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efficiently. Fixed-wing aircraft find forward efficiency in higher wing 
loading, which requires longer runways, which then mandate bigger 
and more congested airports, farther from population centers. Tilt 
rotors can fly longer distances than helicopters, yet require little 
more space than a helipad to take-off and land. 

The XV-3 tilt rotor that Bell Aircraft designed for the U.S. Army 
was a small aircraft. A single engine mounted in the center turned 
a gear box that powered large rotors at the wing tips. The XV-3 first 
flew in 1955, and every flight was nerve-racking. In a hover flight, 
in 1956, a rotor pylon coupling failed catastrophically and the pilot 
was severely injured. Bell strengthened the structure, then, in 1957, 
Ames engineers started working with Bell on the XV-3 with tests 
in the 40 by 80 foot wind tunnel. The XV-3 flew again in 1958, with 
NASA pilot Fred Drinkwater at the controls to define the flight 
envelope between vertical and horizontal flight. Full conversion 
from helicopter to forward flight was flown in August 1959, and the 
XV-3 test program proved a major advance in understanding the 
transition from ground to air. The XV-3 program ended in 1965 after 
a rotor pylon tore loose while the aircraft was inside the 40 by 80 foot 
tunnel. In 1966, Ames finally mothballed the XV-3. 

In the 1960s, though, the excitement over propulsive lift swirled 
around vectored-thrust jet aircraft—that is, aircraft that could lift 
straight up when its jet exhaust is pointed to the ground. Ames 
began that flight research effort with another Bell VTOL aircraft, 
the X-14, a twin-engine deflected turboprop. It was dramatically 
underpowered, but did hover and allowed Ames pilots to discover 
ways of controlling VTOL flight.197 NASA then contracted with 
British Aerospace to build the XV-6A Kestrel, which flew so well 
that it was quickly redesigned into the Harrier, known in the United 
States as the AV-8B. The jet exhaust nozzle of the Harrier was pointed 
downward to lift it off the ground, then rotated backward to provide 
forward thrust. The Harrier was inefficient when hovering but 
otherwise performed well in the marine attack role. Ames received 
early prototypes of the Harrier, which they tested in the 40 by 80 foot 
tunnel to better understand the complex airflows of vectored thrust. 
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Ames also used their flight tests with the AV-8B Harrier, as well 
as wind tunnel and simulator tests, to author handling qualities 
definitions for all future VTOL aircraft. VTOL aircraft feel different 
to any pilot, whether they train on helicopters or fixed-wing aircraft. 
First published as a NASA technical note, these handling quality 
definitions were applied to all VTOL aircraft in NATO and in the 
U.S. military through its VTOL flying qualities specification. 

But ideas for higher-efficiency propeller-driven VTOL aircraft 
continued to percolate. NASA let contracts for a variety of 
approaches—like the Ryan XV-5A which used tip-turbine driven 
lift fans. For the U.S. Army, Vought built several XC-142 tilt-wing 
prototypes, which flew well but had problems in conversion. Bell 
invested its own money, with considerable help from Ames, in 
designing its Model 300. It had good hover and rotor efficiency and 
its pylons proved stable in wind tunnel tests. Ames had worked hard, 
since the demise of the XV-3, to solve the lingering problems of tilt 
rotor aerodynamics. 

In 1970, NASA decided to fund another effort in tilt rotor design. 
Foreign competitors were especially strong in small aircraft and 
helicopters, and NASA headquarters wanted America to regain the 
lead through a technological leap. In the debate that ensued, Gene 
Love and his colleagues at Langley favored a tilt-wing approach. But 
Bill Harper, then director of aeronautics at NASA headquarters, 
sided with his former colleagues at Ames in favoring the tilt rotor 
approach. This resulted in the Bell XV-15, the first successful tilt 
rotor aircraft. 

A key factor in Ames earning the XV-15 project was its 
relationship with the Army airmobility research and development 
laboratory, co-located at Ames since 1965. Richard Carlson became 
director of the Ames/Army effort in 1976, and infused it with a 
theoretical foundation for VTOL aerodynamics. Because of this 
alliance with the Army, Ames had funds to refurbish one of the 7 
by 10 foot tunnels for small scale tests in advance of tests in the 
full-scale tunnel. The complex aerodynamics of helicopters and 
VTOL aircraft meant that they ultimately had to be tested in full-
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scale tunnels. On VTOLs, effects could not be scaled, interference 
from downwash was extreme, and the hard work was in the details. 
The XV-15 was intended for medical evacuation and search and 
rescue missions like those the Army had flown during the war in 
Vietnam. The XV-15 had a gross weight of 15,000 pounds, a payload 
of 4,000 pounds, a cruising speed of 350 knots, and a range of 1,000 
nautical miles—roughly twice that of the best helicopters. In 1970, 
management of the XV-15 went to a joint NASA-Army project office 
at Ames with David Few in charge. Half of the $50 million required 
for the project came from Ames, half from the Army. Hans Mark 
gave it his full support, and considered it one of his most significant 
accomplishments while director of Ames. This was the first time 
Ames procured an aircraft meant to be a full-scale technology 
demonstrator—to show the military and airlines how easily they 
could build such an aircraft for regular service. 

In September 1972, the NASA-Army project office gave both 
Bell and Boeing design contracts, and in April 1973 declared Bell the 
winner. Bell then apportioned the work for two XV-15 prototypes 
using standard components as much as possible. Rockwell 
fabricated the tail assemblies and fuselage, Avco-Lycoming modified 
a T-53 engine, Sperry Rand designed and built the avionics. Ames 
aerodynamicists started modeling wind flows around the aircraft, 
for example, formulating equations to predict whirl flutter caused 
by a rigid rotor spinning on a pylon. In exterior configuration, the 
XV-15 looked much like the XV-3. But as often happens in aircraft 
development, better propulsion made the whole system better. The 
Lycoming turbine engines had better power-to-weight ratios than 
those on the XV-3. Bell mounted one at each wing tip to turn the 
three-bladed proprotors, which were 25 feet in diameter. The only 
cross-shafting in the XV-15, that is, linkages between the wings, was 
designed to carry load only if one engine failed. 

The XV-15 underwent a careful series of flight tests, spread over 
three years. The first prototype rolled out of the hangar in October 
1976 for ground tests by Bell pilots. In May 1977 Bell chief project 
pilot Ron Erhart first flew the XV-15: “It flew just like the simulator,” 
wrote Erhart, “but with better visuals.”198 A year later, the XV-15 
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arrived at Ames for more extensive flights. Ames pilots tested it in 
engine-out flight, and found the cross-shafting worked well in an 
emergency. In July 1979 it made the full conversion from vertical 
to forward flight. Ames uncovered some fascinating aerodynamic 
problems. When the proprotors were tilted at certain angles relative 
to the wings, a vortex over the wings caused buffeting in the tail. The 
only solution was to brace and stiffen the tail. Pilots found it took 
some time to get the feel of the conversion, and that it behaved oddly 
during taxiing and in light wind gusts. 

In spring 1980 Ames opened its outdoor aerodynamic research 
facility (OARF), essentially a tilt rotor tie-down facility on a hydraulic 
lift. By raising the wheel height from two to fifty feet off the ground 
(to accommodate the large proprotors) they could evaluate the XV-15 
flying through air in any flight configuration. Ames aerodynamicists 
could measure rotor torque, fuel consumption, aircraft attitude, 
pilot control positions and—at various hover altitudes—ground 
effects, downwash, handling qualities, exhaust gas ingestion, and 
noise levels. 

The XV-15 program was scientifically interdisciplinary—human 
factors, computing and digital controls all contributed in the crucial 
area of pilot workload. Flight data were cross-checked with tunnel 
data, which were matched to early efforts in computational fluid 
dynamics. The XV-15 culminated in an intense research program 
at Ames to further develop the VTOL concept and to prove its 
commercial and military utility. Yet it took some big steps to move 
the tilt rotor to its next iterations. 

In 1978 Ames, emboldened by Hans Mark’s duty as secretary of 
the Air Force, directly, and without success, tried to get the Army or 
Air Force to buy an improved tilt rotor for search and rescue missions. 
Mark made a special, and again unsuccessful, pitch to Admiral 
Holloway, former chief of naval operations who led the investigation 
into the failed April 1980 effort to extract the American hostages 
from Iran. Resistance came because the U.S. Air Force had always 
fought its air wars from protected airfields, and thus saw no need 
for an airfield-independent aircraft. The Army already had expensive 
new helicopters entering service to fly those same missions. 
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Mark moved from the Pentagon to become deputy administrator 
of NASA early in 1981, and one of his first decisions was to take 
the XV-15 to the Paris Air Show. It was a hit. The new secretary 
of the Navy, John Lehmann, saw it and turned staunch advocate 
of the tilt rotor. In 1982, NASA departed from usual practice and 
let its experimental aircraft be used in operational tests. The Army 
flew the XV-15 to simulate electromagnetic warfare near Fort 
Huachuca, Arizona. The Navy evaluated it aboard the U.S.S. Tripoli. 
P.X. Kelley, commandant of the Marine Corps, also became a tilt 
rotor advocate, especially after the 1982 Argentine-British conflict 
over the Falkland Islands. Standoff distances between ships and a 
hostile shore had to be farther than the short operating ranges of 
ship-based helicopters allowed. 

In 1983, the Marines issued the specification for what became the 
V-22 Osprey, a VTOL designed to replace the Boeing Vertol CH-46 
and the Sikorsky CG-53 assault helicopters. Bell Helicopter Textron 
Inc. of Fort Worth teamed with Boeing Vertol of Philadelphia and 
won the contract in 1985. The V-22 was three times the size of the 
XV-15, with a total gross weight of 40,000 pounds, but otherwise 
similar. It would carry 24 heavily armed Marines from ship to shore 
in amphibious assaults. Marking an advance in airframe technology, 
most of the key structural members of the V-22 were made from 
fiber-reinforced graphite-epoxy laminate. The V-22 designers were 
comfortable using composites so extensively because of the VTOL 
technology database developed at Ames, and overseen by John Zuk, 
Ames’ chief of civil technology programs. 

The first V-22 flew in March 1989. However, it worked itself 
slowly into military service and dramatically exceeded its budget. 
The U.S. Marine Corps began crew training for the Osprey in 2000, 
and in 2007 deployed it for combat in Iraq and Afghanistan with 
good results. Though Ames went further into aircraft development 
with the tilt rotor than was typical, it reflected the sort of radical 
technology that can emerge with intense NASA research support on 
all the elements required to make it a success. 
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S H O R T T A K E - O F F A N D L A N D I N G

Ask pilots, and they’ll say that just as important as flying fast, 
is being able to fly slowly well. Slow-speed flight remained out of 
fashion as engineers built aircraft to go faster and farther, but Ames 
researchers always held a great deal of respect for complex airflows 
at slow speeds. So Ames developed expertise in the aerodynamics of 
slow-speed flight in order to help in the design of fixed-wing aircraft 
that handled better in the trickiest parts of any flight—takeoff and 
landing. Better performance at slow speeds also resulted in aircraft 
that could takeoff or land on much shorter runways—important for 
commuter airlines operating from smaller regional airports or for 
military pilots operating from unimproved foreign airfields. 

Ames began its research on STOL aircraft (for short takeoff and 
landing) during the NACA years, in the wind tunnels. They saw 
that large lift gains came in immersing the wing in the propeller 
slipstream and using engine thrust to augment wing lift. However, 
this came at the cost of stability while landing. Ames moved to flight 
tests, in 1960 with a Stroukoff Corporation YC-134A and, in 1961, 
a Lockheed NC-130B. In 1965, NASA Ames evaluated a Boeing 
367-80, paying attention to STOL capability to reduce noise during 
landing. Ames also matched these flight tests with simulator models 
of the landing approach to figure out the general handling rules.199 

Into the 1970s, in conjunction with researchers from the U.S. 
Army, Ames built a series of research platforms that they used to fine 
tune their theories and designs of STOL technology. These aircraft 
included the augmented-wing quiet short-haul research aircraft 
(QSRA), the rotor systems research aircraft (RSRA), and the E-7 
short takeoff and vertical lander (STOVL) test model. 

Ames first worked to develop specific components that airframe 
firms could apply to their STOL aircraft. A rotating cylinder flap, for 
example, improved lift by energizing boundary layers as it turned 
airflow downward over the trailing edge of the wing. Ames installed 
a rotating cylinder flap on an OV-10 Bronco and, even though 
radically modified, the OV-10 proved the point faster and cheaper 
than building a completely new demonstrator. Ames shortened the 
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wings, removed the flaps and pneumatic boundary-layer control, 
shortened the propellers, and cross-shafted the two engines for 
better performance at slow speeds. Before its first flight in August 
1971, Ames completely tested the OV-10 in the 40 by 80 foot tunnel. 
The rotating cylinder used so little power that full horsepower was 
available for takeoff. Compared with the basic OV-10, it achieved 33 
percent better lift. 

In the 1970s, Ames and Canadian researchers joined to study 
jet-STOL with a complete flying test bed. They modified a surplus 
deHavilland C-8 Buffalo turboprop aircraft to show the technology 
of powered-lift ejector augmentation. The modified Buffalo first flew 
in May 1971 and remained at Ames in flight tests through 1976. 
Its thrust-augmentor wing achieved augmentor ratios of 1.2 with 
significant gains in lifting coefficients, so that it could fly as slow as 
fifty knots and approach the landing field at sixty knots. It routinely 
demonstrated takeoffs and landings in less then a thousand feet, 
with ground rolls less than 350 feet. After a full range of flight tests, 
Ames pilots flew the Buffalo in a series of joint flights—with the 
FAA and the Canadian department of transportation—to develop 
certification criteria for all future powered-lift aircraft. 

Ames’ next iteration of powered-lift aircraft was the QSRA (for 
quiet short haul research aircraft). Boeing built the QSRA from the 
Ames C-8 Buffalo and four spare Lycoming turbofan engines. They 
mounted the engines on top of the wing, so that exhaust air blew 
over the upper surface, creating more lift, while the wing shielded the 
ground below from noise. The QSRA wing was also new, emulating 
a supercritical airfoil capable of Mach 0.74 (though the QSRA never 
flew that fast). The result was a quiet, efficient aircraft, capable of 
short takeoffs and landings. 

Boeing delivered the QSRA to Ames in August 1978, and it 
quickly validated the concept of upper-surface blowing. The QSRA 
could fly an approach at only sixty knots, at a steep, twenty-degree 
angle. “It feels as if it’s coming down like an elevator,” said Jim Martin, 
QSRA chief test pilot.200 During carrier trials in July 1980 aboard the 
USS Kitty Hawk, with wind over the deck at thirty knots, the QSRA 
took off in less than 300 feet and landed in less than 200. In zero-
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wind conditions, during Air Force tests to simulate operations on 
bombed runways, the QSRA took off in less than 700 feet and landed 
in less than 800 without thrust reversers. The real military payoff, 
though, was that augmented lift boosted payload by 25 percent. In 
1983, Martin and Robert Innis flew the QSRA to the Paris Air Show 
to encourage firms to use the technology in commuter aircraft. Short 
takeoffs and landings were important to operating bigger aircraft on 
smaller, local runways; more important, the QSRA surpassed federal 
requirements for noise abatement. It flew a demonstration landing 
into the Monterey, California, airport undetected by the airport 
monitoring microphones. 

Over the fifteen years that Ames pilots flew the QSRA, they 
conducted 697 hours of flight tests which included more than 4,000 
landings—averaging nearly six landings per flight hour. More than 
200 research reports emerged from data collected on the QSRA. 
Once the aircraft itself was understood, the Ames QSRA team, led by 
John Cochran and then Dennis Riddle, used it more as a test bed for 
new technologies. Renamed the NASA powered-lift flight research 
facility in 1990, it was an ideal platform to test a jump-strut nose 
gear that kicked up an aircraft nose during takeoff. Ames retired the 
QSRA in March 1994. 

Another unusual aircraft that bridged the worlds of vertical and 
fixed-wing flight was the rotor systems research aircraft (RSRA). 
Sikorsky built two RSRAs, originally for research at Langley, that 
arrived at Ames in September 1979. Ames and Army engineers 
designed them as flying wind tunnels—highly instrumented flying 
test beds for new rotor concepts. One was built in a helicopter 
configuration, powered by two T-58-GE-5 turboshaft engines. The 
second had a compound configuration, meaning it could fly with lift 
provided by two short wings as well as by the helicopter rotor. Two 
TF-34-GE-400A turbofans were added as auxiliary engines, and the 
aircraft was instrumented to measure main and tail rotor thrusts and 
wing lift. Warren Hall served as RSRA project pilot in exploring the 
differences between the two versions. The helicopter version of the 
RSRA was later modified to test an X-wing design proposed by the 
Defense Advance Research Projects Agency (DARPA). The X-wing 
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RSRA had a single four-blade rotor, built out of composite materials, 
that lifted the aircraft vertically like a helicopter. Air blown through 
a fore or aft strip along each rotor blade provided pitch and roll 
control. As its turbojet engines thrust it forward as fast as Mach 0.8, 
the rotor provided lift as a symmetrical airfoil with a four-blade X 
shape. The convertible engine divided its power as it shifted between 
rotor flight and jet exhaust. In aircraft mode, the air blown through 
the rotor blades provided lift and control. The RSRA flew only three 
times in the X-wing configuration, before being abandoned as too 
difficult to control. 

R O T A R Y W I N G A I R C R A F T 

Ames began working on rotorcraft in the mid 1960s as its 
research relationship with the Army aeroflightdynamics directorate 
expanded. Initially, studies focused on pilot control during terminal 
operations—getting aircraft on and off the ground, especially 
during bad weather—and Ames built a sophisticated series of flight 
simulators for helicopter pilots. 

Ames’ inventory of rotorcraft jumped after 1976, when five 
helicopters were transferred to Ames from Langley: the UH-1H 
and AH-1G for rotor experiments, and the SH-3 and CH-47 for 
operational studies. Ames established a new helicopter technology 
division to focus on these aircraft, to pursue research in rotor 
aerodynamics and rotor noise, and to develop new helicopter 
technologies. The Army, likewise, continued to beef up the technical 
expertise in its aeromechanics laboratory, led by Irving Statler. Ames 
and Army aerodynamicists developed a free-tip rotor, for example, 
with a tip that was free to pitch about its own axis, which was forward 
of the aerodynamic center. Ames built a model that showed that the 
free-tip rotor reduced power at cruise speed, minimized vibratory 
flight loads, and boosted lift by sixteen percent. 

Another airborne research platform arrived at Ames in April 
1977. Lockheed originally built the YO-3A as an ultra-quiet spy 
plane. The sailplane wings, muffled engine, and slow-turning, belt-
driven propeller kept the Y0-3A quiet enough that Ames and Army 
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researchers could add microphones to the wing-tips and tail-fin 
to accurately measure noise from nearby aircraft. Ames and Army 
researchers used the converted YO-3A primarily for studying 
helicopter noise. The test aircraft flew behind the Y0-3A, while on-
board aero-acoustic measurements were synchronized with data on 
flight and engine performance telemetered from the test aircraft. 
Again, based on this research, the FAA asked Ames to play a larger 
role in research on flight noise mitigation. 

Ames flew the UH-1H to develop automatic controls for landing 
a helicopter, culminating in an automatic digital flight guidance 
system known as V/STOLAND. Principal engineers George Xenakis 
and John Foster first developed a database of navigation and control 
concepts for instrumented flight operations. Kalman filtering 
extracted helicopter position and speeds from ground-based and 
onboard sensors. To define the helicopter’s approach profile and 
segregate it from other airport operations, the system investigated 
several descending flight paths. Lloyd Corliss then led a series of UH-
1H test flights on flying qualities for nap of the Earth operations and 
Victor Lebacqz used it to devise certification criteria for civil helicopter 
operations. Later, project pilots Dan Dugan and Ron Gerdes flew the 
UH-1H in the first demonstration of automatic control laws based on 
the nonlinear inverse method of George Meyer. 

When the Bell AH-1G White Cobra arrived it was highly 
instrumented for a tip aerodynamics and acoustics test. Ames got 
the highly instrumented rotor blades that the Army had used for its 
operational loads survey, and added additional absolute pressure 
instrumentation to the rotor tips. Thus, one rotor blade returned 188 
pressure transducer measurements, with 126 more measurements 
added by the other blade and the rotor hub. Robert Merrill was chief 
pilot and Gerald Shockey led the project, which returned detailed 
measurements of aerodynamics, performance, and acoustics. 

Ames modified the CH-47B Chinook to include two digital 
flight computers, a programmable force-feel system, and a color 
cathode-ray tube display. This system allowed wide variations in the 
helicopter’s response to pilot controls, making it an ideal variable-
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stability research helicopter. Ames used it in flight simulations 
to define new military handling qualities. In close cooperation 
with Stanford University researchers, Michelle Eshow and Jeffery 
Schroeder used the CH-47B to investigate control laws developed 
on Ames’ vertical motion simulator. The Army let Ames use the 
CH-47B from 1986 until September 1989, just before they closed 
out the line that remanufactured them into a CH-47D suitable for 
Army duty. 

To carry forward this variable-stability research, in 1989 Ames 
acquired a Sikorsky JUH-60A Black Hawk. Known as RASCAL (for 
rotorcraft aircrew systems concepts airborne laboratory), it carried 
extensive rotor instrumentation, a powerful 32-bit flight control 
computer, and image generators for the cockpit. “We’re putting a 
research laboratory in a helicopter,” said RASCAL program manager 
Edwin Aiken. “Now when we experiment with flight control software, 
advanced displays or navigation aids, we can get a realistic sense 
of how they work.”201 Ames and Army engineers used RASCAL to 
develop a range of new technologies—active sensors like millimeter 
wave radar, passive sensors using infrared, and symbologies for 
advanced displays. The goal was to make helicopters respond to pilot 
controls with more precision and agility, to provide better obstacle 
avoidance and automated maneuvering close to the terrain, and to 
improve vehicle stability when carrying loads or using weapons. 
For example, Ernest Moralez helped devise algorithms that would 
automatically protect a flight envelope in which pilots could then 
maneuver freely. 

Another UH-60 Black Hawk also entered the Ames inventory 
in September 1988 as part of the modern rotor aerodynamic limits 
survey. Sikorsky Aircraft built two highly instrumented blades for the 
Ames/Army program. A pressure blade with 242 absolute pressure 
transducers measured airloads—the upward force produced as the 
blades turn. A blade with a suite of strain gauges and accelerometers 
measured the structural responses to air loads. The pressure blade 
alone returned a 7.5 megabit data stream, demanding a bandwidth 
well beyond the state of the art. An Ames group, led by Robert Krufeld 
and William Bousman, devised a transfer system that returned 
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thirty gigabytes of data during test flights in 1993 and 1994—data 
then archived for access by rotorcraft designers. The UH-60 studies 
ended a ten-year airloads program, launched in 1984 and completed 
for only $6 million. Its legacy was an airloads database actively 
used to refine helicopter design and to better predict performance, 
efficiency, airflows, vibration, and noise. 

When NASA headquarters transferred other Ames aircraft to 
Dryden, the Army aeroflightdynamics directorate insisted that its 
research helicopters stay at Ames. After several years of negotiation, 
in July 1997 NASA headquarters signed a directive that Ames would 
continue to support the Army’s rotorcraft airworthiness research 
using three helicopters. One UH-60 Blackhawk configured as the 
RASCAL remained as the platform for advanced controls. The 
NASA/Army rotorcraft division, led by Edwin Aiken, used it to 
develop programmable, fly-by-wire controls for nap-of-the-Earth 
maneuvering. Another UH-60 was rigged for airloads tests, and an 
AH-1 Cobra was configured as the flying laboratory for integrated 
test and evaluation (FLITE). In addition, the rotorcraft division 
made good use of the upgraded wind tunnels. For example, Stephen 
Jacklin led load and efficiency tests in the 40 by 80 foot wind tunnel 
of an advanced rotor hub, without hinges and bearings, designed by 
McDonnell Douglas for its new generations of helicopters. 

Even as NASA cut its budget for helicopter research in the 
2000s, the Army remained a consistent source of funds. In 2006, 
Ames refocused its work to defining first principles in helicopter 
aeromechanics.202 Ames research in helicopter flight proved to be 
just as valuable as its work in integrative flight control for fixed-wing 
aircraft. By taking novel technical approaches to first isolating and 
then solving seemingly intractable problems, and integrating their 
use of computation, tunnel, and flight testing, Ames bolstered the 
core technologies found in all helicopters. 

AV I A T I O N O P E R A T I O N S 

Research in air traffic management harkened back to Ames’ 
legacy in the NACA. The NACA purview included any topic that 
affected American aviation. Thus, in the early 1920s, during the early 
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years of American airmail service, the NACA turned its attention 
to weather forecasting, airport design, and radio communication. 
The NACA continued to monitor problems in aircraft operations, 
as with flight near cold-weather airports in the 1940s. In the 1970s, 
NASA Ames first focused on automating the environment in which 
aircraft operated. 

In April 1972 Heinz Erzberger published the fundamental 
papers on analyzing aircraft trajectories in four dimensions—the 
three spatial dimensions plus time. Erzberger had joined Ames in 
1965 in applied mathematics as part of an environmentally-friendly 
effort to determine which flight paths generated the least noise. 
Soon after he was modelling the best way to get STOL aircraft, that 
others at Ames were designing, into and out of an airport. During 
the fuel crises of the 1970s he shifted his emphasis to study ways 
to optimize America’s air traffic system. Over the ensuing three 
decades Erzberger served as principal architect of the Center-
TRACON automation system (CTAS), a suite of software that 
generated new types of information to “advise” air traffic controllers. 
His worked was not driven by supercomputing. He relied instead 
on Ames innovation in visualization and internetworking, and used 
fairly simple client-server computers. He brought scientific rigor 
to the air traffic management and, along with his colleague Dallas 
Denery, built a major research program that served the flying public 
by reducing delays and boosting safety. 

Notably, he accomplished this in close collaboration with the 
FAA, the federal agency responsible for the national airspace system. 
NASA Ames had earlier done much of the human factors work 
that enabled automation of aircraft cockpits. “Flight management 
systems in today’s aircraft help pilots do their job much better,” noted 
Erzberger. “The CTAS program is about providing the same benefits 
to air traffic controllers.”203 In 1991 the FAA asked Ames to begin 
programming specific tools to infuse the airspace system with greater 
safety, efficiency and timeliness. In November 1996, Victor Lebacqz, 
chief of the Ames flight management and human factors division, 
announced a joint NASA and FAA plan to focus the many facets 
of Ames’ air traffic efforts. In June 1997, NASA announced a $450 
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million aviation system capacity program, with Ames as lead Center. 
The Center-TRACON system released in 1997 included three 

computer advisors to air traffic controllers. The traffic management 
advisor picked up aircraft when they were twenty minutes from 
landing, and figured out the best way for them all to land. The descent 
advisor graphically depicted incoming aircraft as they converged 
forty miles from the airport, to make their descent most like a fuel-
efficient glide. The final approach spacing advisor let controllers 
quickly correct aircraft spacing as aircraft approached the runway. 

CTAS quickly proved its value in both time and cost savings 
at some of America’s busiest airports. As early as May 1992, Ames 
installed the simplest version of CTAS at the Stapleton international 
airport in Denver, then continued to refine the more complex 
parts. The software was integrated with the existing radar system 
at the Dallas/Fort Worth airport in 1994, and saved an average of 
two minutes per flight. With those results the FAA chose CTAS for 
implementation at all major airports. Resistance from airlines and 
local airport authorities delayed its use within the United States, 
though CTAS appeared in many other nations. Michelle Eshow, on 
behalf of a team of 37 contributors who wrote and implemented 
CTAS, in 1998 accepted NASA’s software of the year award. 

NASA Ames continued to augment its software advisors into a 
comprehensive suite of air traffic management tools. Once aircraft 
were on the ground, a different set of advisors chimed in. The surface 
movement advisor (SMA) provided data to the airlines, through 
the flight controllers, on when aircraft would land and arrive at the 
gate, thus improving gate scheduling and reducing radio traffic. 
Programming for surface movement was more complex than 
with air traffic, in that each airport had a unique layout and was 
controlled by an airport authority rather than the FAA. Still, from a 
go-ahead in March 1994, Ames got a prototype of the SMA working 
at the Atlanta airport in time for the 1996 Olympics. After eighteen 
months, taxi-time reductions averaged one minute per aircraft and 
Delta Airlines calculated that SMA saved them $50,000 a day in 
fuel costs alone. NASA Ames and the FAA expanded SMA into the 
surface management system (SMS), verified it in the FutureFlight 
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Central simulator, and in September 2003 tested it successfully at 
the Memphis and Dallas airports.204 FedEx and UPS made it a key 
part of their operations. The FAA began exploring ways to install the 
SMA at all airports. 

Another key software innovation was FACET software, for future 
ATM concepts evaluation tool, which won the NASA software of the 
year award in 2006. Drawing actual but delayed weather data from 
NOAA and air traffic data from the FAA, FACET rapidly projected 
thousands of aircraft trajectories through climb, cruise and descent. 
It was used to model new approaches to air traffic planning, 
including aircraft self-separation, integrated aircraft and space 
vehicle launching, and monitoring of rerouting. “FACET started as a 
simulation tool for NASA research,” noted Banavar Sridhar, FACET 
team leader, “and has evolved into an operations planning tool for 
the FAA and airlines.”205 NASA Ames researchers also integrated air-
based and ground-based systems. Unrestricted flight routing, or free 
flight, for example, allowed more aircraft to share airspace under all 
weather conditions. Ames’ advanced air transportation technology 
branch developed a block-to-block planning service that allowed 
each aircraft to choose its own best flight path, potentially saving 
minutes of air time per trip. 

Another example of using information technology to solve 
safety issues was FutureFlight Central (FFC), a simulator designed 
to prototype Ames’ surface movement advisor. “Surface movement 
around airports,” said Stanton Harke, who managed construction of 
FFC, “is really the bottleneck to making the air transportation system 
more safe and efficient.”206 The FFC looked like the interior of an air 
traffic control tower, with consoles that could be moved to fine-tune 
the layout. Harke’s staff used off-the-shelf video and SGI computers 
to generate a high resolution display with a 360 degree view out the 
window. For less than $10 million the FFC became the world’s most 
sophisticated test facility for air and ground traffic simulation. The 
FFC was configured to simulate what controllers saw at the world’s 
major airports—both in the arrangements inside the tower and in 
the view out the window. (By projecting panoramic images of the 
Martian landscape out the windows, they also simulated the control 
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station of a Mars base.) By reprogramming the display, airport 
designers saw how well aircraft moved around a proposed airfield 
before concrete was poured. FFC was also used to test new airport 
designs so that aircraft would spend less time idling their engines as 
they waited for take-off or looking for a landing gate. 

Ames also completed a system to automatically record and 
process huge amounts of real-time flight data from new aircraft. 
“We can detect accident precursors that we didn’t know existed,” 
said Richard Keller of his work on the FAA and NASA aviation safety 
reporting system. Alaska Airlines and United Airlines helped Ames 
demonstrate the recorder, beginning in 1998, and reported that the 
data returned could be used to not only improve safety, but also 
improve aircraft performance and maintenance scheduling. 

In 2008 Ames researchers shared in the Collier Trophy, awarded 
to a public-private team working on the automatic dependent 
surveillance-broadcast, or ADS-B. Instead of relying on radar, 
ADS-B used global positioning system (GPS) satellite data to give 
pilots and controllers accurate traffic information in real time. The 
system also gave pilots access to weather services, terrain maps 
and flight schedules. The ADS-B had been certified by the FAA in 
2000, and was widely, though not universally, deployed around the 
United States. By 2004, as part of the FAA Capstone program, it 
was installed on 300 aircraft that flew remote routes in Alaska, and 
reduced accidents by 47 percent. It was installed more widely outside 
the United States, and reduced air accidents more than any previous 
technology. United Parcel Service was early adopter, specifically to 
improve aircraft separation around its airport hubs, where its air 
fleet showed remarkable gains in efficiency. “ADS-B is a ground-
breaking effort for next-generation airborne surveillance and cockpit 
avionics,” noted the FAA press release. “Its implementation will have 
a broad impact on the safety, capacity and efficiency of the national 
airspace system.”207 

The next generation of air traffic control, in fact, would be built 
around this GPS technology rather than the radar technology in use 
since World War II. Ames researchers continued to contribute to 
the design of NextGen air traffic management using GPS technology 
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matched with more complex algorithms, not only to improve 
safety and the economics of air travel, but also to reduce its 
impact on the environment. 

G R E E N AV I A T I O N 

Into the 2000s, as the Constellation program diverted NASA 
funds from aeronautics research, Ames leadership began to question 
the role of aeronautics research in NASA. There likely would not be 
much new work on aircraft structures. The shape of jet airliners had 
changed little since the 1960s. The Boeing 777 was the first airliner 
designed, in the 1990s, entirely on computer, relying on codes 
brought to maturity at NASA Ames. Thomas Edwards, then deputy 
director of aeronautics at Ames, recalled that “all of those classical 
problems in structures, controls and aerodynamics are sufficiently 
well understood that the one company that’s left in the U.S. making 
airplanes can pretty much do it themselves.”208 In response to 
declining funding for more traditional aeronautics research, Ames 
reframed its aeronautics portfolio as “green aviation.” Under this 
umbrella fell all the various efforts aimed at reducing the significant 
environmental impact of air transport.209 

Some of these innovations arose at the component level, under 
the purview of NASA’s subsonic fixed wing project. The most 
prominent of these innovations was the advance turboprop engine, 
which had won the Collier Trophy in 1987, and served as the basis 
for work on a geared turbofan by Pratt & Whitney and an open rotor 
propulsion system by General Electric.210 Other more recent work 
focused on extensive use of lighter weight composite materials. Some 
work looked much like that done during the NACA days, as with 
laminar flow control or on the aerodynamics of the hybrid wing-
body which was a variant of the flying wing. Other work proceeded 
into the development of low-carbon fuels to reduce emissions, and 
biofuels to achieve carbon-neutrality across the system. Jonathan 
Trent, for example, pursued a comprehensive research program 
into generating biofuels from tubes of plastic sheeting full of algae, 
floating in the ocean, and fed sewage. 
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Green aviation also encompassed work in radically new 
airframes. Airships, such as the dirigible based at Moffett Field since 
2005, were a decidedly green alternative for air tourism, for carrying 
large payloads, or for hovering over a fixed spot for surveillance 
or environmental monitoring. Electric aircraft showed the most 
promise as short-range VTOL aircraft or as uncrewed aerial vehicles. 
VTOL aircraft also earned attention because of the maturity of the 
XV-15 Osprey in military service. Since the 1970s VTOLs have been 
studied as a way of locating air transport more closely to population 
centers, and thus reducing the overall environmental impact of 
getting to the airport. 

Battery performance was the limiting factor in the development 
of electrical aircraft, as it was in other types of electric transport. One 
solution came in the development of a solid oxide fuel cell, a spin-off 
of technology developed to generate oxygen from the carbon-dioxide 
heavy atmosphere of Mars. KR Sridhar arrived at NASA Ames in 
1996 as an NRC postdoctoral fellow from the University of Arizona, 
focused on solid oxide electrolysis for in situ resource utilization 
on other planets. He collaborated with John Finn, a young chemist 
working on carbon dioxide adsorbtion for air purification with Mark 
Kliss in Ames’ regenerative life support branch. In 1997, an oxygen 
generating system proposed by Sridhar and Finn was selected to fly 
on the Mars 2001 Survey Lander. It would generate enough oxygen 
to, some day, propel a sample return capsule off the surface of Mars. 
In the wake of the Mars failures in 1999, though, this mission was 
cancelled. Harry McDonald encouraged Sridhar to continue working 
on other space applications of solid oxide technology, and Sridhar 
was successful in earning NASA grants. In April 2002 Sridhar and 
Finn founded a company—ION America, later renamed Bloom 
Energy—to reverse the electrolysis and produce electricity instead 
of oxygen. They leased space in the NASA Research Park as they 
refined their technology with venture funding.211 In February 2010 
they unveiled their Bloom Box, which promised energy efficiencies 
twice that of the American electrical power grid. While the Bloom 
solid oxide fuel cells were too heavy to use in conventional transport 
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aircraft, Bloom hoped to refine it to be useful on solar-rechargeable, 
high-altitude rockets. 

Aeronautics represented an ever-declining portion of NASA 
research portfolio, but Ames engineers continued to make major 
advances. As during the NACA days of fundamental research, 
some advances were on the component level, others came from 
re-envisioning the entire airspace system. As in the NACA days, 
this work was driven by attention to the long-term needs of the 
aeronautics industry. The NACA model, which revolved around 
support of commercial firms in developing aeronautics, would 
eventually return to favor within NASA. 
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C o n c l u s i o n 

C H A P T E R 8 

Conclusion 

In January 2010, a year into the administration of Barack Obama, 
NASA administrator Charles Bolden announced that NASA aspired 
to a new approach to American space exploration. NASA’s budget, 
as proposed, would increase $6 billion. NASA would cancel the 
Constellation program and reshape its human space flight efforts. 
NASA abandoned the ESAS architecture with the Moon as its 
destination. NASA instead opted for a flexible technological path 
leading toward destinations later determined opportunistically. The 
Space Shuttle would still be retired in 2011, as decided during the 
Bush administration, and NASA committed to the International 
Space Station through 2020. To get on station, NASA would buy seats 
temporarily on Russian spacecraft until about 2016. Then NASA 
would rely on commercial launch vehicles, like the Atlas V and Delta 
IV launchers built by United Launch Alliance LLC or the Falcon 9 
built by SpaceX, the Space Exploration Technologies Corporation. 

To help this commercial spacecraft industry succeed NASA 
would “return to its NACA roots,” a phrase used repeatedly by Pete 
Worden in explaining the Ames perspective on the new budget. The 
government would create a market for access to low Earth orbit, 
as it already had by investing in human suborbital flight. NASA 
would also invest a half-billion dollars in transformative technology 
for space exploration, help commercial firms solve their common 
problems, and invent the technology needed for space exploration 
decades in the future. 

One example of that help, mentioned by Bolden in Congressional 
hearings, was the PICA heatshields developed by SpaceX for 
their Dragon crew capsule.212 PICA had been developed at Ames, 
successfully demonstrated on the Stardust return capsule in January 
2006, and refined for the Orion crew capsule developed by Boeing 
for the Constellation program. Using a reimbursable space act 
agreement administered by the NASA Ames Space Portal, SpaceX 
consulted with Ames staff on the thermal and mechanical properties 
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of PICA, finite element modeling to improve it, ways of building 
and instrumenting an arc jet model, and a risk reduction strategy 
for validating it. SpaceX tested its variant, dubbed PICA-X, in the 
Ames arc jets and selected it for its Dragon crew capsule. Thermal 
protection engineering for the Constellation program, led by Ames, 
revived many American firms that made ablative materials and gave 
NASA new options for the future design of heatshields. 

Other parts of Obama’s proposal boded well for NASA Ames, 
in that they played to Ames’ historic, but recently underfunded, 
research strengths. Aeronautics research would receive $80 million. 
NASA would shift a half-billion dollars into space science and into 
monitoring the health of the Earth, especially through small Venture 
class missions. Ames would be the center of NASA’s small spacecraft 
efforts. Robotic precursors would be sent to several destinations, 
and space life sciences would refocus on fundamental research. 
Whenever possible, NASA would pursue collaboration with 
international partners. NASA put education as a top priority. 

Other developments showed that NASA would again value 
its basic research centers. All Center directors reported to the 
administrator. NASA empowered a new chief technologist to 
fund break-through technologies and to manage the innovative 
partnerships program which led interaction with commercial 
firms. Full cost recovery was cancelled; though full cost accounting 
remained. Center maintenance budgets were boosted by $200 
million, and Bolden created a new mission support directorate with 
a budget to fund the health of the NASA Centers. 

It appeared that the Obama administration was aware of all 
Ames people hoped would get America back into space exploration. 
NASA shifted its paradigm in-line with the paradigm Ames had 
operated under for decades: support of industry and university 
partners, taking a longer-term view toward technology, a willingness 
to work with smaller budgets, and a dedication to space science 
and aeronautics research. All this would be possible by righting the 
imbalance induced by spending on the Constellation program. 

However, NASA’s proposed budget soon encountered strong 
resistance. Members of Congress representing the areas near the 
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