
December 1963.

2 The major vendors and the items they supplied to Bell for the LLRV included Airtek Dynamics, Inc.
(Compton, CA): hydrogen peroxide tank assembly; Bendix Products Division, Bendix Corporation (South
Bend, IN): landing-gear shock struts; Benson Manufacturing Company (Kansas City, MO): JP-4 fuel
tanks; Small Aircraft Engine Department, General Electric Company (West Lynn, MA): CF700 turbofan
engine; Hydraulic Research and Manufacturing Company (Burbank, CA): hydraulic actuators; and
Menasco Manufacturing Company (Burbank, CA): helium pressure tanks. The Weber ejection seat used in
the LLRV was government-furnished.
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Chapter 3: The NASA-Bell Collaboration

The process of fabricating a flying machine that was without precedent could have
been a cause for concern both at the FRC and at Bell. Instead, in 1963 engineers at both
places seemed preoccupied with a far less cosmic quest: finding a jet engine that could
fulfill the vehicle’s requirements. Although Bell Aerosystems’ manufacturing schedule
called for the use of General Electric’s CF700 turbofan—an aft-fan version of the J85
engine—alternative engines were being explored as well.

On 21 January, Gene Matranga arrived in England to canvas British engine makers.
He visited Bristol-Siddley Engines, Ltd., and found that the company’s BS-59 powerplant
had advantages in thrust and weight over the GE candidate.! But the BS-59 would not be
available for another three to five years. Matranga next went to Derby to explore what
Rolls Royce, Ltd., had to offer.2 He concluded that if GE encountered serious problems
with the CF700, Rolls Royce’s RB-162 engine offered a short-term alternative. The more
advanced RB-175 seemed more promising because of its composite components and its
significantly reduced weight, but Rolls Royce had the RB-175 in long-term development.
None of the alternative engines from either British firm proved to be compatible with the
LLRV manufacturing schedule. As Dean Grimm, LLRV project manager at the MSC,
recalled in April 1971, NASA “got lots of offers from Rolls Royce and a lot of other
people to spend about $20 million to develop the engine we wanted, but of course we
weren’t too interested in that.”

On the other hand, members of the GE group at Edwards Air Force Base realized
that if the CF700 were used in the LLRV, they would need to provide the FRC with
technical support once the engines arrived in California. And so, on 10 April 1963, Wally
Runner and three associates from GE at Edwards Air Force Base met with Bellman and
Matranga to unveil the company’s plan for technical support.* Proposed support included
a test engineer for the 50-hour qualification testing of the engines in the fall of 1963 at the
GE plant in Lynn, Mass. GE also offered to send a test engineer to Bell when the engines
were installed, to assign an engineer at the FRC once the vehicles had been delivered to
Edwards, and to provide special tooling, spare parts, overhauls, and hot-section testing.

But pledges of support belied formidable difficulties. Runner and his GE associates
acknowledged that while GE had tooling for the basic J85 engine, it didn’t have the fan
tooling needed for the CF700-2V, the vertical version of the J85 used in the LLRV. At the
GE facility in Lynn, the proper tooling had yet to be identified. Nor was there an available
supply of spare parts. This raised concerns at NASA. In addition, GE’s refusal of NASA
200 Series inspection requirements in the fabrication of the jet engine gas generator was
holding up final assembly.

Ottinger, NASA'’s resident LLRV technical representative at Bell, and Andy Syposs,
quality-control specialist in the Air Force contracting office at Bell, discussed the qualifi-
cation of the jet engine parts with Matranga and Richard Cox of the FRC’s inspection
group on 16 April.® Since GE used the Mil Q 9558 inspection standard on its production
line, the company wanted to use that procedure in parts production rather than use the
NASA 200 Series. In the jet engine core, there were 800 military-certified parts, 180
Federal Aviation Agency-certified parts, and 20 non-certified parts. Moreover, there were
100 other non-certified parts in the fan alone; at issue were these 120 non-certified parts.
An additional concern was that, in the rush to meet the delivery schedule, GE was
building the first engine with used parts. To keep final assembly of the engine on sched-
ule, NASA and GE reached a compromise. The space agency agreed that GE could call
the quality control what it liked so long as NASA was satisfied with the inspections and
engine paperwork. In effect, this enabled GE to use its own inspection procedures as it
moved ahead with the final assembly of the engine.

Nonetheless, Matranga became increasingly concerned that the CF700 might be
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A diagram of the
ejection seat
chosen for the
LLRV, showing the
various elements
of the system.

unable to meet the thrust requirements for the LLRV.® On 17 April, he contacted Ottinger
at Bell, asking him about the costs of stopping GE’s assembly if NASA sourced the
LLRV engines elsewhere. Rather than see NASA take that course, Ottinger recommended
that Ken Levin of Bell be instructed that if necessary, GE should be directed to upgrade
engine thrust at the expense of engine life.”

Testing of the first CF700-2V engine began at GE’s Lynn plant in mid-August 1963,
with the engine operating horizontally in initial runs for a more accurate test. Maximum
thrust was 4,432 pounds. Initial tests were made with a non-optimized nozzle; the nozzle
was to be improved later, after additional data had been gathered.®

But engine thrust remained all-important. Indeed, the critical design challenge
throughout the LLRV program was the need to obtain the maximum thrust possible with
the selected jet engine in order to minimize three factors: first, the impact of weight-
reduction initiatives on cost and schedule; second, the operational constraints for warm-
weather takeoff performance, and third, any possible loss in the value of research or
training. Therefore, project personnel kept a weather eye on the jet engine performance
testing throughout the program.

Developing the Ejection Seat
Planning for pilot safety also was crucial. After issuing a Request For Proposal (RFP)
during the summer of 1963 for development of a lightweight zero-speed and zero-altitude
ejection seat, the FRC held discussions with the Lockheed California Company, Stanley
Aviation, Weber Aircraft Corporation, and the EI Segundo, Calif., division of the Douglas
Aircraft Company. NASA requested that Lockheed representatives not bid on the project
upon learning that their proposal claimed a pilot ejection system could not be built
successfully with a weight under 1,000 pounds.®
The seat
proposed by
Stanley was not
only the heaviest of
the three but it also
had features that
NASA found objec-
tionable. The seats
proposed by Douglas
and Weber, on the other
/S hand, met NASA’s
specifications. Although
both the Douglas and
Weber models were
acceptable, the committee
gave the highest evaluation
to the Douglas seat because it
contained a greater number of
proven components. But the
FRC already was using a \Weber
seat in the M2-F1 lifting body,
perhaps one of the first zero-zero
ejection seats in an aircraft.
Weber had developed it by taking
the lightweight seat in the T-37 jet
trainer and modifying it so that it
used a rocket rather than a ballistic
charge for ejection.’® The company’s
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proposed seat for the LLRV involved an updated version of the M2-F1 seat that had been
successfully demonstrated in the lifting body aircraft. With the potential cost savings
inherent in this approach, the committee selected the Weber seat for the LLRV.

In the Weber seat, an explosive cartridge in the rocket system supplied hot gases for
catapulting the seat to the top of the seat rails. The solid-propellant rocket motor attached
to the seat structure would then ignite hot gases at the top of the stroke of the catapult,
burning just long enough to take the seat away from the LLRV. Given the VTOL nature of
the LLRV and the need to accommaodate a range of vehicle-attitude angles at ejection, the
Weber design called for a rotation of the seat and rocket assembly through an approxi-
mate 45-degree angle during rocket burn. The rotation provided the best statistical
probability that, on ejection, the seat would achieve maximum vertical height above the
ground. To achieve this rotation with optimum trajectory performance, the rocket motor
thrust had to be precisely offset from the cg, the mass of the seat, and pilot by a few
inches.

The FRC group executed three ground tests to verify the performance of the ejection
seat in March 1963. The first two tests—with level pitch and roll attitude, and with a 30
degree nose-down attitude—ended successfully, achieving maximum altitudes of over 180
feet with full parachute inflation above 100 feet. But the third test-with both a 30 degree
nose-down attitude and a 30 degree roll attitude—was only marginally successful, reaching
an altitude of only 72 feet and with full parachute inflation at just 14 feet above ground.*
The third test showed that the cg for the pilot/seat combination was critical, the weight of
the pilot usually being almost double that of the seat alone. As a result, weight and cg had
to be determined for each pilot, and a custom seat cushion made for each pilot. The pilots
accepted the requirement gracefully, even when a flight had to be put on hold while a
pilot’s cushion was located.

A successful firing
of the LLRV’s
Weber ejection
seat. Adapted from
an ejection seat
already used in
another NASA
FRC aircraft (the
M2-F1 lifting body),
only minor
changes were
necessary for the
LLRV.

(Weber Aircraft
Company)

According to Donald L. Mallick, one of the LLRV project pilots, the Weber “was
even better than a zero-zero seat. A zero-zero seat is one that will eject the pilot safely
from the aircraft sitting on the ground at zero speed and zero altitude. The Weber seat
would actually get the pilot clear of the vehicle very close to the ground with a 400-foot-
per-minute rate of descent and with limited pitch and roll attitude relative to the local
vertical.” The pilot’s cushion was critical to this, explained Mallick, because the cushion
“was of a height that complemented his body weight and density to allow the rocket
motor to propel the pilot high enough above the vehicle or ground for a safe parachute
deployment.”

26



Measuring the pilot for the specialized seat cushion involved putting him in a type of
swing, with the pilot’s cg determined from readings taken at various angles while the
swing moved. To establish the necessary data, the LLRV pilots visited the Weber facility
for measurements. “The measurements were rather time-consuming,” added Mallick. “As
Joe [Walker, the chief project pilot] and I each took our turn in the swing, we noticed an
unusual number of very good-looking ladies were passing the doors to the Weber labora-
tory that we were in; most were turning and smiling as they went by.” Later, Mallick
recalled, after the tests were finished, both he and Walker told the Weber engineers that
they hadn’t minded the amount of time the tests took since they had enjoyed the “girl
watching.” The engineers laughed, telling Mallick and Walker that they weren’t the ones
doing the watching but, instead, were the ones being watched. “We hardly ever see them
on a normal working day,” the engineers said. “Those gals heard that we had two test
pilots in for cg measurement, and they were down here to get a look at you.”

The Weber ejection seat would be instrumental in saving the lives of one astronaut
and two pilots at Houston during emergencies that transpired with the LLRVs and
LLTVs. “On a major failure,” Mallick explained, “there were few steps on the emergency
checkilist that came before PULL THE EJECTION HANDLE.” Admitting he’d never had
to use the ejection handle, Mallick added, “fortunately for those who did, in the LLRV
and LLTV operations, the Weber ejection seat performed as advertised and in the life of
the total program, saved three pilots.” 12

Changing the Configuration

During the spring of 1963, events beyond the LLRV’s development prompted a
change in the vehicle’s fabrication.® In a move resulting from the Apollo program’s
adoption of the Lunar Excursion Module (LEM)-later simply called the Lunar Module
(LM)-Ken Levin recommended reducing the size of the LLRV and moving the cockpit so
that it straddled the legs of the vehicle. This change, Levin argued, would reduce the
height of the LLRV by about one-third and help solve problems related to weight, cg, and
jet engine inlet distortion, all of which stemmed from the earlier placement of the cockpit
cab over the jet engine. A few days later, on 7 May, Levin elaborated on configuration
changes in a meeting at the FRC also attended by Dick Day from the MSC.*

During these discussions, the advantages of Levin’s proposal became apparent. The
changes would make the LLRV more like the LEM, reduce its weight by at least 60
pounds, make the structure less complicated, reduce engine inlet flow distortion, give the
pilot better downward visibility, and increase payload flexibility. There were, admittedly,
a few disadvantages. The changes would make the LLRV less symmetrical, for one. For
another, implementing the structural redesign would require an additional 1,400 hours,
delaying the production schedule by about two weeks. In spite of these drawbacks, the
group agreed, believing the advantages of the new design far outweighed the disadvan-
tages. Fortunately, the changes entailed no amendments to the contract since both designs
seemed to satisfy the contract’s Statement of Work.

Bell was urged to proceed at once with the new design. However, concerned about
the impact the design changes would have on the delivery schedule, the FRC asked Bell
to provide more detailed production information so that the schedule and costs could be
tracked on a monthly basis. Reluctantly, Bell representatives agreed to provide this
information, even though doing so would add costs they believed unwarranted.

Analog Simulation and Pilot Training

To ready pilots for flight in an unprecedented machine like the LLRV, simulation and
training assumed paramount importance. Recognizing this, FRC management made
appointments on 22 October 1963 to key positions in the LLRV’s analog simulations.®
Joe LaPierre, an engineer who had worked on the X-15, took charge of the overall cockpit
configuration. Jon Ball, a data systems specialist, assumed responsibility for design and

27



This revised
illustration of the
newly configured
LLRV was largely
faithful to the final
planform. It shows
the cockpit in front
of the vehicle, the
avionics at the aft
end, and the true
location of the
maneuvering
rockets. In the
background is the
Flight Research
Center and Rogers
Dry Lake.

(Bell artist’s
conception)

fabrication of the pilot’s cockpit display instruments, which later were also used in the
flight vehicles. Flight-simulation technician Dick Musick supervised all interfaces for the
display instruments in the simulator cockpit as well as the interfaces between the simula-
tor cockpit and the analog computer (on which the equations of motion for the LLRV
would be mechanized). Flight-simulation programmer Larry Caw assumed responsibility
for programming the analog computer that would simulate the LLRV’s operation and
performance. Caw’s main engineering points of contact were Gene Matranga (aerody-
namic and performance data), and Cal Jarvis (control-system data).'® The analog simula-
tion became operational barely one month later.

To duplicate the performance and response characteristics of the flight vehicle as
closely as possible, the actual control-system hardware breadboard assemblies acquired
for developing the LLRV jet engine and attitude control systems were used in the simula-
tor. Consequently, control-stick forces and other operating features matched those of the
actual vehicle quite well. (Engineers also went so far as to simulate attitude and lift rocket
thruster noise until the pilots decided it had no particular benefit.) The analog system
offered other benefits as well, especially in familiarizing pilots with the vehicle’s control
systems, handling qualities, and response characteristics. Through the simulator’s use,
various control-system parametric values were selected for the first flight.

Yet in other ways use of the simulator offered little advantage, particularly for pilots
wanting to practice takeoff, climb-to-altitude, and trajectory maneuvering. While they felt
that the analog simulator did familiarize them with new display or controller configura-
tions before flight, as well as determine vehicle response and flying qualities, it was not
much use in providing a realistic feel for maneuvering within lunar gravity or for trajec-
tory optimization. These limitations stemmed from the simulator’s lack of motion cues,
since it did not move at all.

Joe Walker spent several hundred hours in the simulator. “Of course they had so
much trouble with it and it was so damned terrible,” Grimm recalled, “they figured if
(Walker) could fly that simulator, he could fly anything.” After Walker’s first flight in the
actual LLRV, Grimm recalls him saying, “Man, this thing is a pleasure to fly compared to
that simulator.”’

In early 1963, Matranga, FRC research pilot William H. Dana, and Maj. Emil E.
“Jack” Kluever, then the chief engineering test pilot for the U.S. Army Aviation Test
Facility at Edwards, went to investigate a training device for helicopter pilots at Del Mar
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Engineering Laboratories in Los Angeles. What they saw at Del Mar was a helicopter
mounted on a ground-effect machine by means of an articulated pylon that allowed
limited pitch, roll, and vertical movement. By contrast, LLRV tethered flight would
require three or more such machines to achieve realistic simulation. Kluever, a 1960 U.S.
Air Force Test Pilot School graduate who had spent a year in Korea commanding a
helicopter unit, actually flew the device. He agreed with Matranga and Dana that its lack
of simulation fidelity, as well as the high costs involved, made it unacceptable as a
training device for the LLRV. A better way to prepare pilots for the LLRV, Kluever said,
would be conventional helicopter training in the Ames Research Center’s variable-
stability X-14. Instead, arrangements were made with Bell Helicopter a little over a
month later to train LLRV pilots in rotorcraft operations using a Bell 47G.*

Early in the program, and while playing squash at the Edwards gym, Kluever asked
Walker if he thought helicopter flight training might lower the flight risk on the first
LLRV flights.? “Being the professional pilot that he was,” Kleuver later recalled, “ he
accepted my offer to demonstrate the hovering flight regime to him so he could experi-
ence flight without the normal motion cues found in fixed-wing flight. So we used a U.S.
Army helicopter and | demonstrated how a hover looked and felt and showed him how
the helicopter would follow the rotor system tip path plane.” Walker tried the maneuver
himself several times, but “his performance did not agree with his expectations,” Kluever
recalled, and the two then returned to the FRC. “This occurred on a Thursday, and on the
Monday following Mr. Bikle told me Joe was in Pensacola getting helicopter qualifica-
tion with the Navy.” When Walker returned, the FRC leased a Bell 47G, used thereafter
as chase on LLRV flights, to improve pilot proficiency. Kluever recalls that qualification
in a helicopter “was also required of moon-landing astronauts.”?

Instrumentation

For flight research, the LLRV needed a sophisticated instrumentation system for
recording flight—both control and operational—-performance parameters. At the same time,
vehicle weight had to be minimized because of the performance margins.

The LLRV team found the solution to this dilemma by using the primary flight
control system sensors to also collect parametric information for the flight instrumenta-
tion system, saving considerable instrumentation weight. But this practice deviated from
traditional FRC design philosophy. Historically, FRC engineers did not collect instrumen-
tation and flight control signals through the same sensors so as to prevent interference
between systems that could affect vehicle control in flight. Bell, however, found a way to
isolate the various sensors from the data system. The design allowed primary flight-
control gyros, accelerometers, and position transducers to provide flight data to the
onboard instrumentation system, all at real weight savings. After a careful review, the
FRC accepted Bell’s design.

To reduce weight even further a pulse-code modulation (PCM) telemetry system
(rather than NASA’s conventional onboard film recording) would relay research data to a
ground station. Innovative for its time, the PCM system has since become standard for
flight instrumentation systems, providing data in a convenient format for automatic data
processing after each flight. Use of PCM telemetry allowed greater flight frequency
during testing and considerably reduced turnaround time on data reduction. At one point,
the team completed five LLRV flights in a single day, a virtual impossibility with the use
of conventional data systems of the era. The PCM system transmitted 80 channels of
data, recording each channel 200 times per second. The results were accurate to one
percent except in altitude and yaw angle. The altimeter system had an accuracy of five
percent above an altitude of 40 feet, two percent accuracy below that. The directional
gyro had a drift rate of 0.25 degrees per minute, so yaw attitude varied with time. But
since LLRV flights lasted less than 20 minutes, the maximum error in yaw attitude never
exceeded five degrees.
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And yet, some doubted the validity of pressure-sensed altitude or velocity data
because of the unpredictability of airflow characteristics as the vehicle flew. Conse-
quently, designers decided to augment the PCM system with a radar altimeter for height
and vertical velocity information, and a helicopter Doppler radar for forward and lateral
velocity.

Wind Tunnel Tests

In May 1963, a model of the original LLRV underwent tests in Langley’s 17-foot
section of the 7-by-10-foot wind tunnel. The FRC’s Ray Young and Norm Paul from Bell
participated in the wind tunnel tests, which were run by T.R. Turner and R. Vogler of
Langley. The 30 percent scale model included a fan driven by compressed air to simulate
jet engine operation. The fan produced airflow of 4.5 pounds per second, representing 45
percent of the scaled mass flow of jet exhaust from an actual CF700 engine.

Tunnel velocities varied between 15 and 100 feet per second, and the engineers
subjected the model to a range of angles of attack, sideslip, velocities, and simulated
power settings. Aerodynamic moments acting on the vehicle due to drag effects were
lower than Bell had estimated; normal and axial forces, however, were higher. Variations
in aerodynamic moments and forces with angle of attack differed from Bell’s predictions,
and definite jet engine thrust effects were noted in the force data.

NASA Langley
engineers tested
this early LLRV
design in the
center’s 7-by-10-
foot wind tunnel.
This model pre-
dates the revised
configuration and
positions the
cockpit directly
over the engine
intake. Note the
dish-shaped pods
on the landing
gear, a feature
designers would
return to after
wheels proved
troublesome.
(L-63-3535)

The tests indicated that the effects of aerodynamic forces acting on the LLRV during
maneuvering flight and gusting winds would be significant. These aerodynamic forces, it
turned out, contributed to the loss of an LLTV at Houston during an initial checkout flight.
In that instance, large yawing moments during a lunar-simulation maneuver in high winds
caused the vehicle to yaw, then roll out of control, and crash. Fortunately, and thanks to the
Weber ejection seat, MSC chief pilot Joe Algranti escaped safely.

Design Reviews
After the May 1963 design review at Bell, Ottinger gathered up the resulting sketches,
drawings, specifications, and system layouts and took them to the FRC for review. There,
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teams of FRC personnel with various areas of expertise reviewed and evaluated the Bell
design over the course of several weeks.?

Team representatives collected and correlated questions and concerns from the review.
On 6 and 7 June, Jim Adkins, Jon Ball, Don Bellman, Tom Lynch, Gene Matranga, Ben
Mayrbat, Jim McKay, Wayne Ottinger, and Joe Walker of the FRC—along with Joe Algranti,
Louis Allen, Dick Day, Warren North, and Larry Williams of the MSC—met with Bell team
members at the Bell plant to try to complete the approval process.?

As is common with a vehicle as complex as the LLRV, the review process identified a
number of problems and concerns. Most were resolved satisfactorily, but a few remained.
One concern was the weight computer, a concept originally conceived by Bell’s avionics
engineering manager, Walt Rusnak. Earlier in Rusnak’s career, he had designed the artificial
feel and trim system and stability augmentation system for the X-22A, an experimental
VTOL and hovering aircraft. The weight computer—designed to automatically determine the
initial weight of the LLRV as a baseline for the 5/6¢g weight command signal to the jet
engine—seemed overly complex. There also were several issues regarding the engine
attitude-control system, which continued to generate safety and reliability concerns.

In addition, Bell had yet to formulate an overall checkout of the combined operational
systems, though theoretical and simulated-system operational assessments at the subsystem
level had been performed. For instance, the vehicle attitude system and the jet engine
attitude system had been evaluated separately. Any effect one system might have on the
operational characteristics of the other, as a result, had not been determined. This was of
particular concern since the LLRV was essentially a flying systems platform: its survivabil-
ity depended entirely on the reliable interaction of all systems. Unlike an airplane, the
LLRV had no wings it could use to glide to an emergency landing. As Dean Grimm ex-
plained, “If your electronics or avionics fail on that thing, that’s just like your wings falling
off” in a conventional airplane.?*

Another source of concern arose over the issue of relocating the cockpit from atop the
LLRV to the front of the vehicle, a move that rendered obsolete Bell’s structural analysis.
Despite a new analysis by Bell, the FRC team raised several issues. The fuel tanks, for
instance, were designed for a 4g load, while the cockpit had been designed for 20g. The
lower g-loading for the tanks indicated that they could be damaged in a hard landing,
possibly resulting in fire and explosion. With so many issues left unresolved, it became
clear that the design approval process would take weeks in some cases and months in
others, as various systems matured and completed functional testing. Final approval would
be granted only when the designs were frozen and test data was in hand.

Structural engineer Jim McKay—X-15 pilot Jack McKay’s twin brother—met over three
days in mid-September 1963 with Bell’s Richard Gallager, Jim Quinn, and Tom Rees for a
comprehensive review of the LLRV’s modified structural design.? After examining the
computer model that Bell used for the structural analysis, McKay waded through the
detailed results for the primary structural elements. The completed analysis showed that the
new structure was 17 percent more rigid than the original, and the load limit for the fuel
tanks had increased from 4g to 8.5g. McKay also reviewed the design of the Bendix landing
shock struts and Bell’s proposed testing of them. He recommended that the footpad material
be changed from aluminum to something such as 4130 steel in order to reduce dig-in and
pitch-over tendencies with horizontal velocities.

Jack Cates, Larry Caw, Cal Jarvis, and Gene Matranga from the FRC also were at Bell,
reviewing the status of the control-system design with Bill Bascom, John Ryken, Walt
Rusnak, Leon Zwink, Robert Kaiser, Myron Gumpp, and Charles Kay, all of Bell.?® The
FRC team requested vendor component characteristics, a written test plan covering recom-
mended system-checkout procedures, and additional checkout test points. Bell’s team
agreed to this and a request to provide circuitry to monitor all rockets for any “stuck”
condition.

The two teams also discussed the need for circuitry that would disengage the auto-

31



throttle at touchdown, and circuitry for resetting the vehicle’s attitude-control system if it
failed and dropped into backup mode. In turn, the FRC team agreed to reassess the warning-
light requirements, ultimately deciding that onboard directional gyro erection indication was
unnecessary. The team also conceded that vehicle attitude-mode control and combined-
system influence did not need to be studied at Bell, but were issues to be addressed later by
NASA.

After evaluating the Bell-designed instrument panel in the FRC simulator, Joe Walker
expressed concern on finding that the installation obstructed too much of the pilot’s down-
ward visibility. Since design changes were causing contract costs to escalate, the FRC team
decided that the instrument panel would be revised at the FRC and installed in the LLRV
when Bell delivered it, a decision passed along to Bell in mid-November.?” Ottinger esti-
mated that this arrangement alone would save Bell 450 hours, greatly reducing the growing
cost overruns.

Program Management

After Bell signed the original contract with the FRC in January 1963, some changes
were made to the Bell project team. For six months, Albert E. Beaufore replaced John A.
Mullen as program manager. Mullen then resumed management of Bell’s LLRV program
when Beaufore was assigned elsewhere. Ken Levin, technical director, gained two assistant
technical directors, John Ryken and Bill Jackson.

Ryken, who headed up a systems analysis group for Bell, had been a member of the
team at Bell that originally proposed the LLRV concept. Ryken handled the vehicle’s
control system, pilot interface, and avionics for Levin and would later serve as Bell’s
program manager for the LLTV. A former executive with Ford Motor Company, Jackson
had an extensive technical and managerial background in program development and jet
engine production. He would handle propulsion systems and manufacturing for Levin.

Ottinger continued as the FRC’s on-site manager at Bell in Buffalo, N.Y., facilitating
decision-making and keeping FRC program management apprised of progress and prob-
lems at the Bell plant. He eventually became the FRC’s project engineer for LLRV flight
operations due to his background in propulsion testing, including working in flight opera-
tions as a rocket-propulsion engineer for the X-15 program. On several occasions during
meetings with Bell management Ottinger would excuse himself briefly to talk privately
with FRC management for guidance. On these occasions, Bell had him use an adjacent
office belonging to Bell Vice President of Research, Walter R. Dornberger. Ottinger remem-
bers a large artist's painting of the Dyna-Soar entering the atmosphere from Earth orbit
hanging on the wall in Dornberger's office, given to him by Boeing, with an engraved
plaque in the frame. The words on the engraving were, as Ottinger remembers, “Dyna-Soar,
Born 1954, Walter Dornberger; Died 1963, Mac the Knife.” Robert MacNamara, then
Secretary of Defense under President Kennedy, had just cancelled a number of programs,
including the Dyna-Soar, and was referred to as “Mac the Knife,” the name of a song
popular then. Apparently Boeing, lead contractor for the project, chose to give credit to
Dornberger for the Dyna-Soar concept as a derivative of a very early concept of a “boost-
glide vehicle” conceived by Eugen Sénger, a German engineer in the 1930s.

While viewing the painting, Ottinger had an uneasy premonition about the big stakes
world of aerospace R&D financing and was not a little concerned regarding the total
development costs that were going to be required for the LLRV. The Dyna-Soar painting
reminded him that FRC was playing in an ocean with some very big fish.?

Ottinger was first given an on-site office at Bell’s plant within the Defense Contracts
Administration Services (DCAS), the designated government contracting agency. This
office was some distance from the main engineering offices, which were adjacent to the
manufacturing and laboratory facilities. Two months after he arrived, Ottinger arranged
with Bell to move to an office closer to the engineering staff, a move that improved liaison
activities considerably over the 14 months of the project. Despite Bell’s periodic disagree-
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ment with the FRC on a number of technical issues, there was general agreement with
Ottinger and the FRC in meeting the challenge of the LLRV program’s highly complex
design goals.

While relations between the FRC and Bell’s program and contract managers had been
upbeat and nonconfrontational in the beginning, they became increasingly strained as
difficulties eroded profit margins during development. As the program advanced, Bell’s
increasing overhead aggravated the cost situation. Most of the strain between Bell and the
FRC stemmed from the costs required to develop a vehicle as complex as the LLRV, costs
that quickly exceeded Bell’s original estimate.

Although Bell originally had envisioned the LLRV as a low-risk program that would
utilize many off-the-shelf components, company managers came to see that the program
essentially constituted research and development. Consequently, Bell felt unduly penalized
for having to work with a fixed development cost while project requirements were not well
defined. In fairness, the FRC had been forced into a fixed-budget scenario as a result of
disagreements with the Apollo program office regarding the need for the LLRV to play a
role in training astronauts. The result was something of a shotgun wedding between the
FRC and Bell teams, with each side working hard to develop the best vehicle possible while
Bell managers tried hard not to lose their shirts in the process.

Dean Grimm later said he believed Bell had underestimated the job.? Ken Levin
recalled that “technical problems” had driven costs above Bell’s original estimate, piling on
“contingencies” that couldn’t be included in the contract Bell had with the FRC. “It really
wiped out any profit we might have made on the program,” Levin added, “although I don’t
think we sustained any big loss either.”*

One important requirement in developing the LLRV was that the final configuration
should perform or conform as closely as possible to the actual LM being developed by
Grumman Aerospace. To facilitate this requirement, Gene Matranga met on 12 April 1963
with Don Cheatham, Dick Day, Joe Loftus, Owen Maynard, Sig Sjoberg, and Larry
Williams of the MSC.* The upshot of the meeting was a request by Apollo management
that Grumman coordinate its work as much as possible with the FRC and Langley. The
object was to ensure that the LLRV and LLTV vehicles supported Grumman’s ongoing
development of the LM. For the LLRV program, this request was significant since it opened
a window on the possibility of funds being allocated from the Apollo program that would
ensure the LLRV development schedule. The sentiment on the aeronautics side of NASA
had been made abundantly clear: it would provide no additional funding for LLRV develop-
ment without some indication that Apollo program management was willing to share the
costs. The link with Grumman, then, meant there might be more funding to finish this
crucial part of the program.

By mid-July, Bellman raised the issue of the program’s rising costs with program
managers and others at Bell.*? He told them he was very worried about Bell’s lack of
progress, and especially about the cost increases constantly being tacked on to the contract
for minor changes that were well within the contract’s scope. Conceding that many of these
changes were in fact for items covered by the contract, Bell management agreed to provide
a detailed breakdown of work they considered to be outside the contract‘s scope so that
those cost increases could be negotiated into contract language.

Satisfied, Bellman accepted Bell finance officer Robert Lapsley’s next two detailed
schedule and cost reports, even though they projected a cost overrun of $150,000. In doing
so0, Bellman said he wanted to see several more runs before predicting the trend in the
contract’s costs. However, he predicted—correctly, as it turned out—that additional action
would be needed by early September regarding the cost overruns.

Indeed, in August Bell project management informed the FRC that existing LLRV
funding would run out by mid-September; by then, Bell would need additional monies in
order for development to remain on schedule. While the FRC agreed to additional funding,
officials there warned the contractor that Bell would also be required to provide more
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detailed information on actual costs in the future.

And so, with all these things in mind, Matranga aggressively pursued additional
funding directly with Tom Baker of the Apollo project office, asking specifically for
funding from Apollo to keep the LLRV project moving along. Baker, who had previously
worked at the FRC, said that he thought additional funding could be provided if the FRC
submitted a formal request. And so, on 24 April 1963, FRC funding officer Thomas Finch
presented a formal request for funding to support LLRV development.*®* MSC management
accepted the request, agreeing to provide Bell with $350,000 in May and an additional
$140,000 by June. The funds from the MSC proved an enormous help to the LLRV,
breathing life into a program whose costs already had far exceeded Bell’s original estimates.

When he went to Bell in early October to check program progress and costs, Bellman
took the newly designated LLRV crew chief, Ray White, with him.** A World War 11 Navy
veteran, White had developed a knack for precision mechanical work during his X-plane
experience at the FRC, work that made him well qualified to oversee the LLRV final
assembly and test programs.

While White discussed interfaces between the vehicle and ground-support equipment
with Bell technicians, Bellman and Ottinger discussed costs and schedule status with Bell’s
vice-president for engineering, Bill Smith, program manager John Mullen, and the technical
director, Ken Levin. Bell’s most current progress report showed an expected cost overrun of
$350,000 and a schedule delay of six weeks. Bellman and Ottinger discussed several
options with Bell officials for reducing costs, including having NASA assemble the second
vehicle and conduct all testing. Smith, Mullen, and Levin were not in favor of any of the
options, pointing out that none of them affected ongoing work at the Bell facility. In the end,
Bellman noted that the FRC would be watching the growth in costs very carefully, and that
if the increases continued, some type of action would need to be taken by NASA.

In November 1963, as the final design neared completion, NASA asked Bell to provide
a revised estimate of costs required for completion of the remaining development work. To
the astonishment of FRC project managers, Bell’s reply projected an overrun of more than a
half million dollars—$200,000 more than Bell had projected only a month earlier. Bikle, the
FRC director, balked, making it clear to all concerned that he would not endure such
overruns; the parties would have to find some way for Bell to reduce its project costs. Bell
project managers then suggested abandoning construction of the second LLRV but NASA
management rejected this option, urging Bell instead to accept a cost ceiling for the remain-
der of the program. Bell managers refused, reiterating their conviction that the LLRV was
too experimental to justify commitment to a fixed development cost. And so it went.

In spite of such grave differences, FRC and Bell management gradually worked their
way toward common ground. Two days later, they reached an agreement. Using the finan-
cial report of 25 October as the basis for negotiations, Bell agreed to a cost ceiling—provided
NASA would allow a contingency amounting to 10 to 15 percent of funds yet to be ex-
pended. Meanwhile, existing discrepancies between Air Force plant auditors-NASA’s
designated governmental auditing group at Bell-and Bell’s prices were trimmed from
$88,000 to about $20,000, yielding a projected cost overrun of $356,000.%

NASA and Bell also agreed that the first LLRV would be delivered unassembled.
Beyond this, the FRC would itself install the wiring and carry out final assembly and
testing. In turn, Bell agreed to deliver a complete set of parts for the second LLRV, and
Bell’s engineering support at the FRC would be provided under a separate contract. All
these changes, it was estimated, would save at least $300,000.

Although the agreement was not finalized at that time—delayed to allow Air Force
auditors and Bell to examine the numbers more closely—it was decided that a final estimate
would be submitted on 8 November, with formal execution shortly thereafter. Both sides
accepted a final revised contract cost on 12 November 1963, with delivery of the first
LLRV projected for 20 March 1964. The contract price had been reduced from $3,723,000
to $3,405,000, with $227,000 of that being Bell’s fee. Above that amount, Bell agreed not to
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receive any fee. That is, Bell’s fee would be deducted as a means of sharing with NASA any
additional overruns. Bell also agreed to an absolute ceiling of $3,950,000.%

Not long afterward, New York Sen. Jacob Javits telephoned Bikle and chided him for
the contract change Bikle had forced Bell to accept. Not easily intimidated, Bikle explained
that he had taken action he believed was necessary, adding that if Javits—through Congress—
wanted to provide additional funding to Bell, NASA would be only too glad to add the
increased costs to the contract. No one at the FRC heard from Sen. Javits again on the
matter. In early December 1963, Bikle detailed the adjustments made in the Bell contract to
Jack Heberlig, a member of Gilruth’s MSC staff. Bikle also reminded Heberlig of the
schedule of funding expected from the MSC through the end of fiscal year 1964 to ensure
that the LLRV could provide timely support in the development of the LM.*

No sooner did the dust settle than problems surfaced late that month, once again
affecting costs and schedule and further taxing the shaky relationship between the FRC and
Bell teams. From the Bell plant, Ottinger told Matranga that problems were turning up in
the vibration testing of the boxes housing the vehicle’s avionics (aviation electronics). For
FRC managers, this was an especially alarming development because the operation of the
LLRV depended entirely on the reliability and performance of the fly-by-wire systems.
Without these systems functioning properly, there was no LLRV. For Bell, this new setback
created even more concern since they had just agreed to a cost ceiling. Additional funding
would now be necessary for every change in engineering.

At first, Bell’s position on this new twist was that NASA had caused the problem by
imposing drastic control over vehicle weight. The structural failures, Bell officials claimed,
resulted from a lack of box stiffness. Reworking the boxes would cost $150,000. Since Bell
was limited by the contract ceiling, its management refused to pay for the fix. Project
management at the FRC, in return, pointed out that the vibration specification had been in
the contract from the start, and that Bell should have designed the boxes to meet require-
ments regardless of the weight issue.

Bell proposed shock-mounting the entire avionics rack assembly containing all elec-
tronic box assemblies, but FRC project management rejected that idea, pointing to docu-
mentation from the MSC and the FAA showing that shock-mounting primary flight-control
electronic boxes to mask structural vibration was unacceptable. After considerable discus-
sion, Bell managers finally agreed to test the boxes to the same specifications used in
Project Mercury, guidelines less restrictive than those of either Bell or FRC specifications.
But Bell steadfastly refused to modify the boxes structurally in the event of test failure. In
the end, both sides agreed that if modifications to the boxes were necessary, the FRC would
do them for the sake of safety and reliability. NASA also would accept the vehicles at the
Bell plant on the basis of detailed drawings and parts-breakdown lists. Concerned that the
life of the assemblies was being compromised by the severity of the vibrating testing, both
management teams also agreed that the actual flight boxes would be tested to only one-third
of the vibration levels required for qualification. Engineers feared that the boxes might pass
the vibration tests only to emerge so weakened that they might fail in actual flight.

With this problem resolved, at least temporarily, Bellman and Matranga left the FRC in
February 1964 to brief a group of about 20 astronauts at the MSC in Houston on the
program’s status. Under the direction of Neil Armstrong and Wally Schirra, the meeting was
part of the astronaut training program. The group showed considerable interest in the LLRV,
a free-flying vehicle for actual flight training in simulated lunar gravity.

Following the briefing, Bellman and Matranga then met with various individuals at the
MSC-including Dick Day, Dean Grimm, Jim Brickle, Warren North, and Don Cheatham—to
receive status updates on the LM and Apollo. In the process, Bellman and Matranga
discovered that a major disagreement had broken out within MSC management over the
final phase of landing the LM on the moon. One side favored “black-box,” or autonomous
control, while the other preferred hands-on control by an astronaut.

On one side stood George E. Mueller, Associate Administrator for Manned Space
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Flight at NASA Headquarters, along with Joseph F. Shea, Apollo project manager at the
MSC, and Maxime A. Faget, the MSC’s assistant director of Engineering and Development,
all of whom favored the black-box approach. Squaring off on the other side were the
astronauts and Warren North, director of astronaut training at the MSC, all of whom
preferred control by an astronaut during final descent and landing. North and the astronauts
believed there still were too many unknowns about conditions on the lunar surface to rely
on fully automated touchdown. The Apollo astronauts insisted that at least the first landing
on the moon should be under the manual control of an astronaut, and they would eventually
stand by that position for every landing made on the moon during Apollo.

The inability to commit to either automated or piloted landing until late in the Apollo
development program had a significant impact on the LLRV project. MSC management
was reluctant to provide additional vehicle funding if the final landing was to be automatic,
since that approach would minimize the need for astronaut training. Eventually, however, all
agreed that even with a fully automated landing, the manual landing option would be
necessary as a backup in case the automated system failed. Consequently, astronaut training
for manual landing would be required. Thereafter, all parties agreed on the need for a
simulator such as the LLRV.

In May 1964, the Apollo project office established a panel to coordinate the develop-
ment of the LLRV and the LM, particularly to ensure that all relevant LM inputs were
included in planning LLRV research.® Chaired by Day, with Grimm designated as the
project engineer, the panel included astronaut Armstrong and engineers Cheatham and
Teagarden from the Apollo project office.

Grimm effectively coordinated the development of the LLRV and LM, being well
qualified to serve as point of contact between the two programs. After being schooled as an
aircraft and engine (A&E) mechanic by the Air Force on both airplanes and helicopters,
Grimm had served as lead instructor in the Air Force helicopter A&E program. Upon
completing a degree at the University of Kansas in aeronautical engineering, he worked as a
B-58 flight-test engineer and aerodynamicist for Convair, Fort Worth, Texas. He moved to
Boeing, in Seattle, Wash., working first as a flight-test engineer and aerodynamicist on the
707 and early 720 airplanes, and then as a jet-aircraft air-carrier-certification instructor for
the FAA (in Oklahoma City, Okla.). Impressed with Grimm’s diverse background, Warren
North hired him to work for Dick Day in conducting Project Mercury simulations and
developing astronaut flight procedures and techniques for the Mercury, Gemini, and Apollo
programs. Grimm’s role in the LLRV project progressed until he was ultimately responsible
for defining Gemini and Apollo crew station configurations. North and Day had introduced
Grimm early on to the LLRV program, and he ended up following the LLRV from design to
fabrication and into flight testing, including astronaut training. Grimm eventually became
the LLRV and LLTV program manager at Houston.

As the LLRV neared completion at Bell, the FRC decided it would be prudent to send
crew chief Ray White and Leroy “Frosty” Frost-assigned to oversee the NASA inspection
of the vehicle—to Bell during the final month of the vehicle’s assembly and testing. Highly
regarded at the FRC for his technical expertise and attention to detail, Frost had worked
with Ottinger at Grumman in the mid-1950s.

At the Bell facility, Frost, Ottinger, and White worked closely, carefully scrutinizing all
activities on the vehicle. They gleaned considerable knowledge of and experience with the
LLRV that later proved invaluable, especially given that the final assembly and checkout
would now take place at the FRC. Their presence onsite at Bell also improved communica-
tion between the FRC and Bell management teams regarding technical issues and accep-
tance of test results.

In the midst of all this activity, Frost and Ottinger conspired to play a joke on White,
who had married only two weeks earlier. They arranged to include in a “TWX” (Teletype-
writer Exchange Service message) sent 1 April from Bellman and Matranga a note to the
effect that Bikle and Vensel wished White to remain behind at Bell until the avionics boxes
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were ready. This implied a considerable stay. Frost and Ottinger, of course, would be
returning to California soon, accompanying the first LLRV. White was devastated at hearing
that he and his new bride would be separated even longer by this delay—until he learned that
the TWX was only an April Fool’s joke.

Back at the FRC, Bellman was concerned that not enough thought was being put into
identifying sites of operation and planning for the servicing and maintenance of the LLRV
at Edwards. He asked Vensel, chief of flight operations for the FRC, to detail an operational
plan and philosophy for LLRV flight support. Bellman suggested that the South Base at
Edwards be considered as the operating site. With its vast concrete ramp area and virtually
no activity, it seemed an ideal location if logistics could be resolved. Issues such as tie-down
requirements, blast shields for the jet engine, vehicle hangars, the support of the Air Force
fire department, and storage for hazardous materials needed to be addressed and resolved as
quickly as possible. And time was running short.

A lesson in frugality came when the FRC attempted to acquire a device for moving the
LLRV on the ground. As soon as NASA operation engineers created a design for the device,
the FRC solicited open bids from industry to build it on a fixed-price basis. One aerospace
ground-support company bid $16,000. GE’s local site bid $6,500, while a commercial
trailer fabricator in Portland, Ore., bid only $1,500. The contract office at the FRC contacted
the trailer company, noted that the company’s bid was significantly lower than that of the
next lowest bidder, and offered the company the opportunity to withdraw its bid. The owner
of the trailer company responded, saying he would stand by his company’s bid. He said that
his company had actually estimated it could build the hardware for $750 but, as the cus-
tomer was the government, he’d doubled the estimate. The Oregon company not only won
the contract, but also delivered the device on schedule. The inherent lesson was that signifi-
cant money could be saved if certified aerospace specifications were not required for
hardware fabrication.

Various means for transporting the LLRV to the FRC were explored as the date for
delivery approached. NASA asked to use Air Force transport airplanes at Edwards, but the
request was denied since the job could not be justified as part of an Air Force test or training
mission. Although the Apollo program was a major national commitment, it was not a joint
NASA/AIr Force program. NASA then turned to the Air National Guard C-130 squadron at
Van Nuys, Calif., only to receive the same response. Neither could NASA’s “Guppy”
transport airplanes be used since they already were committed to other missions for Apollo
during the time needed for LLRV transport. And so arrangements were made to ship the
LLRV by air-ride moving van.

Bell conducted a formal rollout ceremony at its plant in Niagara Falls on Wednesday, 8
April 1964. Afterward, the first vehicle was prepared for transport and loaded into the
moving van, which then departed on its cross-country trip to Edwards. The moving van
arrived on 14 April, only 50 hours after leaving the Bell plant. Two drivers had eliminated
the need for all stops but those needed for refueling. Arriving a month later, also by air-ride
moving van, the second LLRV went into storage at the FRC.

! Paul F. Bikle, letter to Dr. Stanley Hooker of Bristol-Siddley Engines, Ltd., regarding visit on 21 January
1963 of Gene J. Matranga, 3 April 1963.

2 Bikle, letter to Arthur Geraghty of Rolls Royce, Ltd., regarding a visit by Gene J. Matranga on 22 January
1963, 3 April 1963.

% Dean Grimm, as quoted in the unpublished working notes from an interview by lvan D. Ertel, MSC
Historian, 1 April 1971.

4 Bernard J. Mayrbat, memo for file documenting 10 April 1963 meeting with General Electric on service
support, 10 April 1963.
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Ottinger to Matranga, 18 and 19 April 1963.

8 Matranga, unpublished private notes of phone call from Ottinger concerning jet engine testing, 14 August
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° Bellman, Memo to Bernard J. Mayrbat on Technical Evaluation of Proposals Received on PR-88: Ejection
Seat, Light Weight, Zero Speed, Zero Altitude Capability, 9 August 1963. Klein helped design and build
portions of the M2-F1 lifting body, including the frame; he also worked on Parasev. Young later was a flight
engineer on the Shuttle Carrier Aircraft.

1 Reed with Lister, Wingless Flight, p. 46-47.

1 Weber Aircraft Corporation, NASA Edwards light weight ejection seat ground firing test plan, March 1963.
Matranga, undated private notes of ejection seat test results.

22 All quotations in the above three paragraphs from Donald L. Mallick, “Flying the LLRV,” Appendix A. of
this monograph.

13 Matranga, unpublished private notes of phone call to him from Levin, Ryken, and Ottinger concerning
LLRV modifications, 3 May 1963.

14 Bellman, memo to those concerned with the LLRV on major change in the LLRV configuration, 10 May
1963.

5 John P. Smith, memo for all concerned on division of responsibility for the lunar landing research vehicle
simulation program, 25 October 1963.

6 Caw was the flight-simulation programmer on the X-15. Jarvis worked on the reaction control and reaction
augmentation systems in the X-15. Gene L. Waltman, Black Magic and Gremlins: Analog Flight Simulations
at NASA’s Flight Research Center (Washington, D.C.: NASA SP-2000-4520, 2000), p. 101, 124-125.

7 Grimm, interview by Ivan D. Ertel, MSC Historian, 1 April 1971.

8 Matranga, unpublished private notes of negotiations with Bell Helicopter concerning helicopter training and
rental, 18 March 1963.

¥ Matranga and William H. Dana, memo for file on evaluation of Del Mar ground effects device, 7 February
1963.

2 Emil E. Kluever, “The LLRV Program Flight Experience,” unpublished. Kluever retired from the U.S.
Army as a colonel. According to Kluever, his work with the FRC began with supporting NASA research
pilot Milt Thompson by towing Parasev with an Army L-19 Bird Dog. Then, he used a heavy twin-engine
helicopter to drop quarter-scale models of the Rogallo Wing Gemini-capsule recovery system. He also
recalls missing the first LLRV flights by Joe Walker and Donald Mallick because the Army sent him to
Command and General Staff College at Ft. Leavenworth, KS.

2 Nelson A. Paul, memo to Ken Levin on LLRV wind tunnel test trip report, 354:63:0510-1:NAP, 10 May
1963.

2 Bellman, memo to those concerned with the LLRV on report on LLRV design review, 16 May 1963.
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Adkins had headed the X-15 project office. As mentioned in the first chapter, Adkins was an engineer

(formerly a USAF pilot) who also had served on the FRC’s original lunar landing research committee.
McKay was a structural engineer, and Ball and Lynch worked with data systems at the FRC.

2 Grimm, interview by Ivan D. Ertel, MSC Historian, 1 April 1971.

% James M. McKay, memo for vehicle and systems dynamics branch head on results of the lunar landing
research vehicle structural and design analysis meeting at Bell Aerosystems, N, 17-19, 25 September 1963.

% Matranga, memo to LLRV project manager on visit to Bell Aerosystems Company, 17-19 September 1963,
7 October 1963. According to Bell’s LLRV project engineer Walt Rusnak in his unpublished “LLRV
Reminiscences,” Ryken became Bell’s program manager on the LLTV and Bascom, a mechanical engineer,
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“getting it to work” engineer whose task was proving the design, saying Zwink later provided in-the-field
support for the LLRV during flight tests and operations as well as support for the LLTV in Houston.

2" Matranga, memo for LLRV contracting officer on deletion of instrument panel and supporting pedestal
installation on LLRV, 18 November 1963.

Z\Walter Dornberger was a German Army ordnance officer and former commander of the Army portion of
Nazi Germany’s missile installation at Peenemiinde. He came to the U.S. after World War Il and became a
missile design consultant for Bell. At his instigation, in 1952 the company inaugurated a boost-glide program
featuring a bomber boosted into a flight trajectory by a missile—a concept designated BOMI. Out of this and
other concepts, in 1957 the Air Force initiated Dyna-Soar, a reusable shuttle to be boosted into orbit by a
Titan I11 launch vehicle. Policy considerations led to the cancellation of Dyna-Soar on 10 December 1963.
On this issue see Roy F. Houchin I1, “Hypersonic Technology and Aerospace Doctrine,” Air Power History
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1995).
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% Unpublished working notes from an interview of Ken Levin 8 June 1971 by MSC Historian lvan D. Ertel.
31 Matranga, memo for LLRV project manager on trip report on visit to MSC on 12-22 April 1963.

%2 Bellman, memo for director on visit to Bell Aerosystems Company to discuss management relations
between Bell and the FRC, 15 July 1963.

3 Matranga, private notes on the visit of Thomas Finch to the MSC, 24 April 1963.
3 Bellman, memo for file on visit to Bell to discuss LLRV program status and problems, 15 October 1963.
% Meeting notes regarding contract NASA-234, Amendment 11, 4 November 1963.

% Bellman, memo about visit to Bell Aerosystems regarding cost overruns and work cutbacks, 8 November
1963.

37 Bikle, letter to Jack C. Heberlig at the MSC on revised funding plan for the LLRV, 4 December 1963.
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Chapter 4: A Vehicle Takes Shape

The LLRV’s unique requirements created a number of equally unique design
challenges, particularly with respect to flight control. Not only was it important that the
vehicle be able to simulate operation in the moon’s gravity and atmosphere, it was
equally important for the LLRV to operate in a conventional VTOL mode. VTOL mode
eased takeoff and transition to the start of a lunar simulation since the craft could not
actually fly in the conventional sense of the word. It also enabled recovery in the event
it became necessary to abort a lunar landing maneuver, or if the attitude-control or jet-
stabilization systems failed. Flight-control design was all the more difficult because the
characteristics of flight qualities for VTOL and lunar landing vehicles had yet to be
well-defined or validated. Consequently, the LLRV’s flight-control systems would need
to be designed with considerable flexibility so they could be adjusted and modified as
task requirements later became better defined and understood.

Achieving a realistic simulation of the lunar free-flight environment clearly would
require innovative control techniques. Among the challenges awaiting LLRV engineers
was to create a simulation that would allow control requirements, pilot workload, and
fuel consumption for the piloted lunar landing task to be established and validated. At
that time, conventional state-of-the-art flight-control technology for piloted flight could
not achieve these complex requirements. Combining conventional VTOL operation
with simulated lunar-environment operation and research-system flexibility into one
operational vehicle would be accomplished only with the application and incorporation
of the very latest cutting-edge flight-control technology.

A number of flight-control research vehicles with elements that had possible
application to the LLRV program were in development during the 1960s. The variable-
stability X-14—a VTOL vehicle used to evaluate flight-control requirements for VTOL
aircraft-and the Jetstar Variable Stability Aircraft used by NASA to investigate flight-
control requirements for conventional landing aircraft are two examples.t All these
vehicles, however, incorporated some type of mechanical backup for use when the
research flight-control system was not in use or had failed during flight. In fact, at this
stage in the evolution and development of piloted aircraft controls, no vehicle with
electronic flight controls had been developed or flown without some kind of mechani-
cal backup system. The requirements for reliability had not been fully developed, much
less proven, for rating fly-by-wire flight controls during piloted flight.

The LLRV team chose analog fly-by-wire technology as its basic approach to
systems design, as there was no other way to meet the vehicle’s wide range of control
requirements. In the early 1960s digital control technology still lay over the horizon. At
the same time, team members opted to forego the complexities that accompanied a
mechanical systems approach so as to avoid the weight such systems would add to the
LLRV. And since weight was a critical issue, every possible weight-saving option had
to be considered in order to attain acceptable vehicle thrust-to-weight margins for both
VTOL and lunar-simulation operation. Analog fly-by-wire technology also would
provide the great degree of flexibility needed to allow for design modifications that
would later be required on the vehicle. Developmental testing for final verification of
operation and performance would replace the usual exhaustive design analysis. This
approach, accommodated by the fly-by-wire configuration, would be less costly and
aligned with FRC test philosophy so long as changes could be made easily in the field.

Yet another benefit the fly-by-wire option offered was that the analog system could
be configured to maximize the number of control parameters that could be varied
during flight-testing. This would have been extremely difficult, if not impossible, for
engineers to do using a conventional mechanical system if they were to remain within
the weight constraints of the LLRV design. The redundancy levels, the degree of failure
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detection and, consequently, the reliability incorporated into the system was unprec-
edented, charting new territory in flight controls rated for piloted aircraft.

The flight controls in the LLRV consisted of two main systems: the vehicle atti-
tude-control system and the jet engine stabilization system. The pilot utilized the
vehicle attitude-control system for maneuvering during conventional VTOL, or lunar-
simulation operation. During either operational mode, the jet engine stabilization
system controlled the engine’s attitude, which sat in a gimbal structure. Separate
electronics assemblies, or boxes, housed each electronic component system. These
boxes were mounted in an electronics rack on a shelf that extended from the rear of the
vehicle. Made of aluminum, the boxes used printed circuit boards with components
initially attached by conventional soldering. Some of the manufacturing methods and
specifications were later modified, after problems arose during early qualification and
functional tests. The two systems operated in several modes, described in the following
sections.
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A cutaway diagram
of the LLRV’s lift
and attitude
rockets. Hydrogen-
peroxide enters the
rocket chamber
through the piping
at the top of the
motor. As the
nearly pure hydro-
gen-peroxide
solution passed
through the silver
screen, it decom-
posed and turned
into steam, which
vented under
pressure and
served as a
propulsion system.

Vehicle Attitude-Control System

The LLRV’s attitude-control system consisted of three separate components: an
attitude-rocket system for generating control moments, primary and backup electronic
systems for controlling operation of the attitude-control rockets, and a monitoring
system containing failure-detection circuitry for monitoring system performance and
reconfiguring systems when they failed.? Engineers separated the redundant electronic
systems to boost reliability, housing all three independently in assemblies at the rear of
the vehicle.

The vehicle attitude rockets were on-off thrusters, using a helium-pressurized,
hydrogen-peroxide monopropellant system. The designers opted to use on-off rockets
for overall simplicity of operation as well as to retain similarity between the control-
system configurations of the LM and the LLRV. The attitude and lift rockets in the
LLRV drew from the same hydrogen-peroxide propellant supply system.

The vehicle had two entirely separate but identical attitude rocket systems, one
designated the “standard” set of rockets and the other the “test” set. Each set had eight
attitude rockets, for a total of 16 rockets to control pitch, roll, and yaw. To help the pilot
evaluate various control-authority levels, each rocket’s thrust level could be adjusted
from 18 to 90 pounds while on the ground. The thrusters were positioned in clusters of
four at each corner of the vehicle, allowing proper distancing from the cg for generat-
ing sufficient control moments. The rockets typically operated in pairs, each pair firing
in opposite directions and from opposite ends of the LLRV to generate control mo-
ments around a control axis.®

The pilot could select either the standard or the test set of rockets separately, or
both sets simultaneously, using a three-position switch located on the left console.
Normally, he would select the standard rocket set for VTOL operation during liftoff and
transition to the beginning of lunar simulation.

During flight, the pilot usually selected the test set of rockets only after establishing
a stable hover at a comfortable altitude. The test rockets were adjusted on the ground to
provide the experimental levels of control authority needed to evaluate lunar-simula-
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tion test maneuvering and landing. The pilot also could select simultaneous use of both
rocket systems whenever more control authority was needed to recover from certain
failures or from trim conditions caused by asymmetrical fuel use or buildup of aerody-
namic moments. And in some failure modes, failure-detection circuitry would select
both sets automatically.

The primary control system provided the normal mode of attitude control in all
three control axes during VTOL as well as in lunar-simulation maneuvers and opera-
tion. This system housed the electronics for controlling the attitude thrusters in re-
sponse to the pilot’s input commands, providing control and maneuverability of the
vehicle during flight.

The pilot used rudder pedals to control yaw and a conventional center stick to
control pitch and roll. To provide the pilot with acceptable sensory characteristics,
artificial force gradients had been added to the stick and rudder pedals. A breakout
force of 0.5 pounds for the center stick and 0.25 pounds for the rudder pedals prevented
inadvertent operation of the attitude thrusters. A side stick was added later for use in
evaluations as well as to allow the LLRVs to more closely resemble the controller
configuration in the LM.*
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One of the four
rocket clusters of
hydrogen-peroxide
attitude thrusters.
NASA first used
this form of reac-
tion control engine
in the nose and
wings of the X-15.
(EC-93-1221-4)

The pilot could adjust controller sensitivity during flight, using the individual
pitch, roll, and yaw pilot sensitivity gain potentiometers on the left console. The
rocket-firing threshold, or deadband setting, also could be adjusted using a threshold
adjustment gain potentiometer. The ability to vary this threshold setting was important,
since the rate of propellant use was a significant function of threshold value as well as
of the pilot’s ability to accurately control vehicle attitudes. The power-amplifier
assembly housed the driver circuitry gating the open-closed solenoid valves. In the
open position, the valves allowed helium-pressurized hydrogen peroxide to flow
through the catalyst beds and fire the attitude thrusters.
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Parameters for the vehicle angular rate feedback came from the rate gyro assembly
mounted between the LLRV’s two rear legs where these joined the structural truss
assembly. Because this area of the structure was reasonably rigid and experienced
minimal levels of low-frequency vibration, it allowed low-pass filtering of the rate-
gyro output signals, eliminating excitation of structural resonance from the attitude
rockets. Rate gyros mounted in a three-axis triad arrangement would detect angular
rates in pitch, roll, and yaw. The level of rate feedback could be adjusted through
potentiometers for rate gyro gain located in the rear equipment rack.

Also housed on the rear equipment platform—and as close to the truss structure as
possible for the sake of rigidity—was a pair of gyros, one for pitch and roll, and another
for yaw or heading. These provided feedback on the vehicle’s attitude. Both of these
gyros used synchro output devices, allowing the units to be slewed from their null
positions for testing during preflight or other checkout procedures on the ground. The
pilot would use a nulling synchro, located on the left console, to reduce the directional
gyro output to zero after gyro erection, regardless of the vehicle’s heading angle.
Displacement of the vehicle in yaw from this initial position would result in a yaw
angle referenced to the initial vehicle heading.

e
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Primary Attitude-Control System

The primary attitude-control system was operable in three modes: acceleration,
rate, and attitude command. The mode of operation itself was determined by the
comparison of parameter feedback with the pilot’s input signal. No provision was made
to allow the pilot to select one command mode over another. Modes were determined
instead by adjustments of the rate and attitude feedback gain potentiometers located-
together with potentiometers for threshold and hysteresis adjustment—on the rear
equipment platform. The pilot could adjust stick and pedal sensitivity, but not threshold,
hysteresis, or feedback gains that were made on the ground before each flight. Nor were
there any status or warning lights indicating which command mode had been estab-
lished by those pre-flight adjustments to the potentiometers.

Setting the rate and attitude feedback gain potentiometers to zero would select
acceleration command mode. The system would then operate in an open-loop manner,
the pilot using the center stick and rudder pedals to control the on-off thrust of the
various attitude rockets. No system damping existed in this mode, and to stop angular
accelerations, the pilot had to apply opposite input commands. In terms of fuel con-

Two clusters of
four rockets,
designed to arrest
the vehicle’s
descent, were
attached to the
LLRV’s gimbal
frame. These were
later eliminated
after tests deter-
mined they were
unnecessary.

sumption, the acceleration command mode was—at least in theory—the most efficient.
However, it also required a great deal of work by a highly skilled pilot with a knack for
on-the-spot learning in order to be effective and accurate in a six-degree-of-freedom
environment.

Increasing the rate gyro gain potentiometer above zero while maintaining zero
attitude feedback would result in selection of the rate command mode. In this mode, the
vehicle’s angular rates, measured by the frame-mounted rate gyros, were proportional
to the deflection of the pilot’s center stick and rudder pedals. Sensitivity and threshold
settings determined the deadband through which the pilot had to move the controller
before a firing signal would be sent to the attitude rocket. The vehicle angular rate
continued until the pilot returned the controller to the neutral position.

Angular acceleration and the time required to reach the commanded rate depended
on thrust levels set for the attitude rockets during preflight. Rate feedback and threshold
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settings also determined how much the actual vehicle rate could deviate from the
commanded rate before an attitude rocket fired to correct it. Rate-gyro and hysteresis
settings determined how closely the actual rate had to match the commanded rate
before the attitude rocket would be shut off. The angular rate motion stopped when the
pilot returned the controller to the neutral position. The vehicle would assume an
attitude that corresponded to the commanded rate, the length of time for maintaining
that rate, and the direction of the controller’s deflection.

In the attitude command mode, information about vehicle attitude was fed back
from the vertical gyros and compared with the rate gyro’s feedback signals and the
deflections of the pilot’s control stick and rudder pedals. In this mode, vehicle-attitude
angles were directly proportional to the amount of deflection of the two controllers, the
pilot’s center stick, and rudder pedals. For a given amount of controller deflection,
control sensitivity and the attitude gyro’s gain settings would determine the com-
manded vehicle attitude. Response time for attaining a new attitude depended on the
levels of attitude-rocket thrust, settings for threshold and hysteresis, and rate-gyro gain
values. These settings also determined how much the actual vehicle attitude could
deviate from the commanded attitude before an attitude rocket would be fired for
correction. The pilot would return the controller to neutral position to initiate the
commands to return the vehicle to a zero-attitude angle.

Backup Attitude-Control System

The backup flight-control system would engage automatically only when the
primary system malfunctioned. The single-string system did not incorporate failure
detection, and there was no provision for automatic return to the primary system if the
backup system malfunctioned. The pilot could manually select the backup system
during flight for evaluation or when an anomaly in the primary system did not trigger
an automatic switch to the backup system. The pilot could select pitch, roll, or yaw
backup control channels independently, using switches on the left console. The pilot
could also reselect the primary system during flight, provided the failure causing the
transfer to backup had been corrected.

Primarily to keep it as simple and reliable as possible, the backup system operated
only in the rate command mode for pitch and roll control, and only in the acceleration
command mode for yaw control. All elements of the backup system were completely
independent of the primary system. Separate synchro transmitters on the center stick
provided pitch and roll control, while microswitches on the rudder pedals provided on-
off rocket control in yaw. The design included separate potentiometers for center-stick
sensitivity and for threshold and hysteresis levels. Redundant rate gyros were used, as
well, for pitch and roll, along with separate feedback gain potentiometers. All backup
system potentiometers were contained in the potentiometer assembly in the rear
electronics rack, and were accessible only from the ground.

The overall system had been designed so that no single failure would result in loss
of the LLRV. Failure detection was designed to be as automatic as was practical;
nevertheless, assessing certain failure modes and reconfiguring system elements
required the pilot’s intervention. In these cases, the vehicle’s operational envelope, in
terms of translational and angular velocities, would allow the pilot sufficient response
time—at least in theory.

Failure Detection

The anomaly detection monitor operated in parallel with the primary control
system in detecting inconsistencies between firing signals generated by the two sys-
tems’ electronics. The monitor’s electronic circuitry was identical to that of the primary
system, including the switching amplifiers. A comparator circuit monitored the outputs
of both systems” switching amplifiers. If a discrepancy longer than 150 milliseconds
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existed between them, the system automatically switched to backup mode. Input and
output signals of the primary system’s power amplifiers also were compared and the
backup system engaged if the same discrepancy occurred. Failures in the pitch-and-roll
or yaw channels were detected separately. In such an event only the failed control axes
transferred to backup mode, leaving the still fully functioning axes in the primary
control mode. An indicator light on the front cockpit instrument panel notified the pilot
whenever the automatic switch to backup occurred during flight, but the pilot was not
told which control axes had actually transferred to backup. This he had to determine
from changes in response around the vehicle’s control axes.

Engineers developed a scheme for detecting excess use of roll-control authority in
response to unbalanced conditions. Early simulation studies indicated that several
events might occur within the vehicle’s normal operational envelope that would result
in rolling moments that exceeded the pilot’s control authority. These included transla-
tional rates during lunar simulation at low-attitude thruster settings, asymmetric use of
lift-rocket propellant from the storage tanks on either side of the vehicle, fluid shifts in
cg, jet engine cg offset, or a stuck attitude-rocket solenoid valve. Since the automatic
flight-control system would mask such a condition until the pilot’s roll-control author-
ity was exceeded, “roll left authority” and “roll right authority” warning lights were
installed on the front instrument panel. When illuminated, these lights indicated to the
pilot that the vehicle’s control capability was being used excessively to counter one or
more disturbing moments around the roll axes. The setting was adjustable on the
ground. The level of control authority sufficient to illuminate a warning light was
computed as the ratio of attitude-rocket “on” time to total averaged “on” time of the
craft in that flight.

While the warning lights alerted the pilot to roll authority that was being expended
to counter some type of imbalance, it fell to the pilot to determine its cause. For
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The range of
LLRV controller
sensitivities for
rate command
mode.

A simplified block
diagram of the
LLRVs lunar-
simulation system.

A block diagram of
the lunar-gravity
automatic throttle
system.
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example, if the cause was a stuck rocket valve, the “valve stuck” light also would
illuminate, and the pilot would select the set of rockets that did not include the stuck
valve. If the loss of roll capability was due to weight imbalance, the pilot would use the
roll-trim switch on the lift-rocket throttle handle to counter the disturbing moment. If
aerodynamic forces were the culprit, the pilot could either decrease the vehicle’s transla-
tional velocities or select both sets of attitude rockets to increase available control
authority.

The monitoring circuitry, however, could not detect hardover failures in the position
sensors of the pilot’s control stick and rudder pedals or in the motion sensors of the
vehicle’s attitude and rate gyros because these were single-string devices. For this
reason, the on-board computer monitored the outputs of the primary system’s rate gyros.
If a preset maximum level were exceeded during flight, the backup system engaged
automatically, overriding the primary system. The rotational rate at which this transition
would occur generally was set at around 40 degrees per second, the maximum output of
the rate gyros. However, the vehicle did not need to reach this angular rate to trigger
failure detection and transition to the backup system. Since the excessive rate circuitry
was monitoring the electrical level of the rate gyro, a hardover signal level from the rate
gyro would cause transition to backup, independent of actual vehicle motion. In the
event of an actual hardover failure, the pilot’s usual opposing control inputs also would
tend to minimize vehicle upset until transition to the backup system could occur.

While the monitor could detect failures in the electronic circuitry that provided
firing signals to the on-off solenoid rocket-control valves, it could not detect a mechani-
cal failure in the solenoid valves themselves. Since the automatic flight-control system
would mask a stuck valve from the pilot, designers added a system for detecting a
“stuck-open” solenoid valve, using attitude-rocket chamber-pressure transducers as
sensing elements. Basically, the system checked for rocket-thrust combinations that
would not occur unless a solenoid valve had failed in “on” status. It did this by applying
pressure-transducer outputs of appropriate rocket combinations to AND-gate networks.
If any of the combinations denoting valve failure occurred, a “stuck-valve” warning
light would light up on the pilot’s instrument panel. The pilot then would take corrective
action, usually selecting the opposite set of control rockets (standard or test) from the
one being used when the failure occurred.

Jet Engine Stabilization System

The unique requirements of the LLRV’s jet engine stabilization system created a
tremendous challenge for design engineers, given the state of flight-control technology
for piloted vehicles in the early 1960s. At that time, it was difficult for system designers
to conceive of putting a pilot at the mercy of electronic engine controls, especially amid
the noise, vibration, and temperature extremes associated with the LLRV.

Analog stability augmentation systems providing mechanical reversion had ad-
vanced to the point that military applications of these systems were increasingly ac-
cepted for flight control in high-performance aircraft. The systems used in the Lockheed
F-104 and the McDonnell Douglas F-4, for example, were just beginning to spill over
into civil and commercial aircraft, including the Boeing 727 civil transport. These
designs, however, could not begin to address the daunting problems of engine and
vehicle control in the LLRV given the requirements for VTOL and lunar-simulation.
Almost from the start, designers at NASA and Bell Aerosystems concluded that only a
fully fly-by-wire system using advanced analog technology could meet the challenges
inherent in the LLRV.® Since the vehicle was free-flight in nature, certain approaches
used in failure detection and reconfiguration by the attitude-control system could be
carried over to the jet engine control system.

The basic configuration called for the engine to be mounted vertically, attached
through an inner pitch gimbal and an outer roll gimbal. Free to rotate through 40 degrees
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of deflection, the gimbals were positioned by linear hydraulic actuators supplied by an
engine-driven, 3,000-psi hydraulic system. These hydraulic actuators were modifica-
tions of the steering actuators used in racing boats.® At first, engine bleed air had been
considered for stabilizing engine attitude, but this approach proved inadequate in terms
of engine power and response.

For conventional VTOL operation, it was necessary for the jet engine to remain
vertically aligned during takeoff and climb to an altitude and position above the ground
where maneuvers in lunar simulation and landing were to begin. During takeoff and
ascent, the jet engine would provide total lifting thrust for the vehicle. But once the
pilot reached altitude and engaged the vehicle’s lunar-simulation system, the jet engine
had to compensate for only five-sixths of the Earth-referenced gravity vector of force
in order for the vehicle to provide a realistic simulation of the lunar environment.
Aerodynamic drag also acted on the vehicle during lunar-simulation maneuvers, for
which the jet engine had to automatically compensate. Established at 0.005¢, the
design’s requirement for maximum drag compensation error translated to 1.4 degrees
of attitude at vehicle hover, a translational displacement of eight feet in 10 seconds if
the pilot did not compensate for it.” Studies by NASA and Bell suggested this degree of
error was the outside limit for successful, valid simulation of lunar landing. Any
unplanned departure—a failure or system anomaly—from the lunar simulation profile
would require automatic reconfiguration in flight to re-establish a controllable engine
mode while also maintaining vehicle stability.

Meeting these overall system requirements took four different engine attitude-
control modes of operation: engine-centered, local-vertical, gimbal-locked, and lunar-
simulation. In engine-centered mode, the engine would be slaved electronically to the
vehicle’s body axis (that is, a zero gimbal-angle position). In local-vertical mode, the
engine would remain vertically aligned while the vehicle’s cockpit and truss structure
rotated around the engine through gimbal angle deflections. In gimbal-locked mode,
the engine would be locked hydraulically to the vehicle’s body axis. In lunar-simula-
tion mode, the engine automatically provided 5/6g compensation in the vertical axis as
well as aerodynamic drag compensation in all three Earth-referenced coordinate
directions—forward, lateral, and vertical.® Lunar-simulation mode was the heart of
LLRV operations, containing the key characteristics for which the vehicle had been
designed.

Engine-Centered and Local-Vertical Modes

Engine-centered and local-vertical modes of operation shared the same sensor and
transducer components. A conventional vertical gyro from an aircraft autopilot with
synchronous output signals provided vehicle-body-axis attitude angles for pitch and
roll. Approximately one minute after initial power-up, a conventional gyro erection
system would slave the gyro-that is, maintain its orientation—to its local vertical. The
vertical gyro was housed in the attitude gyro’s package assembly. Rotational potenti-
ometers attached to the gimbal assemblies provided gimbal angle position. These
rotational potentiometers were mounted between the pitch and roll gimbals to measure
the roll gimbal angle, and between the pitch gimbal angle and the vehicle’s truss
structure to measure the pitch gimbal angle.

In local-vertical mode, vehicle pitch-and-roll body-axis angles from the vertical
gyro were summed with the feedback signals from the gimbal-angle potentiometer;
any error signal then commanded the hydraulic gimbal-angle actuators to correspond-
ing angles. In this case the engine remained perpendicular to the Earth’s surface while
allowing the cockpit and truss assembly to rotate freely in pitch and roll-courtesy of
the gimbal system—positioned by the attitude rocket system. When the pilot selected
engine-centered mode, the actuation system slaved the engine to the truss structure.
Unless the vehicle was on the ground, or the pilot had selected gimbal-locked or lunar-
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simulation mode, the engine-centered mode was engaged automatically as the default
mode, as there was no engage switch for it.

Microswitches mounted on each landing shock strut actuated the jet engine’s local-
vertical mode when the LLRV was on the ground, regardless of any configuration of
engagement switches—except for the emergency gimbal-locked switch. Doing so
prevented a large tip-over moment from occurring, should a hardover engine-attitude
command occur during touchdown either from system failure or from large transla-
tional velocities.

The rate gyro,
located on the
gimbal frame.
(E-14480)

Lunar-Simulation Mode

The LLRV’s purpose, of course, was lunar simulation. The basic design approach
to the LLRV had been suggested initially by Walter Rusnak, chief of the Bell
Aerosystems advanced systems design group.® Preferring to think on his feet, Rusnak
often solved complex engineering problems while walking around Bell’s hangar
facilities. Once aware of the physical laws involved, he was on the trail of a solution.
Rusnak led a small LLRV systems design group that included Bascom, Zwink, and
John Martin. The group had just completed successful development of the Artificial
Feel and Trim System and the Stability Augmentation System for the X-22 VTOL
research aircraft built by Bell, paving the way for their work on the LLRV.

The basic requirement of the lunar-simulation system was to reduce the influence
of aerodynamic drag forces to a level not noticeable by the pilot while at the same time
maintaining the jet engine’s vertical thrust at 5/6 of the vehicle’s weight. This was done
by using the gimbals to vector the engine’s thrust and by using the auto-throttle system
to vary it.

The input command to the engine-attitude and auto-throttle systems was a constant
5/6g command