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Preface

In the past few years, the current status and future vision of the U.S. air transportation system
have been examined in numerous studies. NASA’s recent Aeronautics Blueprint notes that the
United States and the world are becoming “more dependent on the ability to move goods and
people faster and more efficiently by air. . . . Over the last century, aviation has evolved to
become an integral part of our economy, a cornerstone of our national defense, and an essential
component of our way of life. . . . Americans per capita use aviation more than any other country
in the world, . . . [and nonbusiness] personal travel accounts for more than 50 percent of commer-
cial air transportation.” 1

What is needed now is vigorous action to refine and achieve the broadly held future vision of
an air transportation system that can meet consumer demands for safety, security, comfort, and
convenience; public demands for environmental compatibility; and national economic demands
for a globally competitive civil aeronautics industry. Achieving this vision will not be easy—and
will not be possible without strong national leadership. Fortunately, sometimes the flow of his-
tory leads to a confluence of events that creates an opportunity to meet great challenges. As
suggested by this committee in a letter report dated August 14, 2002,2  the 100th anniversary of
powered flight, which will take place in December 2003, provides an excellent opportunity both
to create a bold new vision for air transportation and to initiate vigorous action by government
agencies and private organizations to pursue that vision. Allowing this opportunity to pass with-
out action would be a tragic mistake.

Ronald Fogleman, Chair
Committee on Aeronautics Research and Technology

for Vision 2050

1National Aeronautics and Space Administration (NASA). 2002. Aeronautics Blueprint. Available online at
<www.aerospace.nasa.gov/aero_ blueprint/index.html>.

2National Research Council (NRC). 2002. Aeronautics Research and Technology for 2050: Assessing Visions and
Goals—Letter Report. Washington, D.C.: National Academy Press. Available online at <www.nap.edu/catalog/
10518.html>.
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1

Executive Summary

As recently as the summer of 2001, many travelers were
dreading air transportation because of extensive delays asso-
ciated with undercapacity of the system. That all changed on
9/11, and demand for air transportation has not yet returned
to peak levels.1 Most U.S. airlines continue to struggle for
survival, and some have filed for bankruptcy. The situation
makes it difficult to argue that strong action is urgently
needed to avert a crisis of undercapacity in the air transpor-
tation system. Yet that remains the case. History shows that
crises of confidence, economic downturns, and international
conflicts can depress the demand for air transportation, but
only over the short term. In every earlier case, the long-term
trend of increasing demand has reasserted itself. Assuming
that current events have fundamentally and permanently
changed the public’s demand for air transportation is not a
sound approach to preparing for the long-term future of the
air transportation system. Current events have provided an
opportunity for U.S. national leadership to create a compre-
hensive, widely accepted long-term vision and a coherent set
of requirements from all federal agencies with a major stake
in the air transportation system. The continued absence of a
national-level endeavor to address the current situation
threatens to place the air transportation system in increasing
peril.

To help assure the future of the U.S. commercial air trans-
portation system, the National Aeronautics and Space Ad-
ministration (NASA) and the Federal Aviation Administra-

tion (FAA) requested that the National Research Council
establish the Committee on Aeronautics Research and Tech-
nology for Vision 2050. The committee was charged with
assessing (1) the visions and goals for U.S. civil aviation, as
described in five key documents produced by the federal
government,2 and (2) technology goals for the year 2050.
The committee issued a letter report on August 14, 2002, to
address the first topic.3  Current U.S. visions for civil avia-
tion correctly point out the importance of civil aviation. To
sustain our ability to reap the benefits that aviation provides,
the U.S. visions consistently identify three main areas that
long-term aeronautics research should address:4

• capacity of the air transportation system (in terms of
passenger-miles, cargo-ton-miles, and aircraft opera-
tions)

• environmental compatibility (noise and emissions)
• safety and security

The committee concluded, however, that U.S. visions and
goals consistently overlook several key items:

• a clear set of guiding principles
• a description of the overall process for developing and

achieving a widely endorsed long-term vision for the
air transportation system

1This report uses demand generally to refer to both consumer demand
(the amount of air transportation services purchased, in terms of passenger-
miles and cargo-ton-miles) and the load imposed on the air traffic control
system (in terms of aircraft operations). Demand reflects the response of
consumers to prices and the shape of the air transportation demand curve.
Consumer demand is closely linked to demand on the air traffic control
system, as individual airlines adjust routes, schedules, levels of service,
prices, etc., to both stimulate and satisfy consumer demand.

2The complete statement of task appears in Appendix A, which also lists
the visions assessed by the committee. A summary of the committee’s com-
parative assessment appears in Appendix B.

3National Research Council (NRC). 2002. Aeronautics Research and
Technology for 2050: Assessing Visions and Goals—Letter Report. Wash-
ington, D.C.: National Academy Press. Available online at <www.nap.edu/
catalog/10518.html>.

4Items in this and other lists are either listed alphabetically or grouped
topically. The committee did not prioritize research areas in each list.
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2 SECURING THE FUTURE OF U.S. AIR TRANSPORTATION

• a strategy for overcoming transitional issues
• consumer satisfaction
• primacy of the U.S. aeronautics industry

Securing the future of the air transportation system re-
quires that change within the system be accelerated quickly
enough and directed with enough agility to avoid problems
and achieve future goals while managing (1) the influence of
increased demand and other external pressures and (2) con-
flicts between different goals and stakeholders. The process
of achieving the long-term vision must be robust enough to
prevent the system from changing too slowly, drifting, or
going in the wrong direction.

The process of improving the long-term performance of
the air transportation system—and organizing a correspond-
ing long-term research and technology program—should
start with a unified, widely endorsed national vision that
specifies goals in each key area of interest to the commercial
aviation community. The continued success of aviation and
the benefits that it provides will require changes to accom-
modate increased demand. The committee found this to be
the most critical long-term issue facing all aspects of the air
transportation system. Issues associated with safety, secu-
rity, and environmental compatibility are also exacerbated
by greater demand, and the effectiveness of currently envi-
sioned near-term solutions in each of these areas would be
diminished if demand for air travel in the United States
doubles over the next 10 to 35 years, as currently projected.
Increasing passenger throughput enough to keep up with in-
creased demand requires eliminating constraints and improv-
ing the flexibility of the system enough to overcome local-
ized capacity problems while accommodating the full range
of authorized users (commercial, private, and military). For
example, eliminating the effects of adverse weather is not
enough; in many areas, the baseline capacity of the system
(in good weather) must also be greatly increased to accom-
modate a deregulated airline industry as it strives to meet
user demands for convenient service. This requires research
leading to improvements in every element of the air trans-
portation system.

The future vision of the air transportation system should
be supported by research and technology goals leading to
improved performance in terms of en route comfort of pas-
sengers, the convenience of passenger travel and air freight
service (including travel time), the cost of moving passen-
gers and cargo (including the cost of developing and manu-
facturing new aircraft and aircraft systems), and the societal
impact of aviation (in terms of the consumption of nonre-
newable fuels, emissions, land use, noise, safety, security,
reduced congestion in other modes of transportation, em-
ployment, and other effects on the national economy). Mea-
surable long-term targets supported by sound analyses
should be established to assess progress toward the goals.
Research should support the establishment of quantifiable
goals in areas where progress is difficult to measure.

The air transportation system is supported by a core of
dedicated government and industry personnel who are de-
veloping new operational concepts, architectures, and mod-
ernization plans. Yet no single organization has the respon-
sibility and authority for developing a comprehensive
solution to the challenges faced by the U.S. air transporta-
tion system. Business as usual, in the form of continued,
evolutionary improvements to existing technologies, aircraft,
air traffic control systems, and operational concepts, is un-
likely to meet the needs of air transportation over the next 25
to 50 years. The disparity between (1) the rate at which de-
mand is increasing and (2) the rate at which technology is
reducing aircraft noise and emissions is becoming increas-
ingly difficult to overcome because technical advances are
becoming increasingly difficult to achieve. Without strong,
focused leadership, the likely result will be an air transporta-
tion system where growth in demand has been greatly cur-
tailed by undercapacity; the environmental effects of avia-
tion; customer dissatisfaction with available levels of
comfort, convenience, and cost; and/or factors related to
safety and security.

The committee believes that strong action by a federal
agency or office to provide such leadership, with the broad
support of the administration and the Congress, would do
more to improve the ability of national aeronautical research
and development programs to achieve their goals than any
other change in the management or content of the programs
themselves. The designated office should have (1) the re-
sponsibility, authority, and financial resources necessary for
defining air transportation system architectures through a
centralized planning function, (2) an understanding of the
interactions among system performance parameters, de-
mand, and economic factors, such as the methods used to
fund federal activities in support of the air transportation
system, and (3) the credibility and objectivity to garner the
active support of other air transportation stakeholders in gov-
ernment, industry, and the general public. This will require,
among other things, a leadership group composed of indi-
viduals with a broad aviation perspective and a willingness
to accept the risks of looking ahead and allowing others to
help define the future.5

PROCESS FOR CHANGE

The aviation system is unique in that it has one federal
agency (NASA) responsible for long-range research and de-
velopment and another agency (FAA) that supplies traffic
management systems and services and regulates the carriers
and manufacturers. The cultures, missions, and operating
practices of NASA’s aeronautics enterprise and the FAA are

5Assessing the organization and role of specific government agencies
was beyond the scope of this study (see Appendix A), so no recommenda-
tion is made regarding which federal office or agency should be designated
to provide the required leadership.
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EXECUTIVE SUMMARY 3

quite distinct, as would be expected when comparing a re-
search organization with an operational organization. None-
theless, they are the federal government’s principal agents
for operating and improving the technical capabilities of the
air transportation system.

A national vision, clear technology goals, and strong, fo-
cused leadership are necessary to improve the competitive-
ness of the U.S. aeronautics industry and enable the air trans-
portation system to satisfy increased demands for air travel
without degrading system safety, security, environmental
compatibility, or consumer satisfaction. Also required is a
process for integrating, organizing, and directing aeronau-
tics research and technology development and a clear under-
standing of organizational roles. Action necessary to achieve
the above is encapsulated in the process for change that is
defined in the following summary recommendation:

Recommendation. Process for Change. Establish air trans-
portation as a national priority with strong, focused leader-
ship. Air transportation system technology planning and de-
velopment should be done in the context of a process driven
by the needs of system users and the nation as a whole.

1. Implement a public/private process for change, as
follows:
• Designate a federal agency or office to provide strong

leadership in overcoming the challenges faced by the
U.S. air transportation system.

• Establish an interagency process for developing and
achieving a widely endorsed long-term vision of the air
transportation system that includes a clear set of guid-
ing principles and a strategy for overcoming transitional
issues.

• Document the process.
• Coordinate action and resolve disputes among stake-

holders in the aviation community with different con-
cerns and priorities (e.g., manufacturers and operators;
executives and employees; pilots, controllers, and pas-
sengers; local, federal, and state governments; regula-
tors; the military; and general aviation).

• Gather and analyze feedback on how well the process
is working from the perspective of all interested par-
ties, especially when conditions change, to identify
problems before serious incidents or disruptions occur
and to recognize new opportunities.

• Formally review the process and process outputs at
least every 4 years.

• Update the process.
2. The output of the process should include the following:

• A better understanding of future demand for air trans-
portation to make sure that changing trends will be de-
tected as soon as possible.

• A unified, long-term national vision endorsed and sup-
ported by the aeronautics community as a whole and
cognizant federal agencies.

• Broad public policies to support the vision.
• Long-term operational concepts to meet the vision and

to serve as a continuing resource for guiding change
and coordinating action by different parties.

• System architectures to realize the operational
concepts.

• An understanding of how the U.S. air transportation
system of the future will fit into the national
(intermodal) transportation system and the international
air transportation system.

• Validated research and technology requirements.
• An implementation plan to achieve all of the above,

including a clear understanding of government and in-
dustry roles in developing precompetitive and noncom-
petitive aeronautical research and transitioning the re-
sults of civil and military government research to
commercial development.

3. A comprehensive suite of system models should be de-
veloped, validated, and maintained to support informed
decision making throughout the process. Models should
encompass the following:
• demand
• economics
• environmental effects
• existing and new technologies
• human performance
• interactions with other modes of transportation
• new operational concepts
• organizational factors
• security threats and preventive measures
• system engineering
• transition (from old to new technologies, systems, and

organizational structures)
4. A commitment should be made to support a stable long-

term research program to provide the knowledge, tools,
and technologies needed throughout the process. At a low
level, the research program should investigate innovative
research ideas that challenge accepted precepts.

The following sections describe in more detail specific
actions for improving the performance of (1) the air trans-
portation system as a whole, (2) modeling and simulation
capabilities necessary to support improvements in the air
transportation system, and (3) individual aircraft.

IMPROVING THE AIR TRANSPORTATION SYSTEM

Developing meaningful and useful operational concepts
stemming from a broadly defined vision of the air transpor-
tation system 25 to 50 years hence is a critically important
task in the process of improving the performance of the sys-
tem. To meet this challenge, the federal government, work-
ing with other stakeholders in the air transportation system,
should develop a coherent set of operational concepts sup-
porting a vision of the air transportation system in the 2050
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time frame. These concepts should encompass a range of
potential changes in technology, society, and the air trans-
portation system itself. They should be used to guide long-
term research and the evolution of and transition to a more
advanced air traffic management system. The concepts
should be continually, objectively, and rigorously evaluated
(for example, through comprehensive simulation and mod-
eling) and iterated to reflect feedback from stakeholders,
conflicts between alternative concepts, and the best under-
standing of the future costs, benefits, and requirements that
are likely to evolve in response to changes in the real world,
the current state of technology and systems operations, and
future expectations.

The research and technology requirements should be tai-
lored to meet the requirements of future operational con-
cepts. Enabling technologies applicable to a wide range of
operational concepts should be developed in parallel with
research to develop and evaluate long-term operational con-
cepts so that the necessary technologies will be ready
for whichever operational concept proves to be most ben-
eficial. Technology areas of particular interest include the
following:

• design of human-integrated systems
• distributed, collaborative decision making
• autonomous and interactive technologies
• noise and emissions locally, regionally, and globally
• wake vortices
• situational awareness
• systems-engineering methods
• avionics

Technological research alone is insufficient to achieve
the future vision. Research is also needed to (1) better under-
stand the economic, environmental, political, institutional,
and managerial factors involved in achieving key goals, (2)
take advantage of synergies among these factors, and (3)
overcome related impediments. The federal government
should support research to develop improved processes and
methods in the following nontechnology areas:

• economics
• regulations, certification requirements, and operating

procedures
• resolution of conflicting objectives of different stake-

holders
• societal concerns about aircraft noise and emissions

MODELING AND SIMULATION

Federal, industrial, and academic institutions in the
United States have tremendous research capabilities and re-
sources. Achieving the future vision of the air transportation
system requires that research be directed at technical capa-

bilities most likely to achieve long-term performance goals.
Complementary use of field tests, laboratory tests, model-
ing, analysis, and simulation would improve the ability to
(1) measure systemwide behavior of the air transportation
system, (2) assess the performance of proposed operational
concepts, technologies, and other changes, and (3) make in-
formed investment decisions to reduce the schedule, cost,
and technical risks of system improvements. In addition, the
process of securing the future would be greatly facilitated if
the federal agencies that support research in aviation system
models would improve their coordination, especially with
regard to the following:

• research plans
• participation of industry and academia
• criteria for maintenance and validation
• availability of models
• use of models by decision makers

The government and other interested parties should sup-
port additional simulation and modeling research in the fol-
lowing areas:

• interoperability
• safety analysis
• demand and demand allocation
• validation of models and suites of models
• formation of a suite of system models
• role of humans in the aviation system of the future

IMPROVING AIRCRAFT PERFORMANCE

Improvements in aircraft performance are critical to
achieving necessary improvements in almost every aspect of
the overall performance of the air transportation system. In-
novative long-range research leading to the implementation
of new operational concepts is also required for the air trans-
portation system to take full advantage of gains in the per-
formance of commercial aircraft.

To improve the performance of aircraft through 2025,
federal agencies should continue to support research leading
to evolutionary improvements in aircraft performance. Look-
ing out to 2050, however, large gains in aircraft performance
are unlikely to be achieved without innovative long-range
research leading to new aircraft concepts and technologies.
Areas of particular interest include the following:

• analytical tools
• composite materials
• environmental consequences of aircraft noise and

emissions
• low emissions combustor technology
• nanotechnology
• nontraditional aircraft configurations
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EXECUTIVE SUMMARY 5

• nontraditional power and propulsion concepts
• passive and active control of laminar and turbulent flow
• high-temperature engine materials and advanced

turbomachinery

Technologies specifically related to personal air vehicles,
uninhabited air vehicles, supersonic aircraft, or runway-
independent air vehicles have the potential to improve the
performance of the air transportation system, especially in

niche areas. However, research in these areas will not be
able to resolve the overall capacity problems that are the
primary challenge to the continued success of the air trans-
portation system over the long term. Accordingly, the com-
mittee did not examine technologies related to these vehicle
classes and makes no recommendations concerning the fu-
ture direction of research in these areas. Nonetheless, the
process for change recommended by the committee would
facilitate the planning of research for all vehicle types.
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1

Foundation for Change

At the request of the National Aeronautics and Space
Administration (NASA) and the Federal Aviation Adminis-
tration (FAA), the National Research Council (NRC) estab-
lished the Committee on Aeronautics Research and Tech-
nology for Vision 2050 to assess (1) the long-term visions
and goals for U.S. civil aviation, as described in five key
documents produced by the federal government, and (2)
technology goals for the year 2050 (see Appendix A). The
committee issued a letter report on August 14, 2002, to ad-
dress the first topic.1 The substance of that letter has been
incorporated into this report, which also addresses the sec-
ond topic.

This chapter describes key elements of the future vision
and the need for specific goals to support that vision. After
acknowledging the limits of any effort to look far into the
future, the chapter then describes the primary challenge to
achieving the future vision and previews a process for mak-
ing needed changes. Three subsequent chapters address re-
search related to improving (1) air transportation system per-
formance, (2) system-level modeling of the air transportation
system, and (3) performance of individual aircraft. The final
chapter concludes with a summary recommendation regard-
ing the process for change that is vital to securing the future
of the air transportation system. A complete list of the find-
ings and recommendations contained in this report then fol-
lows, along with appendixes that contain the statement of
task and the study approach executed by the committee, a
comparative assessment of future goals and visions, brief
biographies of the members of the committee, a descriptive
catalog of propulsion system concepts, and a description of
four levels of system models.

VISION AND GOALS

To continue to reap the benefits that the air transportation
system provides, the U.S. visions examined by the commit-
tee consistently identify three main thrusts that long-term
aeronautics research should address: safety and security, ca-
pacity, and environmental compatibility (noise and emis-
sions). At the same time, the U.S. visions and goals consis-
tently overlook several key items: a description of the overall
process for developing and achieving a widely endorsed
long-term vision for the air transportation system, a clear set
of guiding principles, and a strategy for overcoming transi-
tional issues.

In assessing the U.S. goals and visions, the committee
also examined a comparable vision for civil aeronautics in
Europe. The European vision highlighted two additional ar-
eas that are missing from the U.S. visions. The latter do not
include as a goal the satisfaction of consumer needs—that is,
the quality and affordability of air transportation—perhaps
because consumers do not seem to have been consulted when
the U.S. visions were formulated. This could be a major over-
sight, given the large role that consumer demand for low
cost and convenience (e.g., frequent departures) plays in
business decisions made by industry.2 Also, although the
U.S. visions as a whole recognize that national well-being
depends on a national transportation system with a strong

1National Research Council (NRC). 2002. Aeronautics Research and
Technology for 2050: Assessing Visions and Goals—Letter Report. Wash-
ington, D.C.: National Academy Press. Available online at <www.nap.edu/
catalog/10518.html>.

2This report uses demand generally to refer to both consumer demand
(the amount of air transportation services purchased, in terms of passenger-
miles and cargo-ton-miles) and the load imposed on the air traffic control
system (in terms of aircraft operations). Demand reflects the response of
consumers to prices and the shape of the air transportation demand curve.
Consumer demand is closely linked to demand on the air traffic control
system, as individual airlines adjust routes, schedules, levels of service,
prices, etc., to both stimulate and satisfy consumer demand.
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aviation element, they do not include primacy of the U.S.
aeronautics industry as a goal. Competitiveness is so central
to the European vision, by contrast, that it appears in the title
of the document that defines this vision: European Aeronau-
tics: A Vision for 2020—Meeting Society’s Needs and Win-
ning Global Leadership.

The vision for the U.S. air transportation system should
be supported by research and technology goals leading to
improved system performance. Measurable long-term tar-
gets should be established to assess progress toward those
goals. Ideally, goals should be

• Ambitious enough to be challenging, without going be-
yond the limits of what is practical given likely con-
straints imposed by the current and future state of sci-
entific and engineering knowledge, economics, and
other nontechnical factors.

• Linked to specific benefits—for example, noise goals
that will end the exposure of communities near airports
to a day-night average sound level greater than 55 dB.

• Focused on areas in which government research can
have a direct impact.

• Supported by research that demonstrates that the goals
will result in the intended outcome—for example, that
noise will be substantially eliminated as a constraint on
airport operations.

• Time-phased, with different levels of performance
established over different periods of time where
appropriate.

Organizational goals should be dynamic to respond to a
changing world and changing requirements. NASA recently
replaced time-phased, quantitative goals for aeronautics re-
search and technology (e.g., “double the aviation system ca-
pacity within 10 years, and triple it within 25 years”) with
open-ended, qualitative goals (e.g., “enable more people and
goods to travel faster and farther, anywhere, anytime, with
fewer delays”). Quantifiable goals may be difficult to estab-
lish for research leading to improved understanding and for
research related to customer satisfaction, competitiveness,
and improving human-computer interactions. However, lim-
iting research to areas with easily quantifiable goals would
reduce the scope of research to a subset of the overall prob-
lem. Furthermore, quantifiable goals could be readily estab-
lished in many areas, and even as NASA moves away from
quantitative research goals, the report of the Commission on
the Future of the U.S. Aerospace Industry (2002) recom-
mends the adoption of specific, quantifiable aerospace tech-
nology demonstration goals for capacity, safety, mobility,
and environmental effects as a national priority.

In considering how research could improve the perfor-
mance of the air transportation system, the committee took a
broad view of performance that considers the particular
needs of customers, airlines, and manufacturers. This broad

view includes the following parameters (listed alphabeti-
cally):

• Comfort en route
 —en route accommodations
—transfer activities, including airport amenities

• Convenience of passenger travel and air freight service
—availability of service at times desired by

customers
—availability of service to desired departure and des-

tination locations
—ease of passenger ingress and egress, cargo han-

dling, and aircraft handling, especially as it relates
to customer satisfaction and capacity constraints

—total travel time
• Cost of moving passengers and cargo

—cost of developing and manufacturing new aircraft
and aircraft systems

—cost of passenger and freight operations
—ticket prices for passenger travel and prices paid for

freight services
• Societal impact

—consumption of nonrenewable fuels
—effects on the national economy (employment, etc.)
—emissions
—land use
—noise
—reduced congestion in other modes of transporta-

tion
—safety and security

Airline economics are complex, and the relationship be-
tween technology and some of the above parameters is indi-
rect and difficult to quantify. For example, technological ef-
ficiencies will not be able to compensate for the economic
inefficiencies that occur when reduced demand (or a poorly
structured route system) produces low load factors, resulting
in high costs per passenger-mile (or cargo-ton-mile). Fur-
thermore, in the short term, ticket prices are often driven
more by competitive pressures and the laws of supply and
demand than by the productivity and efficiency of the air-
craft used to provide transportation services. Ultimately,
however, improved performance (that results in lower costs)
is necessary because prices that fall below the service pro-
viders’ average total costs are economically unsustainable
without external subsidies.

Recommendation 1-1. Goals. The future vision for the air
transportation system should be supported by research and
technology goals leading to improved performance. Mea-
surable long-term targets supported by sound analyses
should be established to assess progress toward the goals.
Research should support the establishment of quantifiable
goals in areas where progress is difficult to measure.
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BEYOND THE HORIZON

When considering the future of the U.S. air transportation
system, the committee sees a fundamental difference in ex-
pectations between (1) the next 25 years or so and (2) the
quarter century ending in 2050. Commercial aircraft and air
traffic management systems have lifetimes on the order of
25 years. In addition, the commercial aviation industry—as
well as the government’s certification processes—are justi-
fiably cautious when it comes to the acceptance of new con-
cepts and technologies. As a result, the gestation period be-
tween initial development of a new technology or concept
and the point where it sees widespread operational use is
often measured in decades. Accordingly, the state of the air
transportation system in 2025 will largely be defined by sys-
tems that are already operational and the implementation of
existing research. In other words, 2025 is imaginable in terms
of current technology. The air transportation system of 2050,
however, could incorporate technologies that are as yet un-
discovered or that exist but will be used in ways as yet
unimagined. However, the air transportation system of 2050
will benefit from new ideas only if long-term research—and
the technology recommendations made in subsequent chap-
ters of this report—are pursued with enough vigor to ensure
that the long gestation associated with new technological
approaches and operational concepts will be completed by
then.

Looking backward to 1953 illustrates the challenge of
predicting the future 50 years hence. The personal computer
had not yet been invented in 1953, yet any 50-year predic-
tion of aviation requirements issued in 1953 that did not ac-
count for this unforeseen technology would look absurd to-
day. What new technologies will take aviation in unexpected
directions over the next 25 to 50 years? An authoritative
answer is impossible, so long-range plans must be flexible
enough to accommodate the unexpected. For decades, rail-
roads were the preeminent long-distance transportation sys-
tem. But the U.S. rail system of today is vastly different from
the system of the early 1900s. Railroads are still a dominant
provider of cargo service, yet railroads are now a minor pro-
vider of long-distance passenger service, and the passenger
service that survives has done so only because the govern-
ment subsidizes operational and capital costs. For all trans-
portation modes flexibility in the face of changing priorities
and challenges is essential.

CHALLENGE

Current U.S. visions for civil aviation correctly point out
the importance of civil aviation to the national economy and
overall standard of living. People want to travel quickly and
comfortably. Businesses and their customers want products
delivered overnight. Per capita use of aviation is higher in
the United States than any other country in the world, and
nonbusiness travel accounts for more than 50 percent of pas-

senger air travel. The availability of quick and affordable
options for long-distance travel increases demand. That will
probably always be the case. To the extent that air transpor-
tation can continue to satisfy these universal human desires
safely, reliably, and affordably, air transportation will re-
main relevant.

Yet many people do not enjoy air travel. Technologies
associated with videoconferences, netconferences, and vir-
tual reality experiences are gradually increasing the ability
to be “present” without being there. Crises such as the shut-
down of the air transportation system following 9/11, secu-
rity concerns that still keep many air travelers at home, secu-
rity procedures that increase travel time, international
conflicts, a downturn in the national and global economies,
and the SARS epidemic are providing incentives for the cor-
porate world to find new ways of doing business remotely.
The same concerns are also inducing many leisure travelers
to plan vacations that do not require travel by air.

Though the committee does not believe that current prob-
lems are a harbinger of a change in long-term trends, changes
in the way customers use the air transportation system—and
changes in the way government and industry structure and
use the air transportation system—need to be anticipated
wherever possible. For example, a significant shift of air-
space use away from business travel to a broad mix of non-
business travel and cargo—even as overall demand contin-
ued to increase—would have significant impact on service
providers and the air traffic control system. Missing such a
trend could result in a misdirection of research.

Two summers ago the air transportation system experi-
enced extraordinary delays as the demand for air travel
pushed traffic to the limit and disrupted schedules in many
parts of the system. Although the air transportation system
had faced extensive delays before, the crisis two summers
ago was quantitatively the gravest in history. Since then, the
demand for air transportation has been curtailed by the fac-
tors noted above. Today, undercapacity is no longer an im-
mediate problem in most parts of the U.S. air transportation
system, and air transportation faces the peril of economic
devastation as major carriers reduce service and file for bank-
ruptcy. Although the committee believes that vigorous ac-
tion is needed to prevent capacity problems in the years
ahead from producing unacceptable delays in air transporta-
tion, the future is by nature uncertain. But some things are
certain. Agility in responding to changing situations and
trends is vital. National leadership is essential for motivating
and directing change. A robust suite of systems models is
needed to explore future possibilities and secure the future
regardless of what eventually comes to pass. Lastly, uncer-
tainty about the future must not stand in the way of aggres-
sive action to address the problems that are expected. The
only alternative is to abandon the opportunity to get ahead of
future problems and simply react to crises as they occur.

In the past, short-term downturns in demand for air trans-
portation have always been followed by a return to steady

Securing the Future of U.S. Air Transportation: A System in Peril

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/10815


FOUNDATION FOR CHANGE 9

growth in demand, and the committee believes that this pat-
tern will repeat itself. As a result—despite the current situa-
tion—the most critical issue facing all aspects of the air trans-
portation system over the long term is likely to be growth in
demand for air transportation. To increase capacity, the sys-
tem can be expanded and the capabilities of the system can
be increased, but many elements of the air transportation
system—including many major airports—are constrained. In
some areas, significantly expanding the system infrastruc-
ture would be expensive, time-consuming, and extraordinar-
ily difficult. Issues associated with safety, security, and en-
vironmental compatibility are also exacerbated by greater
demand, and the effectiveness of currently envisioned near-
term solutions in each of these areas would be diminished if
demand for air travel in the United States doubles over the
next 10 to 35 years, as currently projected.3  Air transporta-
tion leadership must remain mindful of changes, both within
and without the air transportation system, and remain flex-
ible if the system is to remain vital over the long run.

Finding 1-1. Challenge of Increased Demand. The contin-
ued success of aviation and the benefits that it provides will
require changes to accommodate increased demand. This is
the most critical long-term issue facing all aspects of the air
transportation system. Issues associated with safety and se-
curity, capacity, environmental compatibility, and consumer
satisfaction are all exacerbated by greater demand, and the
effectiveness of near-term solutions in each of these areas
will be diminished by long-term growth in demand for air
transportation in the United States.

Business as usual, in the form of continued, evolutionary
improvements to existing technologies, aircraft, air traffic
control systems, and operational concepts, is unlikely to meet
the challenge of greatly increased demand over the next 25
to 50 years. The importance of altering historical trends is
particularly important to limit the environmental effects of
aviation. Between 1976 and 2001, the demand for air trans-
portation increased by 250 percent, yet the fuel efficiency
(amount of fuel consumed per passenger-mile or ton-mile of
cargo) of large commercial aircraft in the United States,
which reflects improvements in the design of both the air-
frame and the propulsion system, improved by only 50 per-
cent. As a result, air transportation is burning more fuel and
producing more emissions, which contribute to environmen-
tal problems locally and globally. Fuel consumption and en-

gine emissions have not gone up as much as they would have
without new technology, but they are going up nonetheless.
A similar situation exists with noise. Although each new
generation of aircraft produces less noise than older aircraft
of the same size, aircraft noise is still an unwelcome part of
life in many airport communities, and limits on aircraft noise
continue to constrain aircraft operations at many airports.

The disparity between (1) the rate at which demand is
increasing and (2) the rate at which technology is reducing
aircraft noise and emissions is becoming increasingly diffi-
cult to overcome because technical advances are becoming
increasingly difficult to achieve. For example, the rate of
improvement in specific fuel consumption has long been
predicted to diminish as turbojet engines approach their theo-
retical limits (Dawson, 1968). NASA’s now obsolete goals
for aeronautics research recognized the importance of accel-
erating the rate of technological advances. Meeting the noise
goals adopted by NASA in 1997 would have required a dra-
matic break from historical trends (NRC, 2002), but NASA
has replaced those goals with new research goals that lack
any measurable targets.

Revolutionary changes are needed in more than just air-
craft and aircraft systems. Much of the current effort to in-
crease system capacity is focused on eliminating delays
caused by specific constraints, such as restricted visibility or
other forms of adverse weather en route, in the terminal
area,4  and at airports. The problem faced over the 2050 time
frame, however, is quite different. To increase passenger
throughput enough to keep up with increased demand, elimi-
nating the effects of adverse weather is not enough; in addi-
tion, the baseline capacity of the system in good weather
must also be greatly increased. This may require widespread
adoption of operating concepts that use runways and airspace
in new ways. It may also require new paradigms for the air
traffic management system as a whole, to leverage the sig-
nificant advances that are being made in information tech-
nology and global surveillance, communication, and naviga-
tion capabilities.

Travel by air in the United States is extraordinarily safe,
and industry and government make a tremendous effort to
keep it so. Increased demand over the next 25 to 50 years
could result in more accidents. More traffic could stress over-
loaded portions of the system to the point where accident
rates increase, and even if the accident rate stayed the same,
more traffic would result in more accidents per year. Histori-
cally, however, safety improvements have been able to re-
duce the total annual number of fatalities from commercial
aircraft accidents despite increased demand. In fact, during
2002 U.S. airlines experienced no fatal accidents.

Future changes to the air transportation system to increase3Forecasts of future demand by the government, industry, and other or-
ganizations and individuals predict that air travel will double in the next 10
to 35 years (Boeing, 2000; Neufville, 2000; Federal Transportation Advi-
sory Group, 2001; NASA, 2002; NRC, 2002; RTCA Free Flight Steering
Committee, 2002; FAA, 2003). Although the rate of increase is uncertain,
all agree that air traffic operations will increase substantially over the long
term.

4Terminal areas include the airspace within about 50 miles of major air-
ports.
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capacity could conceivably create unexpected hazards that
lead to a higher accident rate. However, accidents are so
unacceptable that such hazards would be corrected as quickly
as possible, even if it meant undoing capacity enhancements.
A similar philosophy applies to security, in the sense that
security measures take precedence over capacity concerns.
The primary challenge for security-related technologies is to
increase security without constraining capacity. As with the
other major thrusts, long-term plans for developing technol-
ogy to improve security should be based on a systematic
approach that assesses the specific problems that need to be
addressed and targets technologies accordingly. For ex-
ample, security systems should be designed to predict and
adapt to future threats to ensure that we are not in a constant
state of preparing to “fight the last war.” Achieving this goal
is difficult, because the foreseeable future can change in the
instant that tragedy strikes in the form of a previously un-
foreseen failure of existing safety and security systems.

Addressing future challenges is also complicated because
isolated efforts to achieve one goal may make it more diffi-
cult to achieve other goals. In addition, different stakehold-
ers in the aviation community (manufacturers and operators;
executives and employees; pilots, controllers, and passen-
gers; local, federal, and state governments; regulators; the
military; general aviation; and others) have different priori-
ties. For example, everyone is in favor of reduced environ-
mental impacts. However, passengers are very price con-
scious, and airlines that consistently fail to make a profit
ultimately cease to exist. Therefore, advanced technology
that reduces engine emissions but increases costs will be dif-
ficult to sell to airlines that are already meeting regulatory
standards—unless those standards are expected to become
more stringent.

Finding 1-2. Going Beyond Business as Usual. Business
as usual, in the form of continued, evolutionary improve-
ments to existing technologies, aircraft, air traffic control
systems, and operational concepts, is unlikely to meet the
needs for air transportation that will emerge over the next 25
to 50 years. The likely result would be an air transportation
system where growth in demand has been greatly curtailed
by undercapacity in the air traffic management system; the
environmental effects of aviation; customer dissatisfaction
with available levels of comfort, convenience, and cost; and/
or factors related to safety and security.

The Big Question. How can change within the air transpor-
tation system be accelerated quickly enough and directed
with enough agility to avoid problems and achieve future
goals while managing (1) the influence of increased demand
and other external pressures and (2) conflicts between dif-
ferent goals and stakeholders? How can the system be pre-
vented from changing too slowly, drifting, or going in the
wrong direction?

The answer is to develop an improved process to guide
and facilitate change. Such a process is discussed in more
detail below and in Chapter 5, which presents the
committee’s recommendation to institute an effective pro-
cess for change.

CHANGE

The process of organizing a long-term research and tech-
nology program for civil aviation should start with a system-
atic statement of the underlying problems and a unified na-
tional vision to ensure that efforts by individual departments
and agencies of the federal government respond to these
problems in a synergistic fashion. Currently, however, most
of the five vision documents examined by the committee
have not been endorsed by the heads of the agencies who
chartered them, and they contain goals that are inconsistent
with the research and acquisition budgets of the federal agen-
cies responsible for aviation. The situation raises questions
about the relevancy of existing visions and demonstrates the
need for federal agencies involved in civil aeronautics re-
search and technology to support and implement a unified
national vision.

The Department of Transportation has primary responsi-
bility for civil aviation policy and regulation. Through the
FAA, the Department of Transportation also has purview
over the certification of civil aviation equipment and person-
nel, development and operation of the air traffic manage-
ment system, and system safety. The functions and vital in-
terests of many other government agencies are also related
to the development and operation of the U.S. civil air
transportation system. The federal government recently es-
tablished a joint aviation systems program office involving
the FAA, NASA, the Department of Commerce, the Depart-
ment of Homeland Security, the Department of Defense, and
other federal agencies. This office has the potential to en-
hance interagency cooperation in supporting the moderniza-
tion of the air transportation system.

Operational concepts can help to develop the functional
requirements for a new system by describing how it will
perform, including the allocation of roles and responsibili-
ties to interconnected systems and humans. Operational con-
cepts may include system development, production, deploy-
ment, training, operation, maintenance, upgrading, and
decommissioning. For example, the operational concept for
an air traffic management system that allows parallel opera-
tions on closely spaced runways in low visibility conditions
would describe approaches for dealing with safety concerns
(e.g., wake vortices and collision), roles and responsibilities
of pilots and controllers, equipment requirements (for air-
ports and aircraft), and regulatory changes. At a higher level,
operational concepts can be used to suggest how new kinds
of aircraft, air traffic management procedures, systems, regu-
lations, and business practices could improve the perfor-
mance of the air transportation system.
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New technologies and operational concepts should be as-
sessed in terms of their ability to solve the key problems of
the air transportation system of the future. Such an assess-
ment requires modeling at the system level how the air trans-
portation system is affected by various technologies, opera-
tional concepts, and external factors (e.g., economic
conditions, intermodal travel options, and the future state of
the international air transportation system). To facilitate the
planning of long-term research, models should be able to
assess the impact of proposed technologies and operational
concepts beginning at the earliest stages of development. The
assessments should also be focused on the overall perfor-
mance of the air transportation system rather than on indi-
vidual parameters or components of the system. For ex-
ample, in the next 50 years it will probably become
technologically feasible to replace pilots and/or air traffic
controllers with automated systems, at least under nominal
operating conditions. But to what extent would such an ap-
proach solve the key problems of today, and what new prob-
lems might such a solution introduce, especially during
emergencies? The guiding principle should be to design syn-
ergistic partnerships between humans and automation that
result in better performance in all operating conditions than
either could achieve alone, rather than the false goal of try-
ing to replace humans with computers.

Instead of beginning with the current state of the air trans-
portation system, which could be appropriate for defining
short-term goals, the development of long-term goals and
visions should start by defining systemwide functional and
performance requirements. The desired future state of the air
transportation system, as one element of a multimodal na-
tional transportation system, should be defined using a com-
prehensive architecture that combines process elements for
each dimension of the system (operational, system, techni-
cal, and economic). The future vision should also consider
transitional issues:

• An environment that is conducive—in terms of regula-
tions, regulatory approval processes, the certification
process, operational procedures, and the perceptions of
system operators, the traveling public, and society at
large—to the introduction of new technologies and op-
erational concepts.

• Interim improvements to the air transportation system
along the way to the future.

• Incentives for government agencies and private indus-
try to cooperate in defining and achieving a common
vision.

The vision should be dynamic, able to change over time as
societal needs, global events, and advances in technology
alter the perception of what is desirable and possible.

Developing a comprehensive, unified vision for the fu-
ture of the U.S. air transportation system—and generating
widespread support to achieve the vision—will be a tremen-
dous challenge. No single organization has responsibility for

developing solutions that encompass the economic perfor-
mance of private and governmental service providers, safety,
security, environmental effects, and consumer satisfaction.
Little is likely to happen without air transportation being
clearly established as a national priority with strong, focused
leadership. In fact, the committee believes that strong action
by a federal agency or office to provide such leadership, with
the broad support of the administration and the Congress,
would do more to improve the ability of national aeronauti-
cal research and development programs to achieve their goals
than any other change in the management or content of the
programs themselves.5

Finding 1-3. Context for Future Requirements. Valid re-
search requirements for the air transportation system depend
on understanding how the U.S. air transportation system of
the future will fit into both the national (intermodal) and
international air transportation systems.

Recommendation 1-2. National Vision. The process of
improving the long-term performance of the air transporta-
tion system—and organizing a corresponding long-term re-
search and technology program—should start with a unified,
widely endorsed, national vision that specifies goals in each
key area of interest to the commercial aviation community.
The vision should establish goals related to safety and secu-
rity, the capacity of the air transportation system, environ-
mental compatibility (noise and emissions), the satisfaction
of consumer needs, and industrial competitiveness. It should
include a clear set of guiding principles and a strategy for
overcoming transitional issues.

Recommendation 1-3. Leadership. No single organization
has the responsibility and authority for developing a com-
prehensive solution to the challenges faced by the U.S. air
transportation system. Strong, focused leadership is needed.
Federal leadership should be exercised by an agency or of-
fice with (1) the responsibility, authority, and financial re-
sources necessary for defining air transportation system ar-
chitectures through a centralized planning function, (2) an
understanding of the interactions among system performance
parameters, demand, and economic factors, such as the meth-
ods used to fund federal activities in support of the air trans-
portation system, and (3) the credibility and objectivity to
garner the active support of other air transportation stake-
holders in government, industry, and the general public. This
requires, among other things, a leadership group composed
of individuals with a broad aviation perspective and a will-
ingness to accept the risks of (1) looking ahead and (2) al-
lowing others to help define the future.

5Assessing the organization and role of specific government agencies
was beyond the scope of this study (see Appendix A), so no recommenda-
tion is made as to which agency or office should be designated to provide
the required leadership.
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2

Improving the Air Transportation System

The air transportation system is changing and will con-
tinue to change. Over the long term, however, it will be dif-
ficult for the air transportation system to change rapidly
enough to meet changing requirements related to capacity,
environmental effects, consumer satisfaction, safety, and
security, while meeting ongoing requirements for the eco-
nomic viability of service providers.

Most efforts to increase system capacity are focused on
evolutionary or incremental changes that address specific
constraints while aircraft are en route, in terminal areas, or
on the ground at airports. For example, parallel arrival
streams may be used when airport visibility is restricted to
restore capacity to levels typical of clear weather (VMC, or
visual meteorological conditions). Another option would be
the use of advanced systems to adapt traffic flow in response
to convective weather fronts to minimize or eliminate reduc-
tions in capacity. Meeting demand over the next 25 to 50
years, however, is likely to require a more revolutionary ap-
proach that seeks to increase capacity significantly beyond
the level that the system currently enjoys even under ideal
weather conditions. This may require completely different
system operating concepts. The key point is that long-term
goals may need to focus on fundamental, revolutionary struc-
tural changes in the air transportation system. One approach
to defining future operational concepts is to propose solu-
tions to shortcomings in the current system. To facilitate
revolutionary change, however, a better approach would be
to begin with a vision of the capabilities desired for the air
transportation system of the future and then investigate how
to provide those capabilities.

IMPETUS FOR CHANGE

The air transportation system in the United States and
around the world is changing and will continue to change in
response to many different factors. Although new technolo-
gies have the potential to enable more efficient operations,

the current economic crisis faced by most major airlines
makes it difficult for them to make large investments in new
technologies or infrastructure. Public concerns about safety
and security, poor conditions in the general economy, and
other factors that temporarily suppress demand can be eco-
nomically devastating to the air transportation industry. De-
mand for air transportation services can also be suppressed
by the reluctance of passengers to travel when delays from
undercapacity or intrusive security procedures become too
onerous. Airlines’ business decisions are also constrained by
the competitiveness of the industry and the desire of each
service provider to maintain market share, regardless of the
economic climate. However, temporary setbacks notwith-
standing, demand for passenger and cargo services has al-
ways increased over the long term and is expected to con-
tinue increasing in the future.

Even before 9/11, the government played a key role in
ensuring safety, in part because it is so difficult for the pub-
lic to assess risks in systems as complex as the air transpor-
tation system. In addition, high-profile accidents and inci-
dents create tremendous public and political pressure for the
government to act, even when it’s too early to know for sure
the cause of a particular tragedy. Other factors that will shape
the future of air transportation include new methods of com-
munications and other changes in the world that may cause
the demand for business travel, leisure travel, or air cargo to
grow more slowly—or faster—than current long-term pro-
jections.

Predicting the future of the air transportation system is
difficult because it depends on the actions of—and interac-
tions among—many different factors and organizations,
many of which are themselves changing in ways that are
unprecedented and hard to predict. Nonetheless, the param-
eters used to measure the performance of the system—com-
fort, convenience, costs, and societal impact—are not likely
to change any time soon, and they can be used to guide the
development of technologies even if the environment in
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which they will be employed cannot be precisely determined
in advance.

OPERATIONAL CONCEPTS

Operational concepts can be used to describe how the air
transportation system might advance, from the reasonable
certainty of near-term requirements, technologies, and
schedule implementation to a less certain vision of the long-
term future.

Today there is no single national vision for the air trans-
portation system 25 to 50 years from now. The visions that
do exist, however, have a unifying theme—namely, improv-
ing performance in terms of capacity, environmental effects,
safety, and security. Chapter 1 describes a larger set of sys-
tem performance parameters that future visions should em-
brace. Existing public policy on access to the airspace and
equitable use of the facilities in the air transportation system
is expected to continue, and air operations are expected to
increase overall, growing with the population and the
economy. Long-term operational concepts should support a
broad vision that encompasses all of these expectations.

Near-term operational concepts should ideally be derived
from clearly understood transportation system needs. The
pace of their implementation will be limited by the availabil-
ity of mature technology and a host of nontechnological fac-
tors. Long-term operational concepts can serve as a guide
for examining technological and nontechnological propos-
als and societal presumptions. To prepare for the future, a
range of operational concepts should be developed, exam-
ined, and revised using an iterative process that considers
potential changes in technology, society, and the air trans-
portation system itself. This requires the ability to test and
examine operational concepts for the future in a comprehen-
sive manner. For example, these operational concepts should
consider environmental needs and benefits. In the future it
may be desirable to control the cruise altitude or flight path
of an aircraft to avoid the formation of contrails that affect
climate. In general, improvements in system efficiency can
be expected to improve environmental performance by re-
ducing fuel consumption, but trade-offs between emissions
and community noise may need to be balanced.

The process of developing operational concepts also pro-
vides an opportunity to achieve national consensus among
the various agencies and stakeholders at a level of detail that
permits more focused agreement and planning. The salutary
effect of this unifying activity is that it can stimulate and
guide research in both technical and nontechnical areas.

The FAA’s Operational Evolution Plan represents a gen-
eral consensus on one way to bring known technology, in-
frastructure development, and system needs together and
implement them to increase the capacity of the air transpor-
tation system over the next 5 to 10 years. However, the Op-
erational Evolution Plan is not intended as a basis for exami-
nation and testing of longer term concepts or as a guide for

research that will impact needs over the next 25 to 50 years.
In particular the modeling and simulation tools of today are
not sufficient to evaluate many long-term concepts and tran-
sition issues.

The vision published by RTCA, Inc., discusses how to
accommodate growth in demand through 2020 and beyond.1

It states that “operations are increasingly aircraft centric, fo-
cusing on performance rather than equipment standards, with
use of required navigation performance as a key step in en-
abling greater efficiency, flexibility, and capability enhance-
ments. Access to real-time information for decision-making
supports efficient operation of the air transportation system
when capacity limitations such as weather adversely impact
the system. Enhanced system supported coordination and
decision support capabilities allow the system to migrate
beyond human centric operations” (RTCA Free Flight Steer-
ing Committee, 2002). The same RTCA document contains
an evolutionary concept of operations that proposes changes
in the air transportation system in three time periods (through
2005, 2005 to 2010, and beyond 2010). As with any future
operational concept, this concept should be tested through
simulation and modeling to estimate the technological and
nontech-nological needs, benefits, and costs. The concept
should then be refined and reevaluated as a basis for guiding
research, identifying transitional issues, and determining if
it is likely to succeed as a unifying effort in guiding future
development of the air transportation system.

Looking out to 2050, it is not too early to begin identify-
ing notional operational concepts, developing evaluation
tools, and supporting research that enables the process to go
forward. Simulation and modeling capabilities more power-
ful than today’s will be required to better understand the
complexities of the suite of systems that comprise or will
contribute to the future air transportation system. An itera-
tive operational planning process is essential for articulating
the direction in which the air transportation system is most
likely to proceed as performance improves.

Finding 2-1. The Challenge. Developing meaningful and
useful operational concepts stemming from a broadly de-
fined vision of the air transportation system 25 to 50 years
hence is a critically important task in the process of improv-
ing the performance of the system.

Recommendation 2-1. Operational Concepts 2050. The
federal government, working with other stakeholders in the
air transportation system, should develop a coherent set of

1RTCA, Inc., is a not-for-profit corporation that functions as a federal
advisory committee in developing consensus-based recommendations on
contemporary aviation issues in support of the FAA and other elements of
the aviation community.
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operational concepts to support a vision for the air transpor-
tation system in 2050 to guide (1) long-term research and (2)
the evolution of and transition to a more advanced air traffic
management system. The set of operational concepts should
be continually, objectively, and rigorously evaluated (for
example, through comprehensive simulation and modeling)
and iterated to reflect feedback from stakeholders, conflicts
between alternative concepts, and the best understanding of
the future costs, benefits, and requirements that are likely to
evolve in response to changes in the real world, the current
state of technology and systems operations, and future ex-
pectations. Strong national leadership should coordinate the
efforts of all involved federal agencies and other stakehold-
ers in the air transportation system to build toward concepts
that best support the vision.

RESEARCH AND TECHNOLOGY

To a large extent, operational concepts dictate specific
technology needs. However, regardless of the specific op-
erational concept, many attributes of the future air transpor-
tation system can be predicted that point to general research
and technology needs.

The first attribute is that the future air transportation sys-
tem will involve much more automation both on the ground
and in the air. Many modern aircraft are already so highly
automated that, once programmed by the pilots, they can
perform almost all guidance, navigation, and control tasks
autonomously. This automated capability would need to be
enhanced, however, to fit into many future operational con-
cepts that require new functions—for example, required time
of arrival at fixes, self-spacing or station-keeping, and self-
separation. The modern air traffic control and management
system is not highly automated, and it may prove nearly
impossible to develop and test the underlying algorithms for
fully automatic control in all situations, especially in the face
of disruptions and emergencies; the same is generally true
for airline operations centers. Therefore, some functions may
be fully automated (e.g., aircraft guidance), others may be
supported via automated decision aids (e.g., controller deci-
sion aids; and automated monitoring and alerting systems),
and still others may rely on human decision making while
using information systems for communications, visualiza-
tion and situation assessment, and prediction of future con-
ditions. The automation of many of these functions requires
continued research and development.

Second, humans will be an integral part of the future air
transportation system until the (unforeseen) day when the
system can be automated to the extent that it requires neither
intervention nor monitoring. Rather than framing the alloca-
tion of functions as a matter of “machines versus humans,”
emphasis should be placed on creating synergy between hu-
mans and machines where their combined performance is
better than either alone could achieve. Substantial research
into flight deck automation has demonstrated a wide range

of problematic interactions between humans and automation
that can be generalized to broader applications in air traffic
management; other studies demonstrate similar issues with
decision aids (Wiener and Curry, 1980; Sarter and Woods,
1992; Layton, Smith, and McCoy, 1994; Pritchett, 2001).
Automation design often appears to be driven by technologi-
cal capability with neither (1) sufficient insight into its func-
tioning within the larger system nor (2) the ability to predict
commensurate changes in coordination between system ele-
ments and the training required of human operators. Auto-
mation must be demonstrated to work with humans in the
larger context of system performance in both nominal and
off-nominal conditions. Additionally, the humans in the sys-
tem will also require coherent procedures and training de-
signed in concert with the technology.

Third, the future air transportation system will be more
fully integrated. For example, systemwide optimization of
traffic flows may negate the effectiveness of localized traffic
flow management within air traffic control centers and sec-
tors unless it is integrated into a nationwide discussion at all
levels of air traffic operations. Likewise, functions tradition-
ally assigned only to aircraft, sector controllers, traffic man-
agers, or industry representatives (e.g., airline dispatchers)
will need to incorporate joint decision making that involves
several entities and considers their disparate objectives.

Fourth, the integration of functions into the future air
transportation system will require distributing responsibility
and decision making between and among disparate entities.
These entities may be geographically distributed and will
often represent the interests and viewpoints of different or-
ganizations. The distribution of authority and responsibility
with a large system presents technical and organizational
challenges that should be studied and evaluated rigorously.
Likewise, enabling distributed operations will require more
insight into communication, coordination, and collaborative
work mediated over distances via information technology
and automation.

Fifth, the future air transportation system will be complex
by almost any measure of complexity, yet will need to
achieve the highest levels of performance and safety in a
wide range of anticipated and unanticipated conditions. The
ability to imagine changes to the system outpaces the ability
to develop implementing technologies and procedures, inte-
grate them into a reliable and highly capable air transporta-
tion system, continuously operate the system, collect and
assess data on system performance, and make future im-
provements. In addition to the simulation and modeling ca-
pabilities recommended in Chapter 3, suitable system engi-
neering models are needed for guiding systems analysis,
design, integration, and implementation, especially in the
case of large software developments.

Finally, aircraft separation standards, at least where they
form bottlenecks that limit system capacity, will need to be
reduced. Current separation standards were based on system
shortcomings that future technologies may address. Some of
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these factors are related to aircraft design and are described
in Chapter 4. Factors relevant to air traffic management tech-
nologies include the following:

• Errors in control and knowledge of aircraft position,
which might be reduced or functionally eliminated by
ubiquitous and transparent communication, navigation,
and surveillance technologies.

• Lack of situation awareness, especially with regard to
current and future separation, which might be mitigated
by improved sensors and displays, such as synthetic
vision, cockpit display of traffic information, and con-
troller displays.

• Safety buffers to account for monitoring failures and
late detection of potential conflicts, the size of which
might be reduced by air- and ground-based conflict
detection and resolution systems.

• Wake vortices, which might be better understood and
predicted or which might be sensed and avoided in real
time.

Advanced technologies in some of the above areas could
also produce important secondary benefits. For example,
technology to directly sense the magnitude and location of
wake vortices might also help avoid clear air turbulence,
which is an ongoing threat to safety and passenger comfort.

Recommendation 2-2. Enabling Technologies. Enabling
technologies applicable to a wide range of operational con-
cepts should be developed in parallel with development and
evaluation of long-term operational concepts so that the nec-
essary technologies will be ready for whichever operational
concept proves to be most beneficial. Technology areas of
particular interest include the following:2

• Automation technologies applicable to fully automated
systems; automated decision aids; and information sys-
tems for communication, visualization, situation assess-
ment, and the prediction of future conditions.

• Technologies that support distributed, collaborative de-
cision making and that foster coordination and interac-
tions among multiple human and automated elements
of the system.

• Methods and technologies for moderating and abating
the impact of noise and emissions locally, regionally,
and globally.

• Methods and technologies for predicting or directly
sensing the magnitude, duration, and location of wake

vortices and the potential to reduce separation standards
without compromising safety.

• Methods for identifying (1) the information required
for situation awareness when humans are assigned
novel (untried) tasks in future operational concepts and
(2) sensor, computing, and display technologies for
better supporting situation awareness, judgment, deci-
sion making, and planning. Relevant technologies in-
clude synthetic vision, cockpit and controller displays
for novel air traffic management functions, fast-time
simulation and computational functions for predicting
future conditions, and alerting. These methods and
technologies should be investigated for their potential
to (1) reduce separation standards without compromis-
ing safety and (2) enable changes in the roles of hu-
mans within the system.

• Systems-engineering methods that are (1) capable of
conceiving and analyzing systems of the complexity of
air transportation and (2) suitable for governing the
design, testing, and implementation of these systems.

• Avionics technologies that will provide ubiquitous and
transparent communication, navigation, and surveil-
lance capabilities; enable cost-effective, reliable air
traffic management; and contribute to the reduction of
separation standards without compromising safety.

Recommendation 2-3. Design of Complex Human-
Integrated Systems. The design of human-integrated sys-
tems—that is, systems that rely on the combined activities of
humans and machines—presents significant challenges at
every level, from the systems level (e.g., creating effective
teamwork within operations involving many human opera-
tors and automated system elements) to the detailed design
level (e.g., developing operating procedures and system dis-
plays). Research in the following areas is required to under-
stand and address these challenges:

• A broad, interdisciplinary approach that includes tech-
nology designers, users, and experts in human and or-
ganizational performance from the earliest stages of
conceptual design through final implementation to de-
velop technology that effectively supports human be-
havior and recognizes the need for concurrent design of
procedures, training, and technology.

• Geographically distributed activities, such as coordi-
nated decision making and planning, that are mediated
by computers and automated system elements.

• Human factors, human-automation interactions, and
functioning of teams of humans and automated system
elements.

• Specific impact of newly automated functions and
changes in human roles.

• System engineering methods for addressing organiza-
tional and systemwide issues.

2In this and other recommendations that list research areas, the bulleted
items are either listed alphabetically or grouped topically. The committee
did not prioritize research areas in each list.
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BEYOND TECHNOLOGY DEVELOPMENT

The air transportation system includes aircraft, air traffic
control and air traffic management systems covering every
phase of flight, airports, labor, airlines, and other organiza-
tions involved in research, development, manufacture, op-
eration, certification, and regulation of aircraft and aviation
systems. The previous sections of this chapter focus on air
traffic control and air traffic management systems. Chapter
4 focuses on aircraft and aircraft technologies. These are the
segments of the air transportation system where government
research and technology development have the most direct
impact. However, the ability to introduce and manage
change, including technological change, is also a function of
many other factors. The federal government, in particular,
has tremendous leverage in its power to set economic policy,
regulate the aviation industry, and collect and disburse bil-
lions of dollars in aviation taxes and general revenue each
year. In addition to technological research to improve the
performance of aircraft and air traffic management systems,
the air transportation system would also benefit from re-
search that addresses institutional issues; processes for modi-
fying regulations, certification requirements, and operating
procedures; societal concerns about aircraft noise and emis-
sions; demand; and economic factors.

Most organizations fear both technological and business
risk as well as changes that could create risk. Although cur-
rent organizational structures and policies have shortcom-
ings, they tend to be known and manageable. Change offers
the potential to improve the current situation, but it also cre-
ates uncertainty and the risk of unforeseen consequences.
Change is of particular concern if it could damage the vested
interests of some organizations (e.g., by changing existing
job descriptions or organizational missions or, in the ex-
treme, by eliminating jobs or business units). Change will
also be resisted if it might allow some organizations to suc-
ceed at the expense of others. All of this creates tremendous
inertia that must be overcome to change the status quo. Along
with strong leadership (see Chapter 1), the air transportation
system would benefit from research on processes to predict,
identify, and resolve the conflicting objectives of different
stakeholders. Such a program of research should recognize
that air passengers, shippers, and aircraft owners pay the bills
of the other stakeholders, even though customers often are
not directly represented in stakeholder debates about the fu-
ture vision. With the ultimate customers kept in mind, it is
still possible, however, to suggest specific research to avoid
or minimize the consequences of behavior that undermines
the overall effort to implement new operational concepts and
achieve the future vision.

The FAA must certify new aircraft and air traffic man-
agement systems and approve operational procedures prior
to use. Current handbooks used in the certification of air-
craft and aircraft systems do not cover many innovative sys-
tem concepts, such as the shift of some air traffic manage-

ment responsibilities to the cockpit. For such systems, crite-
ria for certification and operational approval will need to be
developed concurrently with the systems and procedures
themselves to prevent substantial delays in implementation.
Improved processes are also needed to (1) facilitate changes
to current operational concepts and (2) implement new op-
erational concepts and the new technologies needed to sup-
port them. In many cases, proposed changes will need to be
coordinated with other nations and international organiza-
tions prior to implementation. Aircraft manufacturers and
airlines, responding to the changing market for their prod-
ucts and services (as well as new government policies),
make choices determining the size, speed, fuel efficiency,
environmental characteristics, and other performance pa-
rameters of new aircraft. Those choices influence the com-
fort, cost, convenience, and societal impact of air transpor-
tation and hence the aggregate level of commercial air
transportation activity. The structure of the airline industry
and the operational strategies followed by the individual
airlines evolve in response to government decisions and
policies in three broad categories:

• Public and private research and development efforts
that produce the particular facilities, equipment, and
systems available to manufacturers and airlines.

• The provision of infrastructure and support services,
principally airports and air traffic control services, and
the related system of taxes and fees imposed at the na-
tional, state, and local levels.

• Rules and regulations established by U.S. and foreign
governments and by international regulatory bodies re-
garding operational procedures, safety, and business
practices.

Economic factors directly affect system demand and ca-
pacity and levels of service available to various system us-
ers. Airlines attempt to maximize economic performance
through decisions that weigh the impact of incentives and
penalties built into the system of rules, regulations, taxes,
and fees. These incentives and penalties should be carefully
constructed to avoid encouraging behavior that makes it
more difficult to achieve the future vision. Currently this
may not be the case: The cost-benefit analyses used to jus-
tify new certification standards and regulations often lack
credibility with the owners, operators, and manufacturers
who must bear the costs of implementation. In addition, the
process for setting U.S. government rules, regulations, taxes,
and fees for airfield and airways capacity is not well sup-
ported by economic research that considers the likely re-
sponses of system operators and users to changes in aviation
economic policies. For example, the tax on airline passenger
tickets is calculated at $3 per passenger enplanement plus
7.5 percent of the value of the ticket. Because of the wide
range in ticket prices, passengers on the same flight receiv-
ing the same level of service will be assessed different levels
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of tax, even though passengers paying higher fares impose
no more burden on the air transportation system than do dis-
count passengers on the same flight. Weight-based landing
fees exacerbate the distortions of the ticket tax. Large air-
craft carrying many passengers impose essentially the same
burden on system capacity as smaller aircraft. Large aircraft
may require a larger investment in runways, but not in pro-
portion to the higher fees they must pay. In fact, a small
aircraft may place a larger burden on the air traffic manage-
ment system if it has a low approach speed and must be
merged into a landing stream of large aircraft with higher
approach speeds.

The size, speed, fuel efficiency, environmental character-
istics, and passenger comfort offered by future generations
of aircraft, as well as the capabilities of the air traffic man-
agement system, will directly influence the cost and conve-
nience of commercial air transportation and, hence, the ag-
gregate level of demand for air transportation services. In
order to appreciate the costs and benefits, understanding eco-
nomic factors is especially important in small communities
where the government subsidizes commercial air service
because it cannot be justified based purely on market fac-
tors. Economic analyses should also be used to help assess
different approaches for improving capacity—for example,
by assessing the feasibility of various economic incentives
or by comparing the cost of building more runways with the
cost of developing a more capable air traffic management
system that increases the capacity of existing runways. Im-
proving safety and reducing environmental effects can re-
duce costs in terms of total, long-term costs and even, in
many cases, of direct operating costs. Foresight, planning,
and vision play an important role in determining the feasibil-
ity of achieving future goals; costs and consequences need to
be recognized early on rather than waiting until after a sys-
tem is deployed to recognize, for example, that it creates
noise or air quality problems that will limit its implementa-
tion and benefits.

Finding 2-2. Nontechnological Impediments to Success.
Technological research alone is insufficient to achieve the
future vision. Research is also needed to (1) better under-
stand the economic, environmental, political, institutional,
and managerial factors involved in achieving key goals, (2)
take advantage of synergies among these factors, and (3)
overcome related impediments.

Recommendation 2-4. Research Needs Beyond Technol-
ogy Development. The federal government should also sup-
port research to develop improved processes and methods in
the following nontechnology areas:

• Assessment of economic factors, such as taxes, fees,
and subsidies established by the government, that in-
fluence (1) the demand for and the supply of air trans-
portation services and (2) key decisions made by orga-
nizations and individuals involved in the provision and
use of the air transportation system.

• Modification of regulations, certification requirements,
and operating procedures.

• Prediction and resolution of conflicting objectives of
different stakeholders in the air transportation system.

• Understanding societal concerns about aircraft noise
and emissions.
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The committee believes that modeling of the air transpor-
tation system is best accomplished by a suite of system mod-
els.1  This chapter describes the committee’s understanding
of system models and how they can be used to design and
analyze evolutionary and revolutionary operational concepts,
technologies, and other changes to the air transportation sys-
tem. Given existing modeling and simulation capabilities
(and ongoing research), the chapter also suggests what else
should be done, especially by government, to provide the
long-term systems modeling capability needed to analyze
and select changes to the air transportation system.

UNDERSTANDING SYSTEM MODELS

In its simplest description, a suite of system models is a
set of models, each self-contained and designed to produce
meaningful outputs by itself, where outputs from some mod-
els are used as inputs to other models. As a general rule, the
suite includes very detailed, high-fidelity, data-intensive,
long-run-time models, usually involving individual compo-
nents of the overall system, as well as higher-level, fast-time,
abstract analytic models that, at the highest level, seek to
represent how the entire U.S. air transportation system func-
tions and how that functioning impacts the economic vitality
of the nation.

Fundamental to the use of a suite of system models is the
recognition that it is not possible to capture all of the impor-
tant variables within a single large model, nor do the models
in the suite have to be directly connected or operate simulta-
neously. Moreover, and of equal importance, outputs from
the more detailed models often provide insights into the

3

System Modeling and Simulation

causes of congestion in the air transportation system and the
relevance of potential actions aimed at addressing the prob-
lem. If these outputs were simply passed along to a high-
level analytic model, such insights might well be lost. A suite
of systems models should include a variety of models, some
simpler, cheaper, easier, and quicker to run (when they can
provide the needed output results with the required level of
accuracy) and others more complex, more expensive, more
difficult, and slower to run (when more detailed and/or more
accurate results are needed and worth the extra effort and
expense).

Computer-based simulations range from large-scale, fast-
time simulations of the entire U.S. air transportation system
to detailed human-in-the-loop simulations of specific aircraft
or air traffic management systems. Simulations complement
other analytical efforts by helping to (1) determine the feasi-
bility of operational concepts, (2) establish parametric val-
ues required by models (for example, the increase in airport
capacity that a new operational concept or technology will
produce), and (3) validate model assumptions.

Also of importance is the strong interdependency of the
many factors that enter into assessments of the air transpor-
tation system (see Figure 3-1). Thus, when constructing a
suite of models, it is critical to capture logical dependencies
and interdependencies and to make sure that the available
models accurately simulate each of the areas depicted in
Figure 3-1 or that efforts are under way to develop better
models.

Detailed models support decisions on improving indi-
vidual elements of the air transportation system. A suite of
system models should be designed to assess the performance
of system elements and the system as a whole. Incompat-
ibilities that limit the ability of detailed models to support
broader analyses should be avoided. High-level abstract
models cannot include many of the variables that are in the
more detailed models. There is, therefore, a difficulty asso-
ciated with mapping the sensitivities of the results of the

1The Department of Defense and some other organizations use the term
“system of system models” for what this report calls a “suite of system
models.”
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FIGURE 3-1  Generic inputs into an air transportation system performance model. Of particular note is the interconnectivity among the
inputs, suggesting the need for substantial analyses at the input component level to understand sensitivities.

more detailed models into the higher-level models, so that
higher-level models often cannot reflect such sensitivities,
even though the more detailed models may show them to be
important for problem identification and resolution. When
reporting the complete results of a suite of system models, it
is important to include the results of the more detailed mod-
els where they are relevant to the solution. A description of
four levels of models that could be included in a suite of
system models appears in Appendix E.

A particular challenge in using a suite of system models
for a sociotechnical system as complex as air transportation
will be to capture the nonlinear dynamics of interactions
among components, which makes it difficult to combine the
results from different models. Additional research is needed
to overcome this challenge.

ANALYSIS AND DESIGN TO IMPROVE AIR
TRANSPORTATION SYSTEM PERFORMANCE

Improving the performance of the air transportation sys-
tem requires a good understanding of the operation of the
current system and the ability to model and analyze the per-
formance of new operational concepts. The air transporta-

tion system, however, is a complex, human-centered system
that involves multiple technologies, organizational struc-
tures, human behaviors, and competing economic entities.
Modeling such a complex system is extremely difficult and
requires the ability to model interdisciplinary systems and
operational concepts (including cross-functional operational
concepts) in terms of system performance (comfort, conve-
nience, costs, and societal impacts) and the ability to satisfy
the often-conflicting objectives of various stakeholders. Im-
proving the ability to model and measure systemwide per-
formance and assess risks associated with the development,
deployment, and operation of complex new systems will help
avoid historical precedents in which large new system
projects have been cancelled prior to completion because of
delays, cost increases, and/or the inability to meet design
requirements.

As system complexity increases, it becomes more diffi-
cult to guard against dysfunctional interactions. Problems
may arise from unanticipated interactions among automated
subsystems and from unanticipated interactions among dif-
ferent organizations and parts of organizations. The ability
to develop complex systems while effectively managing
problems at the intersections between organizations, disci-
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plines, and systems is growing more slowly than the ambi-
tion and willingness to attempt the development of such sys-
tems. Interdisciplinary research and a systems approach to
research are needed. Business as usual, with research segre-
gated by discipline, is insufficient and runs the risk of (1)
optimizing short-term performance at the expense of long-
term improvements or (2) suboptimizing system perfor-
mance (i.e., optimizing the performance of a portion of the
system in a way that fails to optimize or even degrades total
system performance).

Demand Models

Demand and demand allocation do not remain static in
the presence of changes to the air transportation system and
the world. Passengers, airlines, manufacturers, business avia-
tion, general aviation, and other involved parties will all ad-
just their behavior in response to increasing capacity and
other changes. Models should be able to account for these
changes. Overly simplistic modeling in the past missed the
surge in demand following deregulation and the advent of
hub-and-spoke operations, the emergence of low-price point-
to-point carriers, and the rise in regional jets. Models should
also be able to account for changes in the behavior of indi-
vidual airports and regional airport systems, including the
construction of new runways, gates, and other facilities.
Models like the Total Airspace and Airport Modeler
(TAAM) would be highly useful for evaluating some of the
above factors, but additional models are also needed. Devel-
oping models capable of learning and adapting (e.g., agent-
based modeling) is therefore very important. Models that
account for mode splits (e.g., competition among air, rail,
and automobile travel) in selected corridors will also play an
increasingly important role.

In the specific case of the U.S. air transportation system,
the above improvements are needed to produce suites of sys-
tem models to do the following:

• Characterize the nature of future demand as a function
of possible changes to the price, quality, and availabil-
ity of complementary and competitive transportation
services; the overall performance and structure of the
air transportation system; perceptions of aviation secu-
rity; the personal habits and tastes of consumers; con-
sumer income; and other factors internal and external
to the air transportation system.

• Identify potential shortfalls and needs in the perfor-
mance of the U.S. air transportation system due to fu-
ture growth in demand.

• Determine the ability of new technologies, operational
concepts, and procedures to meet future shortfalls.

• Assess the systemwide aviation impacts of adapting
evolutionary and/or revolutionary technologies and
operational concepts and determine the overall benefits
and costs of various alternatives.

Evolutionary and Revolutionary Approaches

The requirements for and capabilities of technologies,
procedures, and operational concepts may be analyzed us-
ing two different approaches. The evolutionary approach
starts with the operational concept and technologies used in
the current air transportation system and determines the
impact of incremental changes to them (see Figure 3-2, left-
hand side). These changes are understood using technology
models, computational human performance models, and
human-in-the-loop simulations using increasing parametric
abstraction and emulation. Impacts on the operation of the
overall air transportation system are then determined in
terms of metrics such as delays and flight times, using cur-
rent demand and projected future demand. The benefits and
costs are then evaluated for each of the evolutionary
improvements.

In the revolutionary approach, the analysis starts with the
top-level functional and performance requirements that are
necessary for the system to meet various levels of future
demand (see Figure 3-2, right-hand side). This approach may
be viewed as revolutionary in the sense that totally new op-
erational concepts, architectural approaches, system charac-
teristics, and technological capabilities may be postulated
without first assessing their feasibility or relationship to the
existing system. Once the system is defined at the top level,
parametrically connected layers of models may be used to
allocate functional and performance requirements to system
elements and human operators. Trade-off studies of alterna-
tive concepts and postulated technological capabilities can
then be analyzed in terms of benefits, costs, and risks.

The two approaches differ in terms of the starting point of
their analyses, not in the nature of the models used to imple-
ment them. In both approaches, system analyses must be it-
erated to account for interactions among various factors—
internal and external to the air transportation system—that
affect system performance and demand. Given that the func-
tional description of the air transportation system can be lik-
ened in a simplistic way to a network of capacity-constrained
links and nodes, it is clear that the detail and fidelity of mod-
els used in both the evolutionary and revolutionary ap-
proaches need to be similar at corresponding levels. In the
revolutionary approach, the links and nodes should have spe-
cific capacities to meet potential levels of future demand
(that is, capacities are assigned to the links and nodes in a
way that achieves the desired level of overall network flow
performance). New operational concepts and technologies
are evaluated to see if they can achieve the requirement by
using more detailed technology models, human performance
models, and, ultimately, human-in-the-loop simulations. In
the evolutionary approach, we modify existing operational
concepts and technologies and then evaluate the extent to
which the changes accommodate future demand using fast-
time network flow models.

The approach used to analyze human behavior differs as
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well in the evolutionary and revolutionary approaches. The
evolutionary approach is baselined in current operations,
where controllers, traffic flow managers, pilots, and dis-
patchers all have set roles and procedures. Proposed changes
in technology (both hardware and software), roles, and pro-
cedures are then tested and refined using human-in-the-loop
simulations, and performance improvement is measured. In
the revolutionary approach, performance parameters and
human roles are allocated to satisfy top-down functional re-
quirements. Progressively more detailed simulations using
human performance models can then be used to determine
feasibility; ultimately, human-in-the-loop simulations can
verify predictions, but their development requires detailed
design of interfaces and operating procedures as well as the
training of personnel on the revolutionized operational con-
cept, operating procedures, and new technologies.

There exist or are under development today in industry
and government a number of models and human-in-the-loop
simulations that can fill roles at various levels in the overall
evolutionary and revolutionary suite of system model con-
structs described above. These include, for example, the
FAA Technical Center’s Integration and Interoperability
Facility, NASA-Ames’s Virtual Airspace Modeling and
Simulation Project, the approach used by Boeing in develop-
ing its Discrete-Event Simulation Interactive Development
Environment (DESIDE), MITRE’s Detailed Policy Assess-
ment Tool (DPAT) model, and the Logistics Management
Institute network simulation model (LMI Net). Professional
and expert-to-expert consultations among these efforts exist.
What is missing is a uniform federal strategy for research
investments, interagency coordination, and the use of the
modeling and simulation results.

Modeling Gap

There is a significant difference in the detail, run times,
and data requirements for the various models. On the one
hand, models such as TAAM and facilities such as MITRE’s
real-time air traffic management infrastructure laboratory
provide very detailed emulations of the U.S. air transporta-
tion system at the expense of long run times and extensive
data preparation. DPAT and LMI Net, on the other hand, are
fast-time models that permit high-level evaluations of air
transportation system performance by sacrificing the ability
to produce detailed intermediate data. Research to develop
improved intermediate models that close this gap could be of
considerable benefit.

Validation

The stochastic nature of the air transportation system en-
sures that no one model gives a precise answer. Results on
days that are supposedly equivalent from a scheduled airline
viewpoint can differ wildly for a variety of reasons:

• Changes in the sequence of actual takeoffs for a num-
ber of aircraft scheduled to depart within the same 15-
minute window.

• Changes in the number of military, business, and gen-
eral aviation operations.

• Changes in wind direction at one or more major air-
ports that require a change in airport configuration.

As a result, key questions remain unanswered: What does
it mean to validate a suite of system models? How should the
validation be conducted? Who—that is, which entity—
should certify the degree of validation?

When linking established models, the validation chal-
lenge becomes more significant. For example, connecting
two validated models (in run time, or by using the output of
one as input to the other) does not guarantee that their com-
bined output is itself valid. In other words, establishing
mechanisms for combining models is itself a modeling pro-
cess that must detect and account for conflicts and gaps that
may exist among the assumptions and capabilities of each
component model.

Answering the above questions and developing widely
accepted validation standards and processes will not be easy,
even for an organization with the resources of the federal
government. Areas of particular difficulty include predict-
ing strategic investment decisions by industry and govern-
ment, such as hub selection and location and airport con-
struction projects, which (1) depend on a complex interplay
of public and private individuals, organizations, and inter-
ests and (2) change the shape of the landscape upon which
the rest of the air transportation system rests.

Federal research investments in a suite of system models
relevant to the air transportation system need to be better
coordinated to avoid unnecessary gaps and overlaps. Widely
accepted criteria are needed to validate new models and up-
dates to existing models, and a library of validated models
is necessary to moderate user contributions to the models
and, ultimately, to support good policy decisions by users
inside and outside government. The history of NASTRAN,
the NASA Structural Analysis program, provides a good
example of the government developing an important soft-
ware tool and then making it widely available to users and
to commercial developers, who used it as the basis for cre-
ating additional applications and analysis tools. NASA ini-
tiated the development of NASTRAN in the early 1960s to
provide its aerospace research projects with a finite element
analysis capability. The initial release of NASTRAN, in
1968, was primarily of interest to the large aerospace com-
panies and government laboratories that could afford the
multimillion-dollar computers necessary to run the soft-
ware. Since then, improvements in the NASTRAN code by
users have extended the applicability of NASTRAN to al-
most every kind of structure, and improvements in the capa-
bility of widely affordable computers have removed com-
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putational capability as a limiting factor in the use of
NASTRAN. NASA’s decision to make the NASTRAN
source code available to users and developers also contrib-
uted to the tremendous expansion of NASTRAN’s capabili-
ties. Emulating the precedent of NASTRAN with a broad
suite of air transportation system models would be difficult
because of the resources required, the intellectual challenge
involved, and the proprietary nature of many models, which
are viewed by their developers as a means of maintaining a
competitive edge with respect to other modeling organiza-
tions. Nevertheless, the benefits of such an effort, if suc-
cessful, would be substantial.

SYSTEM MODELS AND AIR TRANSPORTATION
SYSTEM SAFETY

Safety analysis of air traffic management operational con-
cepts has traditionally been based on chain-of-event models,
but other approaches based on systems theory have recently
been proposed.

When safety is characterized by a chain of events, it may
be analyzed using hazard analyses, in which the events lead-
ing to each hazard are identified (e.g., fault tree analysis or
failure modes and effects criticality analysis) and determin-
istic models are built of the combinations of failure events
and human errors. The hazard analysis models may be used
to redesign the system such that hazards are eliminated or
mitigated. In addition, probabilistic analysis of events and
chains of events is sometimes used to determine the risk asso-
ciated with a design. Various types of formal mathematical
analysis can be applied to state-based models (both probabi-
listic and nonprobabilistic) to evaluate various aspects of
safety.

In addition to using formal analysis to evaluate safety,
simulations might be used. These simulations must include
humans, who are an integral part of the air transportation
system. One approach to the problem, proposed by, among
others, Gore (2000) and Pritchett et al. (2001), is to use large-
scale, agent-based simulations spanning one or more traffic
sectors. Ultimately, it is hoped that these simulations will be
able to simulate with high fidelity the ability of agents to
reason and react to unexpected situations, but progress will
depend on the ability to build accurate models of human
behavior.

Simulation has also been proposed as a way to extend risk
assessment methods. Such simulations build on traditional
hazard analysis models but enable the use of nontraditional
event ordering. By allowing for inconsistent or variable event
ordering, which can have a significant impact on whether a
set of events leads to an accident, these simulations can ex-
amine a larger range of potential chains of events. The un-
derlying models used for these simulations are commonly
state-based, but other types of models might be used. Meth-
ods using stochastic, state-based models in the simulations
have been proposed to substantially reduce the simulation

runs needed by classic Monte Carlo methods (Blom et al.,
1998).

Alternatives to event-based models have been proposed,
primarily based on concepts of systems theory (e.g.,
Rasmussen, 1997; Svedung and Rasmussen, 2002; Leveson
et al., 2003). Systems theory is the mathematical foundation
for system engineering, with roots that go back to the 1930s
(Checkland, 1981). Systems theory emphasizes the manner
in which organized systems (both human and nonhuman)
function. It includes the principles, models, and laws neces-
sary to understand complex interrelationships and interde-
pendencies among linked components and subsystems
within a system. Systems theory models include organiza-
tional and managerial factors that are often omitted from
chain-of-event models. Safety models based on systems
theory view accidents as arising from interactions among
system components (Perrow, 1984), where the interactions
may be nonlinear and involve multiple feedback loops. Sys-
tems theory models can be used to analyze software-related
accidents, complex human decision making, and system ad-
aptation or migration toward an accident over time and can
handle dynamic or behavioral complexity in addition to static
or structural complexity.

In a systems theory approach to modeling, systems are
viewed as interrelated components that are kept in a state of
dynamic equilibrium by feedback loops of information and
control. A system is not treated as a static design, but as a
dynamic process that is continually adapting to achieve its
ends and to react to changes in itself and its environment.
The original design must not only enforce appropriate con-
straints on behavior to ensure safe operation, but it must also
continue to operate safely as changes and adaptations occur
over time. Accidents then are treated as the result of flawed
processes involving interactions among people, social and
organizational structures, engineering activities, and physi-
cal system components. Systems theory approaches to mod-
eling and analyzing safety are new, and it remains to be seen
whether the resulting models will be more or less effective
than the traditional chain-of-event models.

The FAA has established, maintains, and continues to
improve a suite of models that are used for environmental
impact studies and assessments of proposed regulatory or
market-based measures to control noise or emissions. Com-
munity noise models estimate the number of people exposed
to high noise levels at a single airport (the Integrated Noise
Model) or globally (the Model for Assessing Global Expo-
sure to Noise from Transport Aircraft, MAGENTA) and can
reflect the effects of noise abatement procedures. The FAA’s
local and regional air quality model (Emissions and Disper-
sion Modeling System, EDMS) calculates total emissions
around an airport based on the number and type of aircraft
operations and estimates how emissions are dispersed. The
global emissions model (System for Assessing Aviation’s
Global Emissions, SAGE) inventories global emissions,
summing emissions from each flight as a function of flight
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altitude and location. All of these models could be used as
part of a suite of system models to evaluate the environmen-
tal benefits and trade-offs of measures to improve the air
transportation system in terms of capacity and other perfor-
mance parameters.

CONCLUSIONS

Given existing modeling and simulation capabilities and
the state of ongoing research, the actions defined in the fol-
lowing recommendations would provide the long-term sys-
tems modeling capability needed to design and analyze evo-
lutionary and revolutionary operational concepts and other
changes to the air transportation system.

Recommendation 3-1. Value of Modeling and Simulation.
Federal agencies involved in modeling and simulation of the
air transportation system should make complementary use
of field tests, laboratory tests, modeling, analysis, and simu-
lation to improve their ability to (1) measure systemwide
behavior of the air transportation system, (2) assess the per-
formance of proposed operational concepts, technologies,
and other changes, and (3) make informed investment deci-
sions that reduce the schedule, cost, and technical risk of
system improvements.

Recommendation 3-2. Management of System Models.
Federal agencies that support research in aviation system
models should improve their coordination, especially with
regard to the following:

• Ensuring that the federal investment for research and
development in aviation models focuses on key issues,
avoids unnecessary duplication, and encourages coop-
eration among developers.

• Encouraging participation of industry and academia in
modeling and simulation research and development rel-
evant to government needs.

• Establishing widely accepted criteria for the mainte-
nance and validation of models.

• Identifying models that are most important to govern-
ment policy decisions.

• Making those models more widely available to users
inside and outside government.

• Ensuring that modeling and simulation results are used
appropriately by decision makers involved in develop-
ing the future aviation system.

Recommendation 3-3. System Modeling Research. The
government and other interested parties should support ad-
ditional research in the following critical areas:

• Improving the interoperability of high-fidelity, detailed,
data-intensive, long-run-time models of the U.S. air

transportation system and the higher-level fast-time,
abstract models necessary to analyze overall system
performance under a variety of different assumptions
so that both types of models can be brought to bear on
relevant problems. (It may be feasible to develop mod-
els with adjustable resolution that can simplify vari-
ables for faster run time when those variables are criti-
cal to the analysis being performed.)

• Modeling and simulation methods suitable for safety
analysis, which inherently require a detailed level of
modeling that includes all the factors that contribute to
safety, including human performance and
sociotechnical aspects of the system. (Additional fun-
damental research and development is required before
these methods can enter widespread use. New ap-
proaches should be pursued using systems theory as
well as new nontraditional chain-of-event models.)

• Modeling demand and demand allocation for air trans-
portation services, particularly as it relates to airline
schedule changes, including city-pairs, routes (includ-
ing altitudes and way points), time of day, and the es-
tablishment (or elimination) of hub airports. (Dynamic
interactions between changing or radically new opera-
tional concepts and technologies and user behavior, as
they relate to all modes of transportation and other fac-
tors external to the air transportation system, must be
better understood to ensure the right problems are be-
ing addressed.)

• Requirements, methods, and standards for validating
individual models and suites of models.

• Understanding how to connect models to form a suite
of system models that includes nonlinear dynamic in-
teractions and emergent properties.

• Understanding the role of humans in the aviation sys-
tem of the future and how to communicate this under-
standing in a convincing and supportable way. (Includ-
ing computational human performance models in
current simulations and using human-in-the-loop simu-
lations is critical.)
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4

Improving Aircraft Performance

INTRODUCTION

Commercial jet aircraft produced in the United States are
highly competitive, but they are also the result of technology
investments made a long time ago. Technologies used to
support the launch of the Boeing 777, the most recent model
of U.S. widebody aircraft, were developed over 20 years ago.
The effects of a diminished or misdirected aeronautics re-
search program will not be significant in the near term, but
eventually the result will be a diminished U.S. aeronautics
industry.

Improvements in aircraft performance are critical to
achieving necessary improvements in almost every aspect of
the overall performance of the air transportation system (see
Chapter 1). For airlines, operational cost (i.e., cost per seat-
mile) is a key measure of aircraft performance. However,
estimating the ultimate effect that long-term research and
advanced technology may have on operational cost is often
difficult at best.

A basic measure of aircraft productivity can be computed
by multiplying payload by block speed (the average gate-to-
gate speed for a given mission leg). Design efficiency is then
indicated by the ratio of productivity to maximum takeoff
weight (MTOW); high design efficiency is reflected in lower
MTOW. A more complete understanding of aircraft produc-
tivity and efficiency should include additional factors, such
as availability (the average number of hours per day, week,
etc., that an aircraft can be operated, taking into account ser-
vicing and maintenance requirements), utilization (the ac-
tual number of hours per day, week, etc., that a particular
aircraft is operated), operational range (which ideally should
be matched to the routes on which a particular aircraft is
employed), and fuel consumption. For the same aircraft, uti-
lization rates and block speeds vary by airline and route, so
these factors are beyond the direct control of manufacturers
and design engineers.

However aircraft productivity and efficiency are mea-
sured, they can be improved through advances in aircraft
aerodynamics, materials, structures, and other disciplines
that improve performance parameters such as lift-to-drag
ratio (L/D), ratio of empty weight to MTOW, and specific
fuel consumption. Technological approaches to the above
goals include the use of boundary layer control to reduce
profile drag and parasite drag and the use of new materials,
such as modern carbon-based or metal matrix composites, to
reduce structural weight fraction. Additional technical areas
that merit focused research include composite structures with
the following characteristics:

• high damage tolerance
• high stiffness (because a lot of airline structures are

sized for stability)
• active controls (which, if sufficiently reliable, may re-

duce the need for high stiffness)
• low-cost raw materials and fabrication methods
• low density (with high strength-to-weight ratios)
• means to assure that material properties are satisfactory

following repairs and have not degraded unexpectedly
over the life of aircraft in which composites have been
incorporated

• modularity
• resistance to lightning strikes (an area where Boeing,

for one, is investing millions of dollars)

Improvements in performance parameters not directly
related to aircraft productivity and efficiency are also impor-
tant, because they would improve the performance of the
overall air transportation system. For example, reduced land-
ing and takeoff distances enable aircraft to use more run-
ways (and access more airports). In the extreme, rotorcraft
are able to operate without runways. In addition, reducing
runway occupancy time during landing and takeoff increases
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runway throughput. Minimizing the ground footprint of air-
craft relative to their capacity also allows for more efficient
use of limited airport space.

Although aircraft performance is important, systemwide
performance is the overriding concern. Without a
systemwide perspective, research and development runs the
risk of suboptimization—for example, by improving the per-
formance of a vehicle system in a way that degrades overall
performance of the air transportation system. The above dis-
cussion of aircraft performance should, therefore, be under-
stood in the larger context of air transportation system
performance.

In the discussion that follows, improvements in aircraft
performance will be discussed in terms of (1) environmental
considerations, (2) advanced airframe concepts, (3) ad-
vanced propulsion concepts, and (4) the potential of a cross-
cutting technology of particular interest: nanotechnology.

ENVIRONMENTAL CONSIDERATIONS

The air transportation system already expends consider-
able resources to deal with public concerns and government
regulations related to the effects of aviation on local and
regional air quality, climate change, and community noise.
All of these environmental problems will be aggravated by
growth in air traffic. Problems related to emissions are abated
by propulsion and airframe concepts and technologies that
improve aircraft efficiency. However, the rapid growth of
demand for air transportation and the growth in capacity have
exceeded the rate of improvement of specific fuel consump-
tion, so that over time aviation consumes larger amounts of
fuel. The amount of carbon dioxide (CO2) released in the
atmosphere is roughly proportional to fuel consumption, so
more CO2 is being released. The amount of other emissions,
such as oxides of nitrogen (NOx) and particulates, is also
increasing even though engines are becoming more efficient
and cleaner, producing fewer emissions per pound of fuel
burned. Higher engine combustion temperatures tend to im-
prove the efficiency of the propulsion system, but higher
temperatures also increase NOx emissions. The production
of specific emissions can be minimized by changes to the
combustion cycle and other aspects of engine design, al-
though changes in engine design to reduce one emission
might increase the production of other emissions.

Noise can also be reduced by improvements in the design
of the integrated aircraft as well as specific changes to the
engine and propulsion system. In some cases, noise reduc-
tion technologies reduce overall aircraft efficiency because,
for example, they increase aircraft weight.

Breakthroughs could be achieved through use of an alter-
native fuel such as liquid hydrogen or revolutionary tech-
nologies such as fuel cell-electric propulsion. However,
breakthrough technologies such as these are likely to take
several decades, at least, to become operational. Accord-

ingly, research in environmental technologies should focus
on conventional jet propulsion systems, while continuing to
explore promising longer-term technologies. Environmental
considerations are discussed in more detail below and in a
recent report by the National Research Council (NRC,
2002a).

Local and Regional Air Quality

The principal concerns regarding local air quality are high
levels of NOx and particulate matter. At a regional level,
NOx and unburned hydrocarbon emissions from aircraft en-
gines also contribute to the formation of ozone and are cur-
rently regulated in accordance with standards established by
the International Civil Aviation Organization. A standard for
measuring particulate matter from aircraft engines is cur-
rently being developed. The contribution of aircraft to re-
gional emissions of NOx and particulate matter is currently
on the order of 1 percent of all anthropogenic emissions. The
aircraft contribution is increasing, however, as air traffic in-
creases, while emissions from other sources are decreasing
as a result of more stringent emissions standards and im-
proved emissions reduction technologies.

Limits on total NOx emissions established by local au-
thorities are already threatening to limit capacity at some
airports in Europe, while the imposition of landing fees pro-
portional to NOx emissions by each aircraft have been imple-
mented at other European airports. Stringent emissions stan-
dards and the threat of emissions caps have led to modest
emissions reductions through optimization of current gas
turbine emissions technology. However, these reductions
have been largely offset by higher engine pressure ratios (for
improved fuel efficiency), which tend to increase emissions
of NOx and particulate matter. Emissions of NOx by aircraft
have not been reduced as much as emissions by surface
sources because alternative fuels and exhaust gas cleanup
technologies used in other transportation and industrial
sources require large, heavy devices that are not practical in
aircraft applications. Design improvements that reduce air-
craft weight or improve aircraft and engine aerodynamics
tend to reduce NOx emissions because less fuel is consumed.

Better dispersion models will lead to a better understand-
ing of the impact of aircraft emissions and will be a better
guide to technology development. Modeling the movement
of emissions released by aircraft in flight is significantly
more difficult than modeling emissions from a static point
source, such as an industrial facility. Another emerging need
is the development of a standardized method for measuring
emissions of particulate matter; current data on aircraft emis-
sions of particulate matter are sparse and of questionable
quality.

Research is needed to develop combustor technologies to
reduce emissions of NOx and particulate matter in engines
that operate at high pressure ratios with current jet fuels. If
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hydrogen fuel becomes widely used in the longer term, par-
ticulate matter will no longer be an issue, but low NOx com-
bustion technology tailored for hydrogen fuel engines will
have to be developed.

Climate Change

The aircraft emissions with the strongest effects on cli-
mate are CO2, NOx, and water vapor (through the formation
of contrails and clouds). CO2 is the most prevalent and best
understood greenhouse gas, and the warming effect of CO2
emitted by aircraft in flight is indistinguishable from that of
CO2 emitted at ground level. NOx emitted at altitudes nor-
mally used by subsonic aircraft forms ozone that can lead to
additional warming. The magnitude of this effect is uncer-
tain, but some researchers estimate the warming effect to be
two to three times that of CO2 emissions from aircraft. There
is even more uncertainty surrounding the effect of water va-
por emitted by current engines; it may be more important—
or less important—than CO2 emissions. Particulate matter
emissions can also contribute to warming, though not as
much as CO2 (IPCC, 1999).

Current efforts by the International Civil Aviation Orga-
nization to control emissions of CO2 are focusing on devel-
oping a system of market-based options, such as (1) charges
based on aircraft efficiency or (2) emissions trading systems.
These measures are intended to increase incentives to im-
prove fuel efficiency. However, minimizing fuel consump-
tion might not be the best approach. For subsonic aircraft,
global warming effects could be reduced by designing en-
gines to operate at a lower pressure ratio and by designing
aircraft to fly at a lower altitude. Both approaches would
significantly increase fuel consumption, but based on cur-
rent understanding of the atmosphere, NOx emissions and
contrail/cloud formation would be reduced enough to offset
the increased CO2 and provide a net reduction in the aircraft’s
adverse effect on climate. Better understanding of aviation’s
effect on climate is needed to have confidence that climate
change can really be minimized with this kind of strategy
(Green, 2002).

Development of combustors that produce ultra-low lev-
els of NOx at cruise conditions would allow NOx to be re-
duced from current levels without increasing fuel consump-
tion (and other types of emissions). On balance, it might turn
out that the most beneficial approach would be to optimize
the aircraft engine combustors for low NOx at cruise condi-
tions, even if this increased NOx emissions in the vicinity of
airports. Better understanding of local, regional, and global
effects is needed to select the approach that provides the best
net environmental benefit.

The use of hydrogen as an aircraft fuel could eliminate
emissions of particulate matter and open up new approaches
for reducing NOx emissions, but emissions of water would
be increased greatly.

Community Noise

Even if all emissions are reduced to insignificant levels,
community noise could limit airport capacity. Many airports
already have noise quota systems that limit the number of
operations at certain times of each day. The certification pro-
cess for new aircraft consists of measuring system noise at
three points (takeoff, side line, and approach) and is the only
universally accepted noise standard for aircraft noise (be-
cause it is used for certification). In order to keep objection-
able noise within airport boundaries, more advanced engine
and aircraft noise reduction technologies are essential. New
operational procedures (for example, curved approaches)
would also be beneficial at many airports. The goal is to
reduce noise below objectionable levels even as traffic in-
creases. Achieving this goal requires an accurate measure of
what noise level is objectionable. The FAA currently uses
65 dB DNL1  as the level that justifies corrective action, but
some environmental groups and national governments main-
tain that the standard should be 55 dB DNL, and complaints
about aircraft noise are unlikely to disappear altogether until
someone discovers a silent propulsion system. Efforts to re-
duce objectionable noise are also complicated by the percep-
tion (if not the reality) that some noise complaints are moti-
vated less by the level of noise per se than by the fear that
aircraft noise causes in those who dread the thought of air-
craft routinely flying over their homes. Noise limits may
become more stringent in Europe than in the United States.
Since U.S. manufacturers compete for sales worldwide, they
would need to meet the more stringent noise requirements.

AIRFRAME CONCEPTS

The Vehicle Systems Program of NASA’s Aerospace
Technology Enterprise has established five vehicle classes
to facilitate trade studies of candidate technologies and as-
sessments of technology integration issues.

• personal air vehicles
• uninhabited air vehicles (UAVs)
• supersonic aircraft
• runway-independent air vehicles
• subsonic transports
• other airframe concepts

1The FAA uses day-night average sound level (DNL) as a metric, in units
of decibels (dB), for assessing annoyance from aircraft noise. It is assumed
that operations occurring at night are more annoying than those occurring
during the day because they can disturb sleep and because background noise
is lower at night. Therefore, DNL is weighted to count each takeoff or
landing between 10 p.m. and 7 a.m. the same as 10 daytime takeoffs or
landings of equal loudness.
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The committee considered how research and technology
development applicable to each vehicle class might address
the key long-term challenge facing the air transportation sys-
tem, which is how to accommodate increased demand for air
travel while still meeting public expectations related to
safety, security, capacity, environmental compatibility, and
consumer satisfaction. Technologies related to personal air
vehicles, UAVs, and supersonic aircraft were examined by
focused NRC studies (2002b, 2000, and 2001, respectively).
As described below, personal air vehicles and UAVs are
unlikely to contribute significantly to the effort to meet in-
creased demand, although research in both areas would help
achieve other goals. For example, improved personal air ve-
hicles could expand opportunities for air transportation to
small communities, and UAVs are already fulfilling impor-
tant military missions.

The ability of supersonic aircraft to help meet increased
demand is also problematic, especially in the case of super-
sonic business jets, which are likely to be the next class of
supersonic aircraft to be developed. The development of su-
personic business jets may be justifiable in terms of econom-
ics and their ability to make service more convenient. How-
ever, they are not likely to capture an appreciable fraction of
the commercial passenger market, even if technology is
available to reduce the sonic boom to acceptable levels for
overland travel.

Runway-independent air vehicles may be able to help
meet increased demand at capacity-limited airports, and in
any case they execute unique, important missions that other
types of aircraft cannot perform. However, as in the case of
supersonic transports, runway independent air vehicles are
unlikely to capture an appreciable fraction of the market for
commercial air transportation.

The potential of subsonic transports to meet increased
demand far exceeds that of the other vehicle classes. This is
not surprising, because the primary purpose of subsonic
transports is the efficient mass movement of passengers and
cargo. Subsonic transports benefit from design efficiencies
unavailable to small aircraft, and they avoid design penalties
associated with specialized capabilities such as supersonic
cruise speed and vertical flight.

Technologies specifically related to personal air vehicles,
UAVs, supersonic aircraft, or runway-independent air ve-
hicles do have the potential to improve the performance of
the air transportation system, especially in niche areas. How-
ever, research in these areas will not be able to resolve the
overall capacity problems that are the primary challenge to
the continued success of the air transportation system over
the long term. Accordingly, the committee did not examine
technologies related to these vehicle classes and makes no
recommendations concerning the future direction of research
in these areas. Nonetheless, implementation of the process
for change recommended by the committee (see Recommen-
dation 5-1) would facilitate planning of research for all ve-
hicle types.

Personal Air Vehicles

NASA’s Small Aircraft Transportation System (SATS)
project is a key part of NASA’s efforts to develop improved
personal air vehicles and related airspace technologies and
systems. NASA envisioned that the SATS project would
relieve some of the capacity problems at the nation’s major
airports. The NRC determined, however, that it would be
very difficult for the proposed SATS concept to address
capacity problems. Rather, improved personal air vehicles
should be viewed as a complement to commercial carriers
that could enhance mobility, especially in regions not well
served by scheduled air service. The National Research
Council recently completed an in-depth assessment of the
SATS project (NRC, 2002b), and another report evaluates
research supported by SATS as part of a larger assessment
of NASA’s aeronautics research (NRC, 2003).

Uninhabited Air Vehicles

The state of the art of UAVs is rapidly advancing, with
the Department of Defense investing heavily in UAV re-
search with military applications. UAVs also have potential
commercial applications as, for example, “suborbital satel-
lites”—long-endurance aircraft operating at high altitudes
(on the order of 100,000 ft) over a fixed location to provide
services now provided by satellites. Lighter-than-air vehicles
cannot work at these altitudes because available solar energy
is insufficient to overcome wind forces. UAVs also have
potential as cargo carriers, but this application requires con-
tinued research on operational certification requirements for
UAVs and changes to air traffic control regulations and pro-
cedures. Performance requirements for surveillance aircraft
(a key UAV mission for military applications) are very dif-
ferent than for station keepers, so NASA research in this
area seems worthwhile. Nonetheless, UAVs, like personal
air vehicles, are unlikely to significantly enhance the ability
of the U.S. air transportation system to accommodate in-
creased demand.

Supersonic Aircraft

Deployment of an environmentally acceptable, economi-
cally viable commercial aircraft capable of sustained super-
sonic flight, including flight over land, would be a remark-
able achievement requiring remarkable technological
advances. One approach to the ultimate goal of developing a
large commercial supersonic transport would be to first de-
velop a business jet certificated for supersonic flight over
land. Development of a supersonic business jet would help
address many of the technical challenges involved in devel-
oping larger commercial supersonic aircraft and would re-
solve current uncertainties about the regulatory standards for
emissions and noise (including sonic boom) that future com-
mercial supersonic aircraft would be required to meet. Also,
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some of the technical issues associated with commercial su-
personic flight would be easier to address with a smaller
aircraft, and economic viability would be easier to achieve
for a business jet, which faces different economic drivers
than commercial passenger jets. Speed sells, especially in
the business jet market, and a commercial supersonic busi-
ness jet that is able, in terms of technical performance as
well as regulatory authorization, to cruise at Mach 1.6 to 1.8
over land would probably be a commercial success even at
twice the price of a comparably sized conventional business
jet (NRC, 2001).

Even though the effort required to overcome the techno-
logical barriers to a supersonic business jet is less than that
for a large commercial transport, it would still be sizeable.
The most significant challenge involves defining acceptable
levels of sonic boom and demonstrating that those levels can
be met, to support regulatory changes to permit supersonic
flight over land. This will probably require building a full-
scale demonstrator, which could cost $1 billion.

The NRC issued reports assessing NASA’s commercial
supersonic research in 1997 and 2001 (NRC, 1997, 2001).
The more recent report (1) identifies key technology chal-
lenges for supersonic business jets and two classes of larger
commercial supersonic transports and (2) makes specific rec-
ommendations for research. A properly directed and ad-
equately funded research and technology effort could prob-
ably enable operational deployment of environmentally
acceptable, economically viable commercial supersonic air-
craft in 25 years or less—perhaps a lot less if there is an
aggressive technology development program for aircraft
with cruise speeds less than approximately Mach 2 (NRC,
2001).

For a given payload, range, and MTOW, a high-speed
subsonic aircraft will have higher productivity and efficiency
than a slower aircraft. However, the ability to cruise at su-
personic speeds is not without cost: Supersonic flight in-
creases specific fuel consumption and requires a more ro-
bust airframe design. As a result, a supersonic aircraft has a
higher fuel weight fraction and a shorter range and/or higher
MTOW than a subsonic aircraft with a comparable payload
capacity. It is far from certain whether a commercial super-
sonic aircraft would be more efficient or have higher pro-
ductivity than subsonic aircraft, and the committee is not
aware of any research that characterizes commercial super-
sonic aircraft as a solution to increased demand for air trans-
portation. More commonly, support for commercial super-
sonic aircraft is based on other important factors: their ability
to provide better service (by reducing travel time), the na-
tional economic benefits from being first to market with a
commercially successful supersonic aircraft, and the eco-
nomic damage from a foreign aerospace company being first
to market.

Runway-Independent Air Vehicles

Rotorcraft are an essential part of the air transportation
system. They provide access to disaster scenes, oil rigs, hos-
pitals, maritime vessels, building rooftops, construction sites,
and other locations that other forms of aviation cannot ser-
vice. With regard to the broad challenge of meeting the gen-
eral public’s increased demand for air transportation, one of
the great potential payoffs offered by rotorcraft—or other
commercial aircraft with vertical takeoff or landing (VTOL)
capabilities—is at airports that are operating near or at their
capacity limits. VTOL aircraft have the ability to provide
passenger service without increasing demand for runway
usage. Currently, the operating cost per seat-mile for VTOL
aircraft is 4 to 10 times higher than for conventional aircraft.
In the near term, the commercial success of a greatly ex-
panded network of VTOL aircraft would require economic
incentives or subsidies to offset their higher cost. In the long
term, technology could help reduce the cost differential and
address other issues, such as operation in adverse weather
(especially icing conditions) and the noise of rotorcraft
operations.

One way for NASA to stay involved in research related to
rotorcraft and other runway-independent air vehicles would
be through partnerships with the Department of Defense,
which has invested heavily in this area.

Subsonic Transports

Nontraditional concepts for new classes of commercial
aircraft have the potential to greatly improve the performance
of both small and large subsonic transports. Concepts of par-
ticular interest include (1) the strut-braced or joined wing
and (2) the blended-wing-body (BWB) (see Figure 4-1).

Strut-Braced or Joined Wing

The joined wing configuration is similar in concept to a
biplane whose lower wing has positive dihedral (the tip of
the wing is higher than the point of attachment to the aircraft
centerbody) and is swept back from where it is attached to
the fuselage. The upper wing is attached to the vertical tail,
sweeps forward with negative dihedral, and is joined to the
lower wing. A plan view shows the wing as a rhombus,
which gives the wing a rigid structure and allows it to have a
greater span.

A strut-braced wing uses a strut to support the wing, al-
lowing increased aspect ratio, reduced wing thickness, lower
weight, reduced wing sweep, larger wing areas with laminar
flow, reduced drag, higher L/D, smaller engines, reduced
fuel consumption, and reduced noise and emissions.
Pfenninger (1987) has estimated that a strut-braced wing
configuration could provide an L/D of 40 if laminar flow
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FIGURE 4-1 Nontraditional aircraft concepts: strut-braced wing (top left), joined wing (top right), and blended-wing-body (bottom). Source:
NASA.

boundary control is applied. A NASA-sponsored study com-
pared the performance of various strut-braced wing designs
with the performance of a traditional design with a cantile-
vered wing. The study concluded that, for an aircraft with a
capacity of 325 passengers and a service entry date of 2010,
strut-braced wing designs would have a lower takeoff gross
weight (by 9 to 17 percent) and lower fuel consumption (by
14 to 22 percent) (Gundlach et al., 1999).

Blended-Wing-Body Aircraft

BWB aircraft are a form of flying wings, a configuration
that has been investigated by many different aircraft design-
ers, manufacturers, and countries for over 50 years. During
the 1940s, the United States developed flying-wing bomber
prototypes (the propeller-powered YB-35 and a jet-powered

variant, the YB-49); the Germans supported development of
flying-wing bombers and fighter-bombers; and the United
Kingdom developed a flying-wing fighter prototype, the
Armstrong Whitworth AW-52. The Hawker Vulcan is a suc-
cessful flying-wing-type aircraft that had the same payload
range characteristics as the B-47. Currently, the most no-
table flying-wing aircraft is the U.S. Air Force B-2 bomber,
which first flew in 1989.

BWB aircraft integrate the fuselage into the wing struc-
ture to reduce fuselage drag. This concept was suggested for
commercial applications by Boeing about 10 years ago and
has been the subject of studies by Boeing, NASA, and uni-
versities in the United States and Europe. The thick center
section distinguishes the concept rather fundamentally from
pure flying wing designs and leads to structural efficiencies
that improve the overall performance of BWB aircraft.
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A BWB aircraft with an optimized design could have an
L/D as much as 50 percent greater than that of current air-
craft. Performance could be further improved by the ability
to use turboprop propulsion and the option of hydrogen fuel
(because of the large size of super cargo aircraft, the low
density of hydrogen fuel becomes less of an issue than it is
with conventional aircraft). Existing commercial cargo air-
craft are derivatives of passenger aircraft or military cargo
aircraft. Technological advances would allow a modern
cargo aircraft to have much better performance than
multiple-use aircraft. Laminar flow over the wings would
further increase the efficiency of BWB aircraft—and of ev-
ery other aircraft type discussed above.

Two major airlines have indicated interest in purchasing
BWB aircraft if they are ever developed. However, such ex-
pressions of interest—no matter how vigorous—do not al-
ways result in a commercially successful product. For ex-
ample, the GE 36 was an unducted fan engine that completed
flight demonstrations in the late 1980s (see Figure 4-2). The
engine consumed 35 percent less fuel than conventional en-
gines with comparable performance, and during initial de-
velopment airline representatives responded very favorably.
When it came time to make a binding commitment to pur-
chase the engines, however, airlines decided that greatly
improved fuel economy was insufficient to overcome con-
cerns about life-cycle costs, noise, blade loss, and the possi-
bility that airline passengers might be put off by the appear-
ance of the engine’s external blades. Concerns that BWB
aircraft will have to overcome include passenger acceptance
of cabins with few, if any, windows; how to handle emer-
gency evacuation of large passenger cabins; and how to fit
such a large aircraft (in terms of passenger capacity and size)
into existing airport environments.

Other Airframe Concepts

The committee considered other vehicle concepts, as well,
but does not recommend focused technology research re-
lated to these concepts.

Wing-in-Ground-Effect Aircraft

Wing-in-ground-effect aircraft were pioneered in the
former Soviet Union. In 1967, the Defense Intelligence
Agency detected a Soviet wing-in-ground-effect aircraft with
a MTOW of more than 1 million pounds operating in the
Caspian Sea (Losi, 1995).

Ground-effect aircraft fly at an altitude equal to a fraction
of the wingspan in an aerodynamic regime called “ground
effect,” which increases aircraft efficiency. According to
some mathematical models, the aerodynamic efficiency of a
wing-in-ground-effect aircraft continually increases as the
altitude of flight decreases. Operational and safety consider-
ations, however, will always define a minimum flight alti-
tude. Because of their low flight altitude, wing-in-ground-
effect aircraft are generally unsuitable for operation over
land, though they may be feasible in arctic or desert areas.
To operate over open ocean, wing-in-ground-effect aircraft
have very large wingspans to avoid collisions with waves.
Even with a MTOW on the order of several million pounds,
the cruising altitude would be so low that a wing-in-ground-
effect aircraft might be at risk from rogue waves.2  The vast
size of such an aircraft means it would take a tremendous
financial investment to produce an operational product. Also,
the power required during takeoff is much greater than the
power needed for cruise, thereby increasing the mass of the
engines and reducing both payload and aircraft efficiency
(Losi, 1995).

Lighter-Than-Air Craft

Extremely large lighter-than-air craft are another possi-
bility for improving the productivity and efficiency of com-
mercial aviation. Diesel propulsion becomes a possibility for
lighter-than-air craft, but water vapor in the exhaust would
need to be captured to control the buoyancy of long-distance
transports.

Seaplanes

The feasibility of seaplanes is limited; they require more
propulsion power than a similarly sized conventional air-
craft to take off, and there are relatively few landing sites.
Protected harbors with ready access to cargo facilities that
could accommodate a seaplane facility generally are already

FIGURE 4-2 Unducted fan demonstrator ready for flight. Source:
Burkhard Domke, Grünendeich, Germany. Available online at
<www.b-domke.de/AviationImages/Rarebird/0809.html>.

2Rogue waves result from a superposition of waves in the open ocean,
which causes a large wave to rise up from the surface of the ocean.
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tied up for other uses. The integrity of takeoff and landing
areas is also an issue; floating logs and other debris are a
major hazard.

Airframe Research Needs

Additional airframe research and technology develop-
ment are needed to improve the performance of aircraft, par-
ticularly with regard to the feasibility of nontraditional sub-
sonic transport concepts. For example, improved materials,
especially composite materials, have the potential for tre-
mendous payoffs. The economic viability of many nontradi-
tional concepts, especially the BWB, would be enhanced by
composite materials that weigh less, are more damage toler-
ant, are easier to fabricate, are more suitable for modular
construction techniques, and are compatible with effective
means for joining assemblies.

Other areas of particular interest include technology tran-
sition issues, safety, and security. To better understand the
research requirements related to each of the vehicle classes
associated with NASA’s Vehicle System Program, NASA
could form a team for each class with members from gov-
ernment, industry, and academia. If such teams are estab-
lished, a method should be established to ensure that cross-
functional performance and design issues, such as reduced
wake vortices, reduced drag, improved high-lift perfor-

mance, and reconfigurable wings, also receive adequate
attention.

In some cases, NASA is constrained by the administra-
tion or the Congress from supporting aeronautics research
related to an aircraft concept of particular interest to an air-
craft manufacturer; the concern is that the government may
inappropriately subsidize industrial research. The danger is
that NASA research may be limited to topics of little or no
interest to industry, which brings into question the value of
conducting the research.

PROPULSION CONCEPTS

The committee reviewed a range of potential aircraft pro-
pulsion cycles and configurations in an effort to assess how
the NASA vision and goals might be addressed in the speci-
fied time periods. In this process the committee recognized
the importance of evaluating the entire propulsion package
in terms of the weight, volume, and costs of the prime mov-
ers and the related fuel. The committee also recognized the
importance of evaluating these parameters in the context of
the overall performance of aircraft and the transportation
system—not just as a vehicle subsystem. Figure 4-3 com-
pares the conventional heat engine cycles assuming compo-
nent efficiencies of 100 percent and maximum hydrocarbon
fuel combustor temperatures. As shown, the simple Brayton
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FIGURE 4-3 Thermal efficiency versus pressure ratio for conventional heat engine cycles assuming component efficiencies of 100 percent
and maximum hydrocarbon fuel combustor temperatures. Source: Jeffrey M. Stricker, Wright-Patterson Air Force Base, Aero Propulsion
Laboratory, briefing to committee members S. Michael Hudson and Willard J. Dodds, January 13, 2003.
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cycle, while not providing the absolute maximum cycle effi-
ciency is very competitive on this “ideal” basis. Furthermore,
the Brayton cycle operates continuously, whereas the Diesel
and Otto cycles operate intermittently, so their net perfor-
mance is not nearly as good as their ideal performance. As a
result, the Brayton cycle proves to be superior to the Diesel
and Otto cycles for many applications. In aviation, the
Brayton cycle has historically been the cycle of choice when
the effects of propulsion system weight, volume, and dura-
bility are factored into the entire aircraft and air transporta-
tion system.

The efficiency of the Brayton cycle is governed by the
maximum compressor exit temperature, which is determined
by high temperature material limits. The propulsion tax-
onomy in Appendix D describes a broad range of propulsion
concepts and substantiates the conclusion that the conven-
tional gas turbine engine and its variants based on the
Brayton cycle will continue to be the primary aircraft pro-
pulsion system of choice at least through 2025. One of the
variants entails a departure from the concept of isentropic
compression and expansion. Here, two alternatives exist. The
first is combustion in the turbine (i.e., interturbine burning).
This alternative offers the possibility of reducing the tem-
perature drop across the turbine while increasing the work

done by the turbine, thus improving overall engine perfor-
mance even if interturbine burning is active only during peak
power (takeoff and climb). A second alternative is the intro-
duction of volume cooling ahead of or in the compressor by
introducing a mist of water or other coolant either ahead of
or between compressor stages. This alternative has two ben-
efits. The first is the increase in total pressure owing to the
volume cooling, and the second is the increase in mass flow.
The former has the effect of increasing the compressor effi-
ciency in that the compressor outlet temperature (T3) is re-
duced for a given pressure ratio. The latter increases the exit
momentum flux, which could also be used to increase take-
off and climb performance. Either improvement could re-
duce the propulsion system weight fraction and improve air-
craft efficiency. These modified Brayton cycles warrant
research and could be incorporated into operational systems
by 2025.

Turbomachinery-Based Propulsion Systems

Propulsion system performance is directly related to the
safety, capacity, mobility, noise, and emissions of individual
aircraft and the air transportation system as a whole. Figure
4-4 shows the significant advances that have been made in
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FIGURE 4-4 Predictions made in 1968 of subsonic thrust-specific fuel consumption, updated with data on operational systems developed
since 1968. UEET, ultra-efficient engine technology; VAATE, versatile, affordable, advanced turbo engines; ηth, thermal efficiency; ηp,
propulsive efficiency. Source: Jeffrey M. Stricker, Wright-Patterson Air Force Base, Aero Propulsion Laboratory, briefing to committee
members S. Michael Hudson and Willard J. Dodds, January 13, 2003. Modification of data from L. Dawson. Propulsion. Aeronautical Journal
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gas turbine propulsion systems using thrust-specific fuel con-
sumption as a figure of merit. Although the rate of improve-
ment in this commonly used parameter has decreased, incen-
tives remain great to pursue further technology advances in
order to meet customer-driven goals. As an example, NASA
has successfully worked with industry to develop and verify
analytical tools that address design and system evaluation
and reduce the number of experiments needed for a success-
ful engine.

Commercial aviation is highly competitive, so minimiz-
ing costs is critical to the survival of individual airlines. The
propulsion system is not immune to these pressures: Ad-
vanced propulsion technologies will rarely be incorporated
in operational products unless they reduce costs or are
needed to meet some other requirement, such as more strin-
gent noise or emissions standards.

The propulsion systems of commercial aircraft are only a
small contributor to the accident rate as a result of tremen-
dous investments and decades of work to improve the reli-
ability of turbomachinery. It is essential that new propulsion
systems and components also demonstrate very high levels
of safety.

Propulsion research plans should be structured to meet
the needs of advanced airframe concepts in the context of
the long-term vision for the air transportation system. Con-
cepts such as BWB aircraft, supersonic business jets, and
runway-independent aircraft dictate unique requirements and
opportunities for advances in propulsion technology. Areas
of interaction include extremes in engine size and fan bypass
ratio, design for boundary layer ingestion, highly integrated
engine-airframes, power extraction for boundary layer ma-
nipulation, variable cycle features, and architectures for in-
tegration of system controls.

Emerging Propulsion Concepts and Fuels

In the 2025 to 2050 time frame, low-cost hydrogen could
become attractive as an aircraft fuel that would reduce the
environmental effects of aviation. The key challenge to the
use of hydrogen as an aircraft fuel is its low energy density
compared with hydrocarbon fuels—unless new (high-
density) means of storing hydrogen are developed. Even
though the committee is not aware of any particularly prom-
ising approaches for overcoming this problem, the high po-
tential payoff warrants continued research. Widespread use
of hydrogen as an aircraft fuel would also require an eco-
nomically and environmentally benign method for produc-
ing hydrogen, a challenge that is being addressed by broader
efforts to enable hydrogen to replace hydrocarbon fuels in
ground-based vehicles and industrial uses.

Advances in electric power systems may eventually al-
low them to replace internal combustion engines. In particu-
lar, methane or hydrogen fuels for fuel cell power systems in
various forms offer a potentially significant improvement in
energy conversion efficiency over today’s gas turbines, and

ongoing research programs are addressing both mobile and
stationary fuel cell applications. Even so, tremendous ad-
vances in the power density of fuel cells would be required
to make them technologically feasible as a source of propul-
sion power for large commercial aircraft. Other technology
issues associated with the development of an electric aircraft
propulsion system (such as the development of lightweight
electric motors using, for example, room temperature super-
conductors) would also need to be resolved to make a fuel
cell energy conversion system into a successful aircraft pro-
pulsion system. It might also be feasible to use the electricity
produced by fuel cells to add heat to the gas in a gas turbine
engine in place of combustion. Since electricity, lasers, and
electromagnetic devices can provide volumetric heating in
place of combustion of hydrogen or hydrocarbon fuel, ex-
ploratory research is in order to determine the conditions
under which these alternatives may be attractive. Other al-
ternative approaches are given in Appendix D.

The first application of electric power sources on com-
mercial aircraft is likely to be as auxiliary power units rather
than for propulsion. Although fuel cells are larger and
heavier than conventional auxiliary power units, they gener-
ate water. This would reduce the amount of water that must
be carried onboard at takeoff, thereby improving the overall
assessment of fuel cells as auxiliary power units, from a sys-
tems perspective. Unrelated technology developments, how-
ever, may produce aircraft toilets that flush with 90 percent
less fluid, reducing the onboard demand for water.

Intermittent combustion concepts, such as pulse jets
(a.k.a. pulse detonation engines), have the potential for im-
proved performance relative to traditional turbomachinery
systems. In some cases, intermittent concepts may also sig-
nificantly reduce complexity. However, it seems unlikely
that systems based on intermittent concepts will outperform
gas turbine aircraft propulsion systems in the foreseeable
future. Nonetheless, continued basic research would be
worthwhile to better understand the long-term limitations
and potential benefits of intermittent combustion concepts.

Nuclear power is unsuitable for aircraft applications for
many reasons, including the weight of radiation shielding,
radiation exposure during normal operations, and the risk of
widespread radioactive contamination in the event of an ac-
cident. The committee did not identify any other specific
propulsion or fuel concepts of particular interest, although
research to explore new concepts would be consistent with
NASA’s vision and goals.

Propulsion Research Needs

Future airframe and propulsion research will lead to a
better understanding of the synergies and tradeoffs that exist
among system and subsystem concepts, technologies, design
characteristics, and performance parameters, including en-
vironmental performance parameters—for example, specific
fuel consumption, noise, and specific engine emissions. Cur-
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rently available information indicates that propulsion re-
search should generally support the continued evolution and
use of high-bypass turbofan engines burning liquid hydro-
carbon fuels. At the same time, a portion of the research
should anticipate the possibility of (1) an eventual change-
over to hydrogen, (2) the use of an advanced gas turbine
engine core, and/or (3) the use of fuel cells to generate elec-
tric power for electrically driven engines if and when room
temperature superconductivity becomes practical. Research
in these areas should start at a low level and proceed at a
pace consistent with research focused on nonaerospace
applications.

The development of environmentally beneficial propul-
sion technologies that might eventually be applied to aircraft
systems should be tracked to understand their potential envi-
ronmental benefits and tradeoffs (for example, evaluating
the potential advantages and disadvantages of using hydro-
gen fuel, including the potential to use cryogenic hydrogen
as a heat sink for electrical components). Support should be
provided for research necessary to take advantage of new
technologies, including the design of components (such as
low-emission combustors compatible with hydrogen fuel or
electrically driven propulsion engines compatible with ad-
vanced fuel cells) and the development of new system con-
cepts (such as an environmentally acceptable means of re-
leasing water into the atmosphere to mitigate the effect of
greatly increased emission of water vapor that would result
from the use of hydrogen fuel).

AVIONICS

Avionic systems include computers, communications net-
works, sensors, controls, operational software, and human-
computer interfaces. Avionics plays an increasingly critical
role in the safe and efficient operation of commercial aircraft
and now accounts for up to 40 percent of the capital cost of
new aircraft.

Onboard electronics perform or monitor virtually all criti-
cal functions in an aircraft, including engines, control sur-
faces, stability augmentation systems, active flow controls,
flight path, collision avoidance, and interactions with the
external air traffic control system.

The federal government, especially the Department of
Defense, has supported basic long-term research and applied
research and technology development that continue to en-
hance the capabilities of avionics on both civil and military
aircraft. The success of this research has been enabled in
large part by smaller, more capable computers and more so-
phisticated software.

Chapter 2 discussed the importance of research in auto-
mation and the ability of automated systems to enhance the
performance of human operators and the overall system.
Advanced on-board avionics will be necessary to implement
any new operational concepts that call for increased automa-
tion of cockpit and navigation functions.

Federal agencies should continue research aimed at en-
hancing airborne avionic systems through evolutionary im-
provements, while pursuing longer range research that could
lead to major breakthroughs. For example, advances in
nanotechnology may provide major benefits to avionics in
computing, sensors, and active distributed control. Research
in avionics that relates to air traffic control and automation
should be integrated into the overall research strategy for the
air transportation system as a whole. Two examples of ongo-
ing research and development of this type are (1) the Alaska
Airlines all-weather approach system and (2) work by
NASA’s SATS project to enable safe low-visibility opera-
tions at minimally equipped landing facilities through the
development of new operational concepts, sensors, pilot in-
terfaces, and procedures.

NANOTECHNOLOGY

Nanotechnology is an emerging technology with the po-
tential for broad application to many aspects of aircraft de-
sign. Nanotechnology deals with materials and devices hav-
ing at least one dimension on the order of 1 to 100
nanometers. The design of nanoscale materials deals with
molecular-scale structures, whose physical and chemical
properties are different from materials at larger scales. At
nanoscales, no atom is far from a surface. This changes
chemical reactivity, coherent scattering, and other processes.
Devices also involve large, but countable, numbers of
atoms.

Nanotechnology is still in its infancy and is just starting
to move into operational applications. In fact, the term
nanotechnology is somewhat misleading, implying that re-
search has generally advanced to the stage of developing
useful technology, when in many (or most) cases, nanoscale
research is still scientific research (and would more accu-
rately be referred to by the less common term nanoscience).

Global investment in nanotechnologies is about $1.5 bil-
lion per year, primarily in the United States, Europe, and
Asia. The U.S. federal government appropriated $604 mil-
lion for nanotechnology research and development in fiscal
year 2002. The four agencies most heavily involved in
nanotechnology research and development are the National
Science Foundation ($199 million), the Department of De-
fense ($180 million), the Department of Energy ($91 mil-
lion), and NASA ($46 million) (Roco, 2002).

Areas of Interest

The aeronautical community should maintain an aware-
ness of nanotechnology research in other disciplines that
might be used in aeronautical applications, such as flow con-
trol, lubrication, structures, and manufacturing. A recent
study (NRC, 2002c) on the future role of micro- and
nanotechnologies in improving Air Force capabilities identi-
fied three scientific frontiers that nanotechnology research
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should explore: materials, devices, computer processing re-
quirements, and fabrication.

Materials

Research into nanotechnology devices for aeronautics
applications should investigate bonding of dissimilar mate-
rials, material properties, and scaling. Industry would greatly
benefit from any technology that improved the ability to
bond dissimilar materials. Microelectromechanical systems
(MEMS) research is investigating the ability to create strong
bonds between (1) silicon and silicon and (2) silicon and
other materials, and the committee is hopeful that
nanotechnology research might someday lead to material
bonding methodologies for critical aviation applications.

Nanotechnology may lead to the development of new
structural materials with high strength-to-weight ratios and
fracture toughness, durable coatings, greater resistance to
corrosion, self-healing, and multifunctional characteristics.
For example, structural materials might have embedded sen-
sors and actuators; custom-designed properties, such as elec-
trical conductivity, mechanical strength, magnetic behavior,
and optical properties; or improved damping properties.
Multimode damping could lead to the elimination of swash
plates in helicopter rotors, which would be a major design
breakthrough, and greatly reduced fatigue failure in turbofan
blade applications. Self-healing materials (e.g., materials
embedded with small particles of liquid that would be re-
leased and fill in cracks to prevent them from propagating)
may allow flying aircraft closer to their fatigue limits, but
generally the benefits of self-healing are likely to be greatly
exceeded by the benefits of increased strength and reduced
weight.

The properties that nanomaterials demonstrate at
nanoscales do not necessarily predict the properties of
macroscale materials that incorporate nanomaterials. For
example, nano-microtubes have heat-transfer rates compa-
rable to that of diamonds, but more research is needed to
assess the ability of nanotubes to increase the heat transfer
capabilities of structural materials. Also, segments of some
nanotechnology fibers are on the order of 30 times stronger
than glass fibers. The challenge is to demonstrate strength
on a macroscale by combining strong nanoscale segments to
form suitable matrix composite materials.

Devices

Research into nanotechnology devices for aeronautics
applications should investigate distributed sensing, electric
propulsion, flow control, fuel controls, MEMS materials,
photonics, and security.

Nanotechnology can support distributed sensing: adhe-
sive tape with embedded sensors has been developed that
can be used on vehicles during flight tests. In the future,
distributed sensors may transition from research applications

to operational applications, where they would be used as part
of the flight control system.

The feasibility of electric propulsion would be enhanced
by the development of (1) a fuel cell catalyst that would not
spoil (or become poisoned) as current catalysts do during
the operating process or (2) a room-temperature supercon-
ductor.

An application area with near-term potential is flow con-
trol. Long term, nanotechnology has a role to play in
reconfigurable wings. (A NASA flight test recently demon-
strated wing warping.) Potential benefits might include the
elimination of moving control surfaces, resulting in hingeless
wings, the ability to adjust wing camber in flight to reduce
drag and improve lift, improved handling qualities and ma-
neuverability, and reduction of noise and vibration.

Propulsion efficiency could be enhanced through the de-
velopment of better fuel controls (e.g., sensing and calculat-
ing devices to measure fuel flow, temperature, and pressure).

Nanoscience is the key to developing materials for MEMS
devices, particularly with regard to structural stability, sur-
face durability, fabrication, and packaging (NRC, 2002d).
For example, an aircraft skin embedded with MEMS devices
might greatly reduce turbulent skin friction.

Optics is used for transmission of data over long dis-
tances. The Defense Advanced Research Projects Agency
(DARPA), among others, is conducting research to use light
in processing on an integrated circuit. Light offers great ad-
vantages—and creates large challenges. The photons being
used are larger-than-nanoscale, on the order of a half-mi-
cron. This is much larger than the transistors they would
replace, so photon-based integrated circuits would be larger
than current devices.

Carbon nanotubes arranged in sensor configurations
might contribute to the development of more capable explo-
sives detectors. (Carbon nanotubes are small graphite cylin-
ders with unusual electrical properties. They can act as met-
als, semiconductors, or insulators, depending on how they
are constructed.)

Computer Processing Requirements

Deployment of distributed nanotechnology sensors will
require significant advances in computer processing, so that
data from hundreds or thousands of sensors can be processed
in real time. Similar challenges would be associated with the
use of swarms of small autonomous vehicles based on mi-
cro- and nanotechnology. Investments in research and de-
velopment for algorithms, architectures, and software are
necessary to maximize the utility of new hardware (NRC,
2002d).

Fabrication

Developing nanomaterials and devices will require re-
search into the assembly of multifunctional nanostructures.
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A recent study recommended that the Air Force monitor and
selectively invest in self- and directed fabrication and as-
sembly, particularly with regard to processes related to pri-
marily military components, such as sensors and propulsion
(NRC, 2002c). Current abilities in the self-assembly of
nanoscale materials are rather crude, suitable for growing
crystals, for example. However, biological organisms are all
self-assembled systems, so the potential obviously exists.

Bottom Line

The potential posed by nanoscience and technology is
enormous, but how, when, and the extent to which this po-
tential will be realized are impossible to predict, and the spe-
cifics of predictions become more uncertain the farther they
are extended into the future (NRC, 2002d). It is especially
difficult to determine how the application of nanotechnology
may improve top-level characteristics such as overall air-
craft performance or the safety of the air transportation sys-
tem. To date, nanotechnology has been very successful in
some devices, but not in devices large enough and robust
enough to be directly applicable to commercial aviation.
Major advances in the application of nanotechnology are
likely to depend upon the ability to integrate nanotechnology
fibers and features in intelligent ways to create macroscale
materials with specific desired properties. The National Sci-
ence Foundation recently completed a solicitation for re-
search in this area.

To be successful, nanotechnology research and technol-
ogy must be sustained over the long term. It will take time
and money for research in particular areas to bear fruit. Some
practical results in the near term would be helpful in sustain-
ing long-term support for nanotechnology research. The
National Nanotechnology Initiative is structured to support
projects with near-term, mid-term, and long-term applica-
tions. With nanotechnology, as with any new technology,
industry funding of research and technology will occur only
when supported by a solid business case: “Will it make
money—or increase market share?” Ultimately, the success
of nanotechnology rests upon the development of successful
commercial products.

NASA and the aeronautics community should continue
their involvement in interdisciplinary nanotechnology re-
search and development to ensure that advances will be ap-
plied to applications of interest to aviation. For example, in
June 2002 NASA established seven University Research,
Engineering and Technology Institutes, including one for
bionanotechnology materials and structures for aerospace
vehicles at Princeton University and Texas A&M Univer-
sity. Research by the institutes is intended to increase funda-
mental understanding and lead to the development of basic
technology. The institutes will also support the education of
university students and training for working engineers and
scientists.

Most nanotechnology research and development in the

United States is structured using a bottom-up investment
strategy, where individual agencies do research in areas of
interest to them. To better integrate research plans at a high
level, the NRC has already recommended that the Office of
Science and Technology Policy establish an independent
standing committee to advise the federal interagency coordi-
nating committee for nanotechnology on research investment
policy, strategy, program goals, and management processes.
Nanotechnology research and development in the United
States would also benefit from the formation of a “crisp,
compelling, overarching strategic plan” to articulate short-,
medium-, and long-term goals and objectives (NRC, 2002d).
Nanotechnology research related to commercial aviation
would likely benefit from the implementation of these
recommendations.

RECOMMENDATIONS TO IMPROVE AIRCRAFT
PERFORMANCE

The Integrated High Performance Turbine Engine Tech-
nology (IHPTET) program exemplifies one approach for
conducting advanced research on application-ready technol-
ogy. The IHPTET program was a joint Department of
Defense-NASA-industry program whose cost was shared 25
percent-25 percent-50 percent, respectively (with the indus-
try money coming from internal research and development
funds, some of which is earned on other government con-
tracts). IHPTET produced useful research results that were
transitioned into operational products because systems dem-
onstration at technology readiness level (TRL) 6 was in-
cluded in the program.3  Each phase of the IHPTET program
had high-level goals (e.g., thrust-to-weight ratio) as well as
component-level goals (e.g., efficiency and cooling flows).
The process was successful because it allowed different
groups participating in the program to develop different ap-
proaches to high-level goals, and the lower-level goals de-
pended on the accepted systems approach. As a consequence,
IHPTET, as a program, did not try to pick winners in a tech-
nical sense. The program’s flexibility was a key to its
success.

Similarly, a research program to improve the performance
of commercial aircraft could be structured with several par-
allel tracks to cover short-term, medium-term, and long-term
goals. Each track would focus on concepts with the potential

3NASA uses TRL to define levels of technological maturity. The lower
the TRL, the more research and development is needed to prepare a technol-
ogy for commercial application. TRL 1 implies that basic principles have
been observed and reported. TRL 6 implies that a system or subsystem
model or prototype has been demonstrated in a relevant environment. TRL
6 is traditionally the level at which NASA considers technology ready for
transfer to industry in preparation for commercial product development.
TRL 8 means that a system has been flight qualified and is ready to begin
operational use.
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to reach maturity by a given date. For example, one track
might focus on BWB designs with turbine engines and con-
ventional fuels, with the idea of reaching maturity in 15
years; another track might focus on BWB aircraft with lami-
nar flow and conventional fuels, with a maturity date of
2030; and a third track might focus on hydrogen fuel and
advanced propulsion concepts, with a maturity date of 2050.
This kind of framework would facilitate coordinated research
along a wide range of interesting technologies while produc-
ing a steady stream of operationally useful technologies.

Finding 4-1. Advanced Aircraft Technology. Improve-
ments in aircraft performance are critical to achieving neces-
sary improvements in almost every aspect of the overall per-
formance of the air transportation system. Innovative
long-range research leading to the implementation of new
operational concepts is also required for the air transporta-
tion system to take full advantage of gains in the perfor-
mance of commercial aircraft.

Recommendation 4-1. Aircraft Research and Technol-
ogy. To improve the performance of aircraft through 2025,
federal agencies should continue to support research leading
to evolutionary improvements in aircraft performance. Look-
ing out to 2050, however, research should support innova-
tive concepts aimed at major advances in performance. In
addition, agencies should continue to monitor research in
related emerging technologies, such as nanotechnologies,
and support research aimed at aircraft applications as emerg-
ing technologies mature. The areas listed below are prime
candidates for this kind of long-term research.

• Analytical tools, advanced technologies, and the fun-
damental science behind both, to reduce the need for
costly hardware testing and to more easily achieve over-
all research goals (especially in emerging technolo-
gies).

• Composite materials with improved qualities that
would increase their use in airplane structures and re-
duce aircraft weight.

• Environmental consequences of aircraft noise and
emissions locally, regionally, and globally, to better
understand those consequences and support the estab-
lishment of better informed priorities and goals for
noise and emissions reduction that (1) reflect the need
for integrated approaches (involving advances in air-
frames, engines, and operational procedures) to meet
environmental goals and (2) accurately account for the
tradeoffs among different environmental goals and dif-
ferent approaches to achieving those goals.

• Low emissions combustor technology, to (1) reduce
substantially emissions of NOx and particulate matter
at airports (to improve local and regional air quality)
and at cruise altitudes (to reduce global climate effects)

and (2) reduce emissions produced by engines with
high pressure ratios.

• Nanotechnology, to explore its long-range potential for
dramatically enhancing aircraft performance through
the development of advanced avionics (computing, sen-
sors, and active distributed controls) and high-perfor-
mance materials.

• Nontraditional aircraft configurations, including but not
limited to (1) the blended-wing-body and (2) the strut-
braced or joined wing, to improve aircraft productivity
and efficiency and reduce noise and emissions.

• Passive and active control of laminar and turbulent flow
on aircraft wings (laminar flow to increase cruise effi-
ciency and turbulent flow to increase lift during
takeoff).

• Nontraditional power and propulsion concepts and
technologies, especially concepts and technologies that
support the use of alternative fuels, such as fuel cells
(which may have application as auxiliary power units
in the foreseeable future) and high-density storage of
hydrogen to improve the feasibility of using it as a pro-
pulsion fuel.

• High-temperature engine materials and advanced
turbomachinery, including (1) lower speed, highly
loaded, fan drive turbines and fan reduction gears; (2)
very large fan systems, which require advances in
manufacturing and material systems; (3) boundary
layer control on turbomachinery airfoils, to improve
component efficiency and packaging; (4) aspirated
turbomachinery components, which could greatly re-
duce noise and improve component efficiency; and (5)
other innovative concepts, such as interturbine burning
or volume cooling ahead of or in the compressor by
means of a mist of water or other coolant.
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5

Process for Change

As discussed in previous chapters, a national vision, clear
technology goals, well-defined organizational roles, and
strong, focused leadership are necessary to improve the na-
tional and international competitiveness of the U.S. aero-
nautics industry and enable the air transportation system to
satisfy increased demands for air travel without degrading
system safety, security, environmental compatibility, or con-
sumer satisfaction.

The role of the federal government in air transportation,
as in other modes of transportation, is played by various
agencies with sometimes conflicting agendas; these agen-
cies must deal with (1) an intensively competitive carrier
industry that rarely earns the cost of capital and (2) public
infrastructure (airports, in the case of aviation) that makes
up a major part of the physical system and is provided by
other units of government (state and local) that also compete
among themselves for service and investment to meet their
own needs.

The aviation system is unique in that it has one federal
agency (NASA) responsible for long-range research and de-
velopment and another agency (FAA) that supplies traffic
management systems and services and regulates the carriers
and manufacturers. The cultures, missions, and operating
practices of NASA’s aeronautics enterprise and the FAA are
quite distinct, as would be expected when comparing a re-
search organization with an operational organization. None-
theless, they are the federal government’s principal agents
for operating and improving the technical capabilities of the
air transportation system.

One role of government is to support research in areas
related to the public good, such as aviation safety, security,
environmental effects, and other areas where the perfor-
mance of the air transportation system impacts society. The
purpose of governmental involvement is to bring advanced
concepts and technologies to the point where private invest-
ment can be justified by industry. Government can make its
involvement more effective by supporting and participating

in noncompetitive research collaborations (including
international collaborations) related to aviation safety and
environmental effects (e.g., collecting data and developing
models).

Using a flexible approach to government-industry rela-
tionships, the federal government can also support precom-
petitive research by U.S. industry, where it can cost effec-
tively advance the current state of research and technology
in ways that are most likely to make the transition from the
research laboratory to commercial development. This transi-
tion is often difficult because the technology goals of NASA
research programs often leave technology in a state that in-
dustry considers too immature to justify commercial devel-
opment. The federal government and the aeronautics indus-
try both operate in cost-constrained environments that
encourage managers to rely on other organizations to fund
research whenever possible. Strong, inspired leadership—
by government and industry—will be needed to overcome
these problems.

Strong leadership will also be required to ensure that re-
search and technology are planned and conducted in the con-
text of a well-organized and broadly supported process that
has a comprehensive strategy for overcoming key challenges
and can achieve the national vision for commercial aviation.
Research should be guided by a consistent set of system per-
formance requirements, operational concepts, system archi-
tectures, and implementation plans. Any other approach,
even if it produces breakthrough technologies in selected
areas, is likely to have a difficult time making the systemic
improvements that will be necessary to keep pace with the
long-term growth in demand for air transportation.

The importance of establishing strong interagency lead-
ership that establishes a long-term vision and goals, coordi-
nates interagency research, and conducts periodic reviews of
the national aeronautical research and development pro-
grams is highlighted in the final report of the Commission
on the Future of the U.S. Aerospace Industry (2002). The

Securing the Future of U.S. Air Transportation: A System in Peril

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/10815


PROCESS FOR CHANGE 43

federal government has also established a joint aviation sys-
tem program office, motivated in part by the perception that

• The demand for air transportation will exceed planned
capacity improvements.

• A strategic realignment of government resources is
needed to enhance mobility and improve the benefits
provided by aviation research.

• Government leadership is needed to develop a unified
national plan.

The joint program office will be guided by a policy commit-
tee chaired by the secretary of transportation and including
the FAA and NASA administrators and senior executives
from the Departments of Commerce, Defense, and Home-
land Security.1

Developing a public-private consensus on a long-term
vision and goals will be complicated by the different con-
cerns of different stakeholders. Especially in times of finan-
cial difficulty, airlines understandably are highly cost sensi-
tive and have a hard time looking past the immediate future.
In addition, the FAA is forced by the nature of its close su-
pervision by Congress, its own technical limitations, and in-
tense pressure from the airlines to be conservative in the
introduction of new technologies.

Many so-called scientific and engineering breakthroughs
are the result of discoveries made 10 to 20 years earlier. Suc-
cess often requires persistence, the willingness to challenge
conventional wisdom, and/or a change in circumstances that
significantly alters what is possible and practical. For ex-
ample, the idea of the gas turbine reportedly is described in a
British patent granted in 1791 (Moss, 1944), but use of the
gas turbine for aircraft propulsion proved to be an elusive
goal. As late as 1924, an investigator for the U.S. Bureau of
Standards concluded that “jet propulsion would be impracti-
cal for either civilian or military purposes: The top speed of
a jet-powered aircraft would be only 250 miles per hour and
fuel consumption would be four times higher than piston
engines” (Mandeles, 1998). Research continued nonetheless,
but the first flight of a gas turbine propulsion system did not
take place until 1941, when the imperative of war spurred
massive aviation research and technological advances in
materials and other fields made this achievement possible.
World War II also laid the foundation for a greatly expanded
air transportation system by training thousands of pilots, cre-
ating a huge inventory of surplus military aircraft and air-
ports, and producing many other advances in the state of the
art of aviation technology.

Action necessary for securing the future for the U.S. air
transportation system is encapsulated in the process for
change that is defined in the following summary recommen-
dation:

Recommendation 5-1. Process for Change. Establish air
transportation as a national priority with strong, focused
leadership. Air transportation system technology planning
and development should be done in the context of a process
driven by the needs of system users and the nation as a whole.

1. Implement a public/private process for change, as
follows:
• Designate a federal agency or office to provide strong

leadership in overcoming the challenges faced by the
U.S. air transportation system.

• Establish an interagency process for developing and
achieving a widely endorsed long-term vision of the air
transportation system that includes a clear set of guid-
ing principles and a strategy for overcoming transitional
issues.

• Document the process.
• Coordinate action and resolve disputes among stake-

holders in the aviation community with different con-
cerns and priorities (e.g., manufacturers and operators;
executives and employees; pilots, controllers, and pas-
sengers; local, federal, and state governments; regula-
tors; the military; and general aviation).

• Gather and analyze feedback on how well the process
is working from the perspective of all interested par-
ties, especially when conditions change, to identify
problems before serious incidents or disruptions occur
and to recognize new opportunities.

• Formally review the process and process outputs at
least every 4 years.

• Update the process.
2. The output of the process should include the following:

• A better understanding of future demand for air trans-
portation to make sure that changing trends will be de-
tected as soon as possible.

• A unified, long-term national vision endorsed and sup-
ported by the aeronautics community as a whole and
cognizant federal agencies.

• Broad public policies to support the vision.
• Long-term operational concepts to meet the vision and

to serve as a continuing resource for guiding change
and coordinating action by different parties.

• System architectures to realize the operational con-
cepts.

• An understanding of how the U.S. air transportation
system of the future will fit into the national
(intermodal) transportation system and international air
transportation system.

• Validated research and technology requirements.1John Kern, Federal Aviation Administration, briefing to Alan
Angleman, National Research Council, on April 11, 2003.
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• An implementation plan to achieve all of the above,
including a clear understanding of government and in-
dustry roles in developing precompetitive and noncom-
petitive aeronautical research and transitioning the re-
sults of civil and military government research to
commercial development.

3. A comprehensive suite of system models should be devel-
oped, validated, and maintained to support informed
decision making throughout the process. Models should
encompass the following:
• demand
• economics
• environmental effects
• existing and new technologies
• human performance
• interactions with other modes of transportation
• new operational concepts
• organizational factors
• security threats and preventive measures
• system engineering
• transition (from old to new technologies, systems, and

organizational structures)
4. A commitment should be made to support a stable long-

term research program to provide the knowledge, tools,
and technologies needed throughout the process. At a low
level, the research program should investigate
innovative research ideas that challenge accepted
precepts.

The Commission on the Future of the U.S. Aerospace
Industry issued a report in 2002 with recommendations for
federal action to ensure that the United States would main-
tain a robust aerospace industry in the 21st century. The
scope of the Aerospace Commission’s report is much
broader than that of this report, and the Vision 2050 Com-
mittee was not chartered to validate the results of the Aero-
space Commission. However, many of the findings and rec-
ommendations in this report are supported by the Aerospace
Commission’s recommendations:

Recommendation #1. The integral role aerospace plays in
our economy, our security, our mobility, and our values
makes global leadership in aviation . . . a national impera-
tive. . . . The Commission, therefore, recommends that the
United States boldly pioneer new frontiers in aerospace tech-
nology. . . .

Recommendation #2. The Commission recommends
transformation of the U.S. air transportation system as a na-
tional priority. . . .

Recommendation #9. . . . basic aerospace research . . .
enhances U.S. national security, enables breakthrough capa-
bilities, and fosters an efficient, secure and safe aerospace
transportation system (Commission on the Future of the U.S.
Aerospace Industry, 2002).

A final word on the current state of the air transportation
industry in the United States. As recently as the summer of
2001, many travelers were dreading air transportation be-
cause of extensive delays associated with undercapacity of
the system. That all changed on 9/11. Demand for air trans-
portation has not yet returned to peak levels. Most U.S. air-
lines continue to struggle for survival, and some have filed
for bankruptcy. The situation undermines the argument that
strong action is urgently needed to avert a crisis of
undercapacity in the air transportation system. Yet that re-
mains the case. History shows that crises of confidence or
international conflict can depress the demand for air trans-
portation, but only over the short term. In every earlier situ-
ation, the long-term trend of increasing demand has reas-
serted itself. Assuming that current events have
fundamentally and permanently changed public demand for
transportation by air is not a sound basis for planning the
long-term future of the air transportation system. Current
events have provided an opportunity to get ahead of the prob-
lem; hopefully government and industry will be able to make
the most of this opportunity.
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Findings, Recommendations, and the Big Question

Given below is a complete list of the committee’s find-
ings, recommendations, and the big question, in the order in
which they appear in the report. The bulleted items in rec-
ommendations containing lists of research areas are either
listed alphabetically or grouped topically. The committee did
not prioritize research areas in the lists.

Recommendation 1-1. Goals. The future vision for the air
transportation system should be supported by research and
technology goals leading to improved performance. Mea-
surable long-term targets supported by sound analyses
should be established to assess progress toward the goals.
Research should support the establishment of quantifiable
goals in areas where progress is difficult to measure.

Finding 1-1. Challenge of Increased Demand. The contin-
ued success of aviation and the benefits that it provides will
require changes to accommodate increased demand. This is
the most critical long-term issue facing all aspects of the air
transportation system. Issues associated with safety and se-
curity, capacity, environmental compatibility, and consumer
satisfaction are all exacerbated by greater demand, and the
effectiveness of near-term solutions in each of these areas
will be diminished by long-term growth in demand for air
transportation in the United States.

Finding 1-2. Going Beyond Business as Usual. Business
as usual, in the form of continued, evolutionary improve-
ments to existing technologies, aircraft, air traffic control
systems, and operational concepts, is unlikely to meet the
needs for air transportation that will emerge over the next 25
to 50 years. The likely result would be an air transportation
system where growth in demand has been greatly curtailed
by undercapacity in the air traffic management system; the
environmental effects of aviation; customer dissatisfaction
with available levels of comfort, convenience, and cost; and/
or factors related to safety and security.

The Big Question. How can change within the air transpor-

tation system be accelerated quickly enough and directed
with enough agility to avoid problems and achieve future
goals while managing (1) the influence of increased demand
and other external pressures and (2) conflicts between dif-
ferent goals and stakeholders? How can the system be pre-
vented from changing too slowly, drifting, or going in the
wrong direction?

Finding 1-3. Context for Future Requirements. Valid re-
search requirements for the air transportation system depend
on understanding how the U.S. air transportation system of
the future will fit into both the national (intermodal) and
international air transportation systems.

Recommendation 1-2. National Vision. The process of im-
proving the long-term performance of the air transportation
system—and organizing a corresponding long-term research
and technology program—should start with a unified, widely
endorsed, national vision that specifies goals in each key
area of interest to the commercial aviation community. The
vision should establish goals related to safety and security,
the capacity of the air transportation system, environmental
compatibility (noise and emissions), the satisfaction of con-
sumer needs, and industrial competitiveness. It should in-
clude a clear set of guiding principles and a strategy for over-
coming transitional issues.

Recommendation 1-3. Leadership. No single organization
has the responsibility and authority for developing a com-
prehensive solution to the challenges faced by the U.S. air
transportation system. Strong, focused leadership is needed.
Federal leadership should be exercised by an agency or of-
fice with (1) the responsibility, authority, and financial re-
sources necessary for defining air transportation system ar-
chitectures through a centralized planning function, (2) an
understanding of the interactions among system performance
parameters, demand, and economic factors, such as the meth-
ods used to fund federal activities in support of the air trans-
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portation system, and (3) the credibility and objectivity to
garner the active support of other air transportation stake-
holders in government, industry, and the general public. This
requires, among other things, a leadership group composed
of individuals with a broad aviation perspective and a will-
ingness to accept the risks of (1) looking ahead and (2) al-
lowing others to help define the future.

Finding 2-1. The Challenge. Developing meaningful and
useful operational concepts stemming from a broadly de-
fined vision of the air transportation system 25 to 50 years
hence is a critically important task in the process of improv-
ing the performance of the system.

Recommendation 2-1. Operational Concepts 2050. The
federal government, working with other stakeholders in the
air transportation system, should develop a coherent set of
operational concepts to support a vision for the air transpor-
tation system in 2050 to guide (1) long-term research and (2)
the evolution of and transition to a more advanced air traffic
management system. The set of operational concepts should
be continually, objectively, and rigorously evaluated (for
example, through comprehensive simulation and modeling)
and iterated to reflect feedback from stakeholders, conflicts
between alternative concepts, and the best understanding of
the future costs, benefits, and requirements that are likely to
evolve in response to changes in the real world, the current
state of technology and systems operations, and future ex-
pectations. Strong national leadership should coordinate the
efforts of all involved federal agencies and other stakehold-
ers in the air transportation system to build toward concepts
that best support the vision.

Recommendation 2-2. Enabling Technologies. Enabling
technologies applicable to a wide range of operational con-
cepts should be developed in parallel with development and
evaluation of long-term operational concepts so that the nec-
essary technologies will be ready for whichever operational
concept proves to be most beneficial. Technology areas of
particular interest include the following:1

• Automation technologies applicable to fully automated
systems; automated decision aids; and information sys-
tems for communication, visualization, situation assess-
ment, and the prediction of future conditions.

• Technologies that support distributed, collaborative de-
cision making and that foster coordination and interac-
tions among multiple human and automated elements
of the system.

• Methods and technologies for moderating and abating
the impact of noise and emissions locally, regionally,
and globally.

• Methods and technologies for predicting or directly
sensing the magnitude, duration, and location of wake
vortices and the potential to reduce separation standards
without compromising safety.

• Methods for identifying (1) the information required
for situation awareness when humans are assigned
novel (untried) tasks in future operational concepts and
(2) sensor, computing, and display technologies for
better supporting situation awareness, judgment, deci-
sion making, and planning. Relevant technologies in-
clude synthetic vision, cockpit and controller displays
for novel air traffic management functions, fast-time
simulation and computational functions for predicting
future conditions, and alerting. These methods and
technologies should be investigated for their potential
to (1) reduce separation standards without compromis-
ing safety and (2) enable changes in the roles of hu-
mans within the system.

• Systems-engineering methods that are (1) capable of
conceiving and analyzing systems of the complexity of
air transportation and (2) suitable for governing the
design, testing, and implementation of these systems.

• Avionics technologies that will provide ubiquitous and
transparent communication, navigation, and surveil-
lance capabilities; enable cost-effective, reliable air
traffic management; and contribute to the reduction of
separation standards without compromising safety.

Recommendation 2-3. Design of Complex Human-Inte-
grated Systems. The design of human-integrated systems—
that is, systems that rely on the combined activities of hu-
mans and machines—presents significant challenges at every
level, from the systems level (e.g. creating effective team-
work within operations involving many human operators and
automated system elements) to the detailed design level (e.g.,
developing operating procedures and system displays). Re-
search in the following areas is required to understand and
address these challenges:

• A broad, interdisciplinary approach that includes tech-
nology designers, users, and experts in human and or-
ganizational performance from the earliest stages of
conceptual design through final implementation to de-
velop technology that effectively supports human be-
havior and recognizes the need for concurrent design of
procedures, training, and technology.

• Geographically distributed activities, such as coordi-
nated decision making and planning, that are mediated
by computers and automated system elements.

• Human factors, human-automation interactions, and
functioning of teams of humans and automated system
elements.

1In this and other recommendations that list research areas, the bulleted
items are either listed alphabetically or grouped topically. The committee
did not prioritize research areas within each list, and bulleted items are not
listed by priority.
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• Specific impact of newly automated functions and
changes in human roles.

• System engineering methods for addressing organiza-
tional and systemwide issues.

Finding 2-2. Nontechnological Impediments to Success.
Technological research alone is insufficient to achieve the
future vision. Research is also needed to (1) better under-
stand the economic, environmental, political, institutional,
and managerial factors involved in achieving key goals, (2)
take advantage of synergies among these factors, and (3)
overcome related impediments.

Recommendation 2-4. Research Needs Beyond Technol-
ogy Development. The federal government should also sup-
port research to develop improved processes and methods in
the following nontechnology areas:

• Assessment of economic factors, such as taxes, fees,
and subsidies established by the government, that in-
fluence (1) the demand for and the supply of air trans-
portation services and (2) key decisions made by orga-
nizations and individuals involved in the provision and
use of the air transportation system.

• Modification of regulations, certification requirements,
and operating procedures.

• Prediction and resolution of conflicting objectives of
different stakeholders in the air transportation system.

• Understanding societal concerns about aircraft noise
and emissions.

Recommendation 3-1. Value of Modeling and Simulation.
Federal agencies involved in modeling and simulation of the
air transportation system should make complementary use
of field tests, laboratory tests, modeling, analysis, and simu-
lation to improve their ability to (1) measure systemwide
behavior of the air transportation system, (2) assess the per-
formance of proposed operational concepts, technologies,
and other changes, and (3) make informed investment deci-
sions that reduce the schedule, cost, and technical risk of
system improvements.

Recommendation 3-2. Management of System Models.
Federal agencies that support research in aviation system
models should improve their coordination, especially with
regard to the following:

• Ensuring that the federal investment for research and
development in aviation models focuses on key issues,
avoids unnecessary duplication, and encourages coop-
eration among developers.

• Encouraging participation of industry and academia in
modeling and simulation research and development rel-
evant to government needs.

• Establishing widely accepted criteria for the mainte-
nance and validation of models.

• Identifying models that are most important to govern-
ment policy decisions.

• Making those models more widely available to users
inside and outside government.

• Ensuring that modeling and simulation results are used
appropriately by decision makers involved in develop-
ing the future aviation system.

Recommendation 3-3. System Modeling Research. The
government and other interested parties should support ad-
ditional research in the following critical areas:

• Improving the interoperability of high-fidelity, detailed,
data-intensive, long-run-time models of the U.S. air
transportation system and the higher-level fast-time,
abstract models necessary to analyze overall system
performance under a variety of different assumptions
so that both types of models can be brought to bear on
relevant problems. (It may be feasible to develop mod-
els with adjustable resolution that can simplify vari-
ables for faster run time when those variables are criti-
cal to the analysis being performed.)

• Modeling and simulation methods suitable for safety
analysis, which inherently require a detailed level of
modeling that includes all the factors that contribute to
safety, including human performance and sociotech-
nical aspects of the system. (Additional fundamental
research and development is required before these
methods can enter widespread use. New approaches
should be pursued using systems theory as well as new
nontraditional chain-of-event models.)

• Modeling demand and demand allocation for air trans-
portation services, particularly as it relates to airline
schedule changes, including city-pairs, routes (includ-
ing altitudes and way points), time of day, and the es-
tablishment (or elimination) of hub airports. (Dynamic
interactions between changing or radically new opera-
tional concepts and technologies and user behavior, as
they relate to all modes of transportation and other fac-
tors external to the air transportation system, must be
better understood to ensure the right problems are be-
ing addressed.)

• Requirements, methods, and standards for validating
individual models and suites of models.

• Understanding how to connect models to form a suite
of system models that includes nonlinear dynamic in-
teractions and emergent properties.

• Understanding the role of humans in the aviation sys-
tem of the future and how to communicate this under-
standing in a convincing and supportable way. (Includ-
ing computational human performance models in
current simulations and using human-in-the-loop simu-
lations is critical.)

Finding 4-1. Advanced Aircraft Technology. Improve-
ments in aircraft performance are critical to achieving neces-
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sary improvements in almost every aspect of the overall per-
formance of the air transportation system. Innovative long-
range research leading to the implementation of new opera-
tional concepts is also required for the air transportation
system to take full advantage of gains in the performance of
commercial aircraft.

Recommendation 4-1. Aircraft Research and Technol-
ogy. To improve the performance of aircraft through 2025,
federal agencies should continue to support research leading
to evolutionary improvements in aircraft performance. Look-
ing out to 2050, however, research should support innova-
tive concepts aimed at major advances in performance. In
addition, agencies should continue to monitor research in
related emerging technologies, such as nanotechnologies,
and support research aimed at aircraft applications as emerg-
ing technologies mature. The areas listed below are prime
candidates for this kind of long-term research.

• Analytical tools, advanced technologies, and the fun-
damental science behind both, to reduce the need for
costly hardware testing and to more easily achieve
overall research goals (especially in emerging
technologies).

• Composite materials with improved qualities that
would increase their use in airplane structures and re-
duce aircraft weight.

• Environmental consequences of aircraft noise and
emissions locally, regionally, and globally, to better
understand those consequences and support the estab-
lishment of better informed priorities and goals for
noise and emissions reduction that (1) reflect the need
for integrated approaches (involving advances in air-
frames, engines, and operational procedures) to meet
environmental goals and (2) accurately account for the
tradeoffs among different environmental goals and dif-
ferent approaches to achieving those goals.

• Low emissions combustor technology, to (1) reduce
substantially emissions of NOx and particulate matter
at airports (to improve local and regional air quality)
and at cruise altitudes (to reduce global climate effects)
and (2) reduce emissions produced by engines with
high pressure ratios.

• Nanotechnology, to explore its long-range potential for
dramatically enhancing aircraft performance through
the development of advanced avionics (computing, sen-
sors, and active distributed controls) and high-perfor-
mance materials.

• Nontraditional aircraft configurations, including but not
limited to (1) the blended-wing-body and (2) the strut-
braced or joined wing, to improve aircraft productivity
and efficiency and reduce noise and emissions.

• Passive and active control of laminar and turbulent flow
on aircraft wings (laminar flow to increase cruise effi-
ciency and turbulent flow to increase lift during take-
off).

• Nontraditional power and propulsion concepts and
technologies, especially concepts and technologies that
support the use of alternative fuels, such as fuel cells
(which may have application as auxiliary power units
in the foreseeable future) and high-density storage of
hydrogen to improve the feasibility of using it as a pro-
pulsion fuel.

• High-temperature engine materials and advanced
turbomachinery, including (1) lower speed, highly
loaded, fan drive turbines and fan reduction gears; (2)
very large fan systems, which require advances in
manufacturing and material systems; (3) boundary
layer control on turbomachinery airfoils, to improve
component efficiency and packaging; (4) aspirated
turbomachinery components, which could greatly re-
duce noise and improve component efficiency; and (5)
other innovative concepts, such as interturbine burning
or volume cooling ahead of or in the compressor by
means of a mist of water or other coolant.

Recommendation 5-1. Process for Change. Establish air
transportation as a national priority with strong, focused
leadership. Air transportation system technology planning
and development should be done in the context of a process
driven by the needs of system users and the nation as a whole:

1. Implement a public/private process for change, as
follows:
• Designate a federal agency or office to provide strong

leadership in overcoming the challenges faced by the
U.S. air transportation system.

• Establish an interagency process for developing and
achieving a widely endorsed long-term vision of the air
transportation system that includes a clear set of guid-
ing principles and a strategy for overcoming transitional
issues.

• Document the process.
• Coordinate action and resolve disputes among stake-

holders in the aviation community with different con-
cerns and priorities (e.g., manufacturers and operators;
executives and employees; pilots, controllers, and pas-
sengers; local, federal, and state governments; regula-
tors; the military; and general aviation).

• Gather and analyze feedback on how well the process
is working from the perspective of all interested par-
ties, especially when conditions change, to identify
problems before serious incidents or disruptions occur
and to recognize new opportunities.

• Formally review the process and process outputs at
least every 4 years.

• Update the process.
2. The output of the process should include the following:

• A better understanding of future demand for air trans-
portation to make sure that changing trends will be de-
tected as soon as possible.
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• A unified long-term national vision endorsed and sup-
ported by the aeronautics community as a whole and
cognizant federal agencies.

• Broad public policies to support the vision.
• Long-term operational concepts to meet the vision and

to serve as a continuing resource for guiding change
and coordinating action by different parties.

• System architectures to realize the operational con-
cepts.

• An understanding of how the U.S. air transportation
system of the future will fit into the national
(intermodal) transportation system and international air
transportation system.

• Validated research and technology requirements.
• An implementation plan to achieve all of the above,

including a clear understanding of government and in-
dustry roles in developing precompetitive and noncom-
petitive aeronautical research and transitioning the re-
sults of civil and military government research to
commercial development.

3. A comprehensive suite of system models should be de-
veloped, validated, and maintained to support informed
decision making throughout the process. Models should
encompass the following:
• demand
• economics
• environmental effects
• existing and new technologies
• human performance
• interactions with other modes of transportation
• new operational concepts
• organizational factors
• security threats and preventive measures
• system engineering
• transition (from old to new technologies, systems, and

organizational structures)
4. A commitment should be made to support a stable long-

term research program to provide the knowledge, tools,
and technologies needed throughout the process. At a low
level, the research program should investigate innovative
research ideas that challenge accepted precepts.
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A

Statement of Task and Study Approach

PHASE 1 STATEMENT OF TASK. ASSESSING THE
VISION

Initially, the committee will assess the visions and goals
contained in the documents listed below as they pertain to
civil aviation in the United States.1

• National Aeronautics and Space Administration
(NASA), “Goals and Objectives for the Aerospace
Technology Enterprise,” 1997 (revised 2001), available
online at <www.aerospace.nasa.gov/goals/index.htm>

• National Science and Technology Council, National
Research and Development Plan for Aviation Safety,
Security, Efficiency, and Environmental Compatibility,
1999, available online at <www.volpe.dot.gov/infosrc/
strtplns/nstc/aviatrd/index.html>

• Federal Transportation Advisory Group, Vision 2050:
An Integrated Transportation System, 2001, available
online at <http://scitech.dot.gov/polplan/vision2050/
index.html>

• The related white paper “Next Generation Air Trans-
portation System,” Aerospace Transportation Advisory
Group, 2001, available from the Aeronautics and Space
Engineering Board

• NASA, Aeronautics Blueprint, 2002, available online at
<www.aerospace.nasa.gov/aero_blueprint/index.html>

The first document in the above list proposes key goals
for national civil aeronautics research covering both near-
and far-term applications, along with program initiatives in-
tended to achieve those goals. The second report recom-

mends a new national transportation vision, and the last three
identify current constraints and recommend research and
development investments to improve the air transportation
system over the next 25 years, respectively.

The committee’s assessment will identify compatibilities
and incompatibilities among the visions and goals described
in the above documents. The committee will also hold a
workshop to solicit inputs from the aeronautics community
regarding the extent to which advanced technology will be
able to achieve future goals and visions in the next 25 to 50
years. The committee’s assessment will also consider how
advanced technology can help civil aviation succeed in the
new threat and heightened security environment that exists
in the aftermath of the attacks of September 11, 2001. The
committee will refrain from creating a new vision.

Phase 1 will result in two reports. The first report will
contain the presentations of the workshop (with no findings
or recommendations). The workshop participants will be
asked to provide electronic copies of their presentations, and
the workshop report may be disseminated in the form of a
CD-ROM computer disk. No later than August 2002, the
committee will also issue a letter report summarizing its as-
sessment of future goals and visions for national civil avia-
tion. This report was requested by the White House Office of
Science and Technology Policy.

PHASE 2 STATEMENT OF TASK. ASSESSING KEY
TECHNOLOGIES

Phase 2 will assess technology goals for 2050. Specific
tasks are as follows:

• Identify the extent to which expected advances in key
technologies could achieve the aviation vision in 2025
and 2050.

• Identify key technological goals that will not be met by
1Given the long-term nature of this study, it did not assess near-term

plans for improving civil aviation, such as the Federal Aviation
Administration’s Operational Evolution Plan.
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continued evolution of existing technologies and pro-
grams.

• Identify critical research initiatives needed to reach key
goals.

• Determine if major changes in national aeronautical re-
search and development programs would make it easier
to achieve the key goals.

The committee’s third and final report, to be issued 26
months from study initiation, will summarize the results of
Phase 2, including findings and recommendations for
action.

The committee will not collect classified military infor-
mation. The committee will also avoid making findings or
recommendations in areas that are discussed in the source
documents for this study, but which are outside the scope of
this study. Out-of-scope topics include development of tech-
nology for building exoatmospheric flight vehicles; the or-
ganization and role of government agencies and advisory
groups; levels of government funding (the committee’s rec-
ommendations should focus on funding priorities rather than
any particular level of funding); methods of interaction
among government, industry, and academia; sources and use
of private capital; size of the required workforce; legal and

regulatory frameworks; and U.S. defense, social, foreign,
and economic policies. Satellite-based communications,
navigation, and surveillance systems are within the scope of
the study.

STUDY APPROACH

During Phase 1, as requested by the study sponsors, the
committee refrained from creating a detailed vision of its
own. Instead, the committee evaluated existing visions and
noted shortcomings that should be corrected in future
visions.

During Phase 2, the assessment of technology goals for
the year 2050 began with the four tasks outlined above. Upon
review and discussion—and with the support of the spon-
sors—the committee agreed to focus its efforts on three tech-
nology areas where research in the short term could lead to
substantial long-term improvements in key areas of the vi-
sion and goals:

• system modeling and simulation
• performance of the air transportation system
• aircraft performance
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B

Comparative Assessment of Goals and Visions

In response to the statement of task for Phase 1 of this
study, the Committee on Aeronautics Research and Tech-
nology for Vision 2050 assessed the future visions and goals
for U.S. civil aviation as expressed in five source documents
(see Appendix A). To gain additional insight into U.S. vi-
sions and goals, the committee also included in its assess-
ment a comparable vision for civil aeronautics in Europe,
European Aeronautics: A Vision for 2020—Meeting
Society’s Needs and Winning Global Leadership, which was
produced by the Group of Personalities and released in 2001
(available online at <http://europa.eu.int/comm/research/
growth/aeronautics2020/en/>).

NASA’S NEW GOALS

After the committee began its work, NASA adopted new
goals and objectives for its aeronautical research program.
These changes were part of a reformulation of NASA’s
agency-wide vision, mission, and objectives, which are now
as follows:

• NASA’s vision
—to improve life here
—to extend life to there
—to find life beyond

• The NASA mission
—to understand and protect our home planet
—to explore the universe and search for life
—to inspire the next generation of explorers

. . . as only NASA can
• Role of the Aerospace Technology Enterprise

—to pioneer and validate high-payoff technologies:
to improve the quality of life, to enable exploration
and discovery, and to extend the benefits of innova-
tion throughout our society

Based on the above, NASA’s Aerospace Technology
Enterprise established Aeronautics Technology Strategic
Theme Objectives, which are listed in the second column of
Table B-1. NASA’s old goals and objectives are listed in the
first column.

In making these changes, NASA has replaced time-
phased, quantitative goals (e.g., “double the aviation system
capacity within 10 years, and triple it within 25 years”) with
open-ended, qualitative goals (e.g., “enable more people and
goods to travel faster and farther, anywhere, anytime, with
fewer delays.”). For some technologies quantifiable goals
are difficult to define, and limiting research to areas with
easily quantifiable goals would reduce the scope of NASA’s
research to a subset of the overall problem. On the other
hand, quantifiable goals could be readily established in many
areas, and even as NASA moves away from quantitative re-
search goals, the report of the Commission on the Future of
the U.S. Aerospace Industry (2002) concludes that “the Ad-
ministration and Congress should adopt . . . aerospace
technology demonstration goals for 2010 as a national prior-
ity.” In the area of air transportation, the specific goals en-
dorsed by the Aerospace Commission are as follows:

• Demonstrate an automated and integrated air transpor-
tation capability that would triple capacity by 2025.

• Reduce aviation fatal accident rate by 90 percent.
• Reduce transit time between any two points on earth by

50 percent.
• Reduce aviation noise and emissions by 90 percent.

The first three goals are equivalent to NASA’s now obso-
lete 25-year goals for improving system capacity, safety, and
mobility. The emission goal does not specify what emissions
should be reduced. In any case, a 90 percent reduction is
more ambitious that NASA’s previous 25-year goals, which
were to reduce emissions of oxides of nitrogen (NOx) and
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carbon dioxide by 80 percent and 50 percent, respectively.
In order to serve as a reliable guide for research and policy
changes, goals for emissions should clearly state whether the
goals are for average emissions or “characteristic emission”
levels, which are about 15 percent higher than the level of
NOx measured during the landing-takeoff cycle specified by
the International Civil Aviation Organization. Goals should
also be established for cruise operations (to limit climate
effects) and landing and takeoff cycles (to limit effects on
local and regional air quality). Another possibility would be
to establish emissions goals that take into account the opera-
tional efficiencies of individual airlines, requiring them to
meet goals in terms of emissions per revenue-passenger-
mile, for example.

ASSESSING THE GOALS AND VISIONS

The committee identified compatibilities and incompat-
ibilities in the visions and goals above, as they relate to civil
aeronautics. The results are summarized in Table B-1 and
discussed below. Although the above documents encompass
a variety of time periods, starting as early as the late 1990s
and extending as far as 2050, the committee concluded that
all of the documents consistently emphasize three main
thrusts:

• safety and security
• capacity of the air transportation system
• environmental compatibility (noise and emissions)

The visions point to a comprehensive approach to safety
and security that includes both prevention of accidents and
incidents and mitigation of consequences (in terms of inju-
ries, damage to equipment, and disruption of the air trans-
portation system). Not unexpectedly, the most recent vi-
sions—NASA’s Aeronautics Blueprint and the current
agency goals and visions—place much more emphasis on
security than the visions created before September 11, 2001.
As funding for transportation security increases, the magni-
tude of related technology development efforts is also likely
to increase. As with the other major thrusts, long-term plans
for developing technology to improve security should be
based on a systematic approach that assesses the specific
problems that need to be addressed and targets technologies
accordingly. For example, security systems should be de-
signed to predict and adapt to future threats to ensure that we
are not in a constant state of preparing to “fight the last war.”
This requirement is not included in the current U.S. visions.

The visions point to the need for a similarly comprehen-
sive approach when it comes to the capacity of the air trans-
portation system. Research and technology efforts are called
for to realize improvements in four areas: (1) the perfor-
mance of each of the primary elements of the air transporta-
tion system: aircraft, air traffic management systems, and
airports; (2) the integration of the air transportation system

with other modes of transportation; (3) supporting systems
such as communications, navigation, and surveillance sys-
tems and weather observation and prediction systems; and
(4) the design and development processes used to create new
technologies and products.

Some of the documents quantify their goals for reducing
the noise of new aircraft. NASA’s Blueprint and the Euro-
pean aeronautics vision, however, specify the ultimate goal
in terms of operational impact: Aircraft noise should be re-
duced to the point where it is no longer a nuisance outside
airport boundaries and airports are freed from operational
restrictions related to noise. In terms of emissions, most of
the visions deal only with NOx and CO2. The National Re-
search and Development Plan takes a more open-ended
view—it covers all emissions that affect local air quality,
global climate, or atmospheric ozone. This broader view is
important to ensure that future aeronautics research ad-
equately considers both new understandings about the threat
of other emissions and the complex interrelationships among
various strategies for dealing with environmental problems.
For example, high-altitude emissions of water vapor may be
a particularly important environmental consideration for new
supersonic aircraft, and some approaches for reducing NOx
may increase emissions of particulates.

The European aeronautics vision includes two areas that
are not highlighted in any of the U.S. visions:

• quality and affordability of air transportation
• global primacy of the aeronautics industry

By including quality and affordability issues, the Euro-
pean vision acknowledges the importance of structuring re-
search and development programs so that they are focused
on providing air transportation services that users want to
buy and are able to afford. The original 1997 version of
NASA’s goals spoke of reducing the cost of air travel by 50
percent within 20 years. However, this goal fell into disfavor
with Congress, which seemed to view the meeting of cus-
tomer demands as an industry responsibility that was inap-
propriate as a topic of NASA research. Congress reduced
NASA’s aeronautics budget to eliminate research related to
this goal, so NASA eliminated the goal.

The European vision foresees the following future:

In 2020, European aeronautics is the world’s number one. Its
companies . . . are winning more than 50% shares of world
markets for aircraft, engines, and equipment. . . . The public
sector plays an invaluable role in this success story. . . . Cru-
cially, they are coordinating a highly effective European
framework for research cooperation, while funding
programmes that put the industry on more equal terms with
its main rivals (Group of Personalities, 2001).

The future of the U.S. air transportation system is not
necessarily tied to the future of the U.S. aeronautics manu-
facturing industry. Advanced aircraft and air traffic manage-
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ment systems could be procured from foreign suppliers if
U.S. manufacturers fail to remain competitive. However, the
supremacy of the U.S. aeronautics industry provides impor-
tant national security and economic benefits. A U.S. aero-
nautics vision and research program that does not explicitly
consider the importance of U.S. leadership in aeronautics
could make it easier for the Europeans to achieve their vi-
sion of global leadership and market dominance.

One of the ways that the European vision foresees achiev-
ing global primacy is through greater cooperation and har-
mony among various elements of the aeronautics commu-
nity throughout the European Union. Similarly, improved
coordination and cooperation in this country would benefit
the United States. Close cooperation is needed between
NASA and the Federal Aviation Administration (FAA), for
example, to establish requirements for NASA research that
are relevant to the air traffic management systems the FAA
is likely to procure in the future. The FAA’s ability to sup-
port long-term systems analysis and requirements definition
is limited, however, because so much effort is expended to
solve more immediate problems and keep the air transporta-
tion system operating.

Commercialization of technology only shows up in
NASA’s goals and objectives. This is an important goal for a
research agency like NASA, because the value of its aero-
nautics research is closely linked to its ability to transfer
research results to other organizations that are directly in-
volved in the development or production of aircraft, air traf-
fic management systems, and other aviation products.

Two of the visions include independence from foreign
sources of energy. The committee questions the wisdom of
giving much consideration to this goal when formulating a
national aeronautics research program because it does not

believe that freeing one segment of the economy, such as air
transportation, from foreign sources of energy would pro-
duce significant benefits if the economy as a whole remained
dependent on foreign energy. Before diverting significant
resources to research intended to free air transportation from
foreign energy, the federal government should conduct a
comprehensive, economy-wide assessment of various op-
tions for reducing U.S. dependence on foreign energy. Such
a study might well conclude that the optimum strategy for
reducing U.S. dependence on foreign energy should focus
on nonaviation uses of petroleum products. A large reduc-
tion in the demand for jet fuel would not greatly reduce over-
all demand for petroleum products. In 2000, jet fuel ac-
counted for less than 9 percent of U.S. consumption of
petroleum products (EIA, 2002). In addition, design require-
ments are more stringent for aircraft engines, especially in
terms of reliability and power density, than for virtually any
other large-scale user of petroleum. New types of engines
are unlikely to be adopted by the aviation industry unless
they are first proven in other applications.
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Biographies of Committee Members

RONALD R. FOGLEMAN is chairman and CEO, Durango
Aerospace. He retired in 1997 as the Chief of Staff of the
U.S. Air Force after 34 years of active duty. As a member of
the Joint Chiefs of Staff, he served as a key military advisor
to the Secretary of Defense, the National Security Council,
and the President of the United States. With extensive opera-
tional and flight experience, General Fogleman held many
senior command positions throughout his career, including
Commander in Chief of the U.S. Transportation Command
and Commander of the Air Mobility Command, in which he
managed the operation of a complex air transportation sys-
tem that interfaced with commercial airlines and the National
Airspace System. After retirement, General Fogleman be-
came president and COO of Durango Aerospace, Inc., an
aviation consulting firm. He has chaired an Air Force Re-
search Laboratory study on directed energy weapons for tac-
tical platforms and has served as a member of NASA’s Mars
Program Independent Assessment Team, the congression-
ally mandated Commission to Assess United States National
Security Space Management and Organization (the
Rumsfeld Commission), and the Defense Policy Board.

JACK CLEMONS is the senior vice president of Lockheed
Martin Transportation and Security Solutions in Rockville,
Maryland. Mr. Clemons began his career at General Electric
Corporation’s Reentry Systems Division in Valley Forge,
Pennsylvania. He worked on the NASA Apollo and Skylab
programs for the TRW Systems Group in Houston, Texas,
and on the NASA Space Shuttle program for IBM in Hous-
ton. Mr. Clemons joined Lockheed Martin’s Air Traffic
Management Company in 1992 as functional manager of
software development and was director of en route programs,
vice president for air traffic control engineering, and then
senior vice president of engineering, technology and opera-
tions before taking his current assignment. Mr. Clemons
graduated from the University of Florida with B.S. and M.S.

degrees in aerospace engineering. Mr. Clemons contributed
to the committee an industry perspective on the practical as-
pects of developing and fielding capacity, safety, and secu-
rity enhancements to the U.S. air traffic control system.

WILLIAM B. COTTON is president of Flight Safety Tech-
nologies, Inc. Throughout the aviation industry, Captain
Cotton is known as the “father of free flight,” the air traffic
management operating concept that is currently being devel-
oped and implemented to increase the safety, capacity, and
operating efficiency in the nation’s air traffic control sys-
tem. His career includes 33 years with United Airlines, dur-
ing which time he gained expertise in the areas of air traffic
control and cockpit operating systems. While working for
United, Captain Cotton held various positions, including
manager of air traffic and flights systems and chairman of
the board for Aeronautical Telecommunications Network
Systems, Inc. He has a B.S. in aeronautical and astronautical
engineering from the University of Illinois and an M.S. in
aeronautical and astronautical engineering from the Massa-
chusetts Institute of Technology.

EUGENE E. COVERT, NAE, is the T. Wilson Professor of
Aeronautics, emeritus, at the Massachusetts Institute of
Technology. His long and distinguished career in aerospace
has spanned over 40 years in academia and has included
additional stints as chief scientist of the U.S. Air Force, mem-
ber and chairman of the Air Force Scientific Advisory Board,
chairman of the Power and Propulsion panel of NATO’s
Advisory Group for Aerospace Research and Development,
director of the Wright Brothers Facility, member or chair of
numerous NRC study committees, and chairman of the
NRC’s Aeronautics and Space Engineering Board. Dr.
Covert’s experience provided an important perspective on
trends in aeronautical research and development, particularly
with regard to propulsion.
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WILLARD J. DODDS has expertise in propulsion emissions
technology and regulations. He is a consulting engineer for
aircraft engine environmental issues at GE Aircraft Engines,
one of two U.S. manufacturers of large jet engines. He is an
expert in all aspects of aircraft engine combustion system
design and development, including the design and develop-
ment of high-performance and low-emission combustion
systems. As such, he has an expert knowledge of engine
emissions abatement technology and relevant regulatory
considerations. He is currently chair of the International
Coordinating Council of Aerospace Industries Association’s
Aircraft Noise and Engine Emissions Committee. In that
capacity, he is the primary industry representative for inter-
actions with the International Civil Aviation Organization
on engine noise and emissions regulatory issues. Noise and
emissions are long-term problems facing aviation, and Mr.
Dodds helped the committee address this issue. He served
on one other NRC committee.

WILLIAM W. HOOVER is currently a consultant for avia-
tion, defense, and energy matters. He is the former executive
vice president of the Air Transport Association of America,
where he represented the interests of the U.S. major airlines
industry, particularly related to technical, safety, and secu-
rity issues. Prior to holding this position, he served as the
assistant secretary, Defense Programs, U.S. Department of
Energy, where he was responsible for the U.S. nuclear weap-
ons development program, including production, research,
testing, safety, and security. He is also a major general,
USAF (retired), and held positions of responsibility within
NATO, at the Pentagon with the Secretary of the Air Force,
and in Vietnam, where he commanded a combat air wing
and flew as a fighter pilot. General Hoover was a member or
chair of several other NRC study committees and currently
serves as chairman of the National Research Council’s Aero-
nautics and Space Engineering Board. He holds a B.S. in
engineering from the U.S. Naval Academy, an M.S. in aero-
nautical engineering from the Air Force Institute of Tech-
nology, and is a distinguished graduate of the National War
College.

S. MICHAEL HUDSON recently retired as vice chairman
of Rolls-Royce North America. After Allison Engine Com-
pany was acquired by Rolls-Royce, Mr. Hudson served as
president, chief executive officer, chief operating officer, and
a member of the board of directors of Allison Engine Com-
pany, Inc. Previously, during his tenure at Allison, he served
as executive vice president for engineering, chief engineer
for advanced technology engines, chief engineer for small
production engines, supervisor of the design for Model 250
engines, chief of preliminary design, and chief project engi-
neer in vehicular gas turbines. Mr. Hudson brings insight
into propulsion engineering issues, related business issues,
and the European perspective on aviation issues. Mr. Hudson
served on three other NRC committees.

NANCY G. LEVESON, NAE, received degrees in math-
ematics, management, and computer science from the Uni-
versity of California, Los Angles (Ph.D. in 1980) and subse-
quently worked as a computer science professor at the
University of California, Irvine. In 1993 she became the
Boeing Professor of Computer Science and Engineering at
the University of Washington. She is now at the Massachu-
setts Institute of Technology as a professor of aeronautics
and astronautics, where her primary interests lie in software
engineering and software and system safety. Dr. Leveson is
a member of the board of directors of the Computing Re-
search Association, a member of the Association for Com-
puting Machinery (ACM) Committee on Computers and
Public Policy, a consultant to the NASA Aerospace Safety
Advisory Panel, a fellow of the ACM, a former member of
the advisory committee of the NRC’s Division on Engineer-
ing and Physical Sciences, and a former member or chair of
numerous NRC study committees. She was awarded the
ACM 1999 Allen Newell Award for contributions to com-
puter science research and the 1995 AIAA Information Sys-
tems award. Dr. Leveson helped the committee address the
potential benefits and limitations of using advanced infor-
mation technology in aircraft and air transportation systems.

RICHARD MARCHI is currently senior vice president, tech-
nical and environmental affairs, for the Airports Council In-
ternational-North America (ACI-NA). He is responsible for
overall supervision, direction, and coordination of the staff
and activities of the ACI-NA Technical and Environmental
Affairs Department. The department provides staff support
to five ACI-NA committees: Technical Affairs, Environmen-
tal Affairs, Small Airports, Business Information Technolo-
gies, and Public Safety and Security. He is also responsible
for the development, coordination, and presentation of tech-
nical, security, telecommunications, and environmental poli-
cies for consideration by the ACI-NA board of directors, as
well as preparation of responses to governmental issues of
concern to airports, and for developing airport testimony on
technical matters. He is the association’s focal point repre-
sentative in preparations for International Civil Aviation
Organization (ICAO) technical and environmental matters
affecting member airports. Mr. Marchi is an active member
of several FAA advisory committees and task forces, includ-
ing the FAA Free Flight Select Committee, the FAA Re-
search, Engineering and Development Advisory Committee,
where he serves as chairman of the Airport Technology Re-
search Subcommittee, and the FAA New Large Aircraft Fa-
cilitation Group.

RICHARD R. PAUL is vice president, strategic develop-
ment, for the Boeing Company’s Phantom Works in Seattle.
The Phantom Works is Boeing’s research and development
organization; it is focused on technology development, pro-
cess improvement, and new product development. Mr. Paul
joined Boeing in October 2000 after 33 years with the U.S.
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Air Force. During his Air Force career, he served in two Air
Force laboratories and in his last assignment he served in a
dual-hatted position as the Air Force Technology Executive
Officer and commander of the Air Force Research Labora-
tory. Mr. Paul is a member of the NRC’s Air Force Science
and Technology Board and a former member of one other
NRC study committee. He contributed to this committee
expertise and experience from both the Department of De-
fense and industry.

AMY R. PRITCHETT is an associate professor in the School
of Industrial and Systems Engineering and a joint associate
professor in the School of Aerospace Engineering at the
Georgia Institute of Technology. Her research encompasses
cockpit design, including advanced decision aids; procedure
design as a mechanism to define and test the operation of
complex, multiagent systems such as air traffic control sys-
tems; and simulation of complex systems to assess changes
in emergent system behavior in response to implementation
of new information technology. Dr. Pritchett is the editor of
Simulation: Transactions of the Society for Modeling and
Simulation for the air traffic area; associate editor of the
AIAA Journal of Aerospace Computing, Information, and
Communication; technical program chair for the aerospace
technical group of the Human Factors and Ergonomics Soci-
ety; and co-chair of the 2004 International Conference in
Human-Computer Interaction in Aerospace (HCI-Aero). Dr.
Pritchett contributed to the committee’s investigation of sys-
tem modeling and automation.

ROBERT J. RAVERA established RJR Aviation, LLC, af-
ter retiring from the MITRE Corporation, where he served
as vice president for operations in the Center for Advanced
Aviation System Development (CAASD). Dr. Ravera now
consults on a broad range of aviation and transportation is-
sues, including air traffic control automation; communica-
tions, navigation, and surveillance; security; intelligent trans-
portation systems; and infrastructure. At MITRE, he had a
key role in overseeing CAASD’s work for the Federal Avia-
tion Administration and supported development of MITRE’s
international aviation program. Other work at MITRE in-
volved Dr. Ravera in modeling and simulation, navigation
and surveillance, and other aspects of air traffic control, all
of which contributed to the committee’s Phase 2 activities.

SANFORD REDERER is president of Aviation Planning &
Finance, a small consulting firm. He works as a consultant
on airline route and fleet planning, business strategy and
marketing programs, aircraft finance, and airport demand
management (methods for allocating scarce airfield and fa-
cilities access). Clients since 1990 have included airlines,
airports, government agencies, airframe and engine manu-
facturers, and financial institutions in the United States and
abroad. Before founding Aviation Planning & Finance, Mr.
Rederer was senior vice president-strategic planning at Trans

World Airlines, with responsibility for route and fleet plan-
ning, merger evaluation and planning, aircraft acquisition,
aircraft sales, and alliance development. He served on the
staff of the Civil Aeronautics Board in 1977-1980 in several
positions, including director of the Bureau of International
Aviation, in which position he helped negotiate significant
liberalization of the Bermuda 2 bilateral air services agree-
ment. Mr. Rederer earned an A.B. degree in economics from
Hamilton College and an M.A. in economics from the Uni-
versity of California, Berkeley, and is a veteran of the U.S.
Army. Mr. Rederer brings to the committee important expe-
rience in airline economics, planning, and management.

HERBERT H. RICHARDSON, NAE, is director of the
Texas Transportation Institute and associate vice chancellor
for engineering at the Texas A&M University system. He is
also Regents Professor and Distinguished Professor of Engi-
neering at the university. From 1991 to 1993 he was chan-
cellor of the Texas A&M University System. Before joining
Texas A&M in 1984, he was associate dean of engineering
at the Massachusetts Institute of Technology (MIT), where
he began his academic career in 1955. He was head of MIT’s
Mechanical Engineering Department from 1974 to 1982. On
leave from MIT, he was chief scientist for the U.S. Depart-
ment of Transportation from 1970 to 1972. He has served on
many NAE and NRC committees, including the Council of
the NAE and the NRC Governing Board. He chaired TRB’s
executive committee, the Committee for the Critique of the
Federal Research Program on Magnetic Levitation Systems,
and the Committee for a Study of the Railroad Tank Car
Design Process. He was co-chair of the Committee for the
Study of Geometric Design Standards for Highway Improve-
ments and vice chair of the Committee for a Review of the
National Automated Highway System Consortium Research
Program. Dr. Richardson earned a Ph.D. in mechanical engi-
neering from MIT and brings a broad transportation policy
and technology perspective to the committee.

RUSSELL D. SHAVER III is a senior policy analyst with
RAND. He has worked on a wide array of topics, including
transportation security and the future of the FAA and the
national airspace system. Dr. Shaver helped the committee
understand the strengths and weaknesses of existing models
as they relate to predicting the future performance of the
national airspace system.

DAVID D. WOODS is a professor in the Institute for Ergo-
nomics at the Ohio State University. He is an expert in cog-
nitive engineering, investigating problems such as human
error, how complex systems fail, how to make intelligent
systems team players, and automation surprises in applica-
tion areas such as space operations and automated flight
decks. He has received awards for research on integrated
pattern displays (Ely award for best paper in Human Factors,
1994), on cockpit automation (Laurel Award from Aviation
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Week and Space Technology in 1995), and on cognitive en-
gineering (the Kraft Innovators award from the Human Fac-
tors and Ergonomic Society in 2002). He is a former presi-
dent and fellow of the Human Factors and Ergonomic

Society and a fellow of the American Psychological Society
and the American Psychological Association. He served on
two other NRC committees. Dr. Woods’s expertise helped
the committee address automation issues.
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Propulsion Taxonomy:
Comments on Propulsion Fundamentals

The purpose of this taxonomy, which is a generalization
of Zwicky’s idea (Zwicky, 1959), is to suggest that there are
many unexplored ideas in the realm of aircraft propulsion.
As with any taxonomy, not all the ideas are fruitful. Some
can be immediately rejected as violating physical principles,
and other ideas may not be capable of developing a suitable
energy density. Nevertheless, a simplified taxonomy of air-
craft propulsion provides a means of sorting and defining a
large number of propulsion devices, some of which are in
use, some of which may be practical following an adequate
level of research, and some of which may never be practical.

Assuming an isentropic compression and expansion phase
of the cycle, the committee identified 10 fundamental cycles
that use fuel to provide thrust, shaft power, or electricity as
an output (see Table D-1). Nine of these are thermodynamic
in nature and the tenth converts fuel directly to electricity.
This is the fuel cell. Batteries have intentionally been omit-
ted because considerable development seems to be neces-

sary before this power source can be applied to the propul-
sion of common as opposed to niche airplanes.

Alternating-current electric motors are relatively heavy.
New magnetic materials provide lighter weight direct-
current motors. This may or may not be the most immediate
application of power from fuel cells. The heat added by a
resistance heater is confined to a thermal boundary layer,
which like all boundary layers is quite thin. Any attempt to
emulate volumetric heating requires a relatively dense dis-
tribution of resistive elements and thus a sizable pressure
drop. For this reason a fuel cell seems unlikely to be used to
power a resistance heater to replace the combustor in an
aircraft engine. However, the power from a fuel cell might
be used for a volumetric heating process using a plasma,
a laser, or a microwave breakdown process. If room-
temperature superconductivity becomes a reality, a rotating
electromagnetic wave in the nacelle could be used to sus-
pend and drive a fan. The power for this arrangement could
conceivably be derived from a fuel cell of the future.

The first column of a propulsion taxonomy (see Table
D-2) could be defined by 10 items, the 9 cycles given in
Table D-1 plus fuel cells. The second column would have
two items: continuous and intermittent. Thus,

Cycle Operation

  1    Isothermal-isothermal 1    Continuous
  2    Isothermal-isovolume 2    Intermittent
  3    Isothermal-isobaric
  4    Isovolume-isothermal
  5    Isovolume-isovolume
  6    Isovolume-isobaric
  7    Isobaric-isothermal
  8    Isobaric-isovolume
  9    Isobaric-isobaric
10    Fuel cell

TABLE D-1  Fundamental Thermodynamic Cycles
(nonregenerative)a

Heat Absorption Heat Rejection Comment

1 Isothermal Isothermal Carnot cycle
2 Isothermal Isovolume
3 Isothermal Isobaric
4 Isovolume Isothermal
5 Isovolume Isovolume Otto cycle
6 Isovolume Isobaric
7 Isobaric Isothermal
8 Isobaric Isovolume Diesel cycle
9 Isobaric Isobaric Brayton cycle

NOTE: The tenth fundamental source of power is a fuel cell, which con-
verts a fuel directly into electricity.

aCompression and expansion processes are assumed to be isentropic.
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Selecting one item from the first column and one from the
second column defines, in an elemental way, a family of 20
power plants. However, the continuous isothermal and
isovolume cycles can be immediately ruled out as physically
impossible because in the steady state the fluid is forced to
move uphill against the total pressure gradient. This leaves
12 potential power plants (10 intermittent and 2 continuous:
isobaric-isobaric and fuel cell). The next column of the tax-
onomy is pressurization:

Pressurization

1    Mechanical
2    Self-pressurized
3    Both

These three entries create a total of 36 options (30 inter-
mittent and 6 continuous). Consider next energy release pro-
cesses from fuel. The terms in parentheses are common
names for the processes.

Energy Release

1    Oxidation (combustion)
2    Electrochemical (fuel cell)
3    Photochemical (photosynthesis)
4    Photoelectric (solar cell)
5    Photodirect (laser/electromagnetic heating)
Etc.

Recombination of excited molecular and atomic states,
free radicals, and antimatter recombination are included in
the term “etc.” but are not further considered because of the
problems of storing the fuels. Nuclear energy release is ex-
cluded because of the weight of shielding material and ra-
dioactive hazards. With this exclusion, we now have five
more options, which creates a total of 180 possible devices.
Photochemical, photoelectric, and photodirect systems ar-

guably possess a low energy density and in all likelihood
will only find niche applications. Setting aside low-power-
density processes reduces the number of options to 72 (60
intermittent and 12 continuous).

Propulsion mechanism is the next area for consideration.

Propulsion

1    Propeller
2    Turbofan
3    Turbofan + afterburner
4    Turbojet
5    Ramjet
6    Rocket
7    Turbojet + afterburner
8    Pulse-jet (pulse detonation engine)

These eight items provide one intermittent propulsion op-
tion and seven continuous propulsion options, one of which
(the propeller) can also be used with intermittent cycles. This
results in 204 options (2 × 60 + 7 × 12), which is quite a large
number.

COMMENTS

Both the constant temperature and constant volume heat
absorption (or combustion) cycles are usually intermittent
(pulsed). Intermittent processes have the potential to operate
at higher temperatures and reasonable wall temperatures be-
cause the wall can be cooled during the part of the cycle
when no heat is applied. However, in practice some of this
heat is lost and reduces efficiency. Further, while intermit-
tent cycles have a high efficiency per pulse, the average effi-
ciency is lower because power is available only part of the
time.

The fuel cell could require a precompression of fuel de-
pending on the fuel storage mechanism. The fuel cell has the

TABLE D-2  Matrix Summary of Propulsion Taxonomy

Cyclea Operation Pressurization Energy release Propulsion

  1 Isothermal-isothermal 1  Continuous 1  Mechanical 1  Oxidation 1  Propeller
  2 Isothermal-isovolume 2  Intermittent 2  Self-pressurized     (combustion) 2  Turbofan
  3 Isothermal-isobaric 3  Both 2  Electrochemical 3  Turbofan and
  4 Isovolume-isothermal     (fuel cell)      afterburner
  5 Isovolume-isovolume 3  Photochemical 4  Turbojet
  6 Isovolume-isobaric     (photosynthesis) 5  Ramjet
  7 Isobaric-isothermal 4  Photoelectric 6  Rocket
  8 Isobaric-isovolume     (solar cell) 7  Turbojet and
  9 Isobaric-isobaric 5  Photodirect      afterburner
10 Fuel cell     (laser/electro- 8  Pulse-jet (pulse

    magnetic heating)     detonation engine)

aCycle name describes methods of heat absorption and heat rejection, respectively.
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potential to be isothermal and is thus quite attractive.
Coupled to a superconducting electric motor, it could have a
very high efficiency with low hydrocarbon emissions. The
water vapor emissions can be reduced to zero, though at
some expense in weight.

System weight and thermal efficiency are the fundamen-
tal system issues. The three curves in Figure D-1 show cycle
efficiency as a function of the ratio of the heat rejection tem-
perature (T2) to the heat absorption temperature (T1). The
Carnot cycle is clearly the most efficient, with the Otto cycle
second and the Brayton cycle the least efficient. The com-
parison is somewhat misleading, however, since efficiencies
for the Carnot and Otto cycles are per pulse and not the aver-
age over the cycle. Carnot and Otto cycle efficiencies are
somewhat lower in practice. An additional curve in Figure
D-1 shows the efficiency of the Otto cycle if power is pro-
duced during only half the cycle.

The isobaric cycles can be continuous or intermittent
since the pressure falls during combustion processes. Each
process has its limitations. For example, the efficiency of the
Brayton cycle is limited by material limits. That is, the com-
pressor exit temperature is limited by high temperature ma-
terial properties. Nevertheless, the continuous or open
Brayton cycle provides a high power density and a relatively
simple structure.

Relaxing the constraint on adiabatic compression and ex-
pansion (e.g., by using regeneration) almost doubles the
number of options. For example, it may be possible for heat

removed during compression to be added during expansion
in the turbine. With the exceptions described above, the cur-
rent state of the art for heat exchanger technology is based
on surface heat removal, not volume heat removal. The ther-
mal boundary layer is thin even in an axial flow compressor,
meaning the heat exchanger is likely to be heavy and create
additional pressure losses. Hence until a volumetric heat ex-
change process is invented, the regenerative part of a modi-
fied Brayton cycle seems impractical.

Also, a cooling system upstream of the compressor could
inject mist into the air stream. This would have two advan-
tages: The stream would be cooled by evaporation and the
total pressure would be increased. This is Ascher Shapiro’s
aerothermo compressor. It might even be possible to inject
the mist ahead of each compressor rotor and stator blade. In
principle the cooling could be adjusted such that the tem-
perature remains constant during compression. In practice, it
may be possible to increase the effective compressor effi-
ciency while reducing compressor outlet temperature by 50
to 150 °F. Another option would be to allow combustion in a
suitably designed turbine stage, so that heat could be added
in a more nearly isothermal fashion. This modified Brayton
cycle seems attractive enough to warrant further research.

In summary, there seem to be a large number of alterna-
tive propulsion schemes. However, at present few alterna-
tives seem to be practical; only a very few, including modi-
fied Brayton cycle engines, seem to warrant more than
passing attention.
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FIGURE D-1 Thermal efficiency of the Otto, Brayton, and Carnot
cycles.
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E

Four Levels of Models

This appendix provides an illustrative example of four
levels of models, running from specific to general, that could
be used to support modeling and analysis of the overall sys-
tem. The outputs of each lower-level model support the
higher-level models. An airport landing aide has been se-
lected as the subject of the lowest level model in this
example.

Level 1. Assessing the ability of a Local Area Augmenta-
tion System (LAAS) to support landings at a particular air-
port. Characteristic inputs to a Level 1 model of technolo-
gies would be LAAS signal structure, the impact of terrain
on signal propagation, and the capabilities of aircraft avion-
ics systems (including signal processing and inertial naviga-
tion systems). The model’s output would be aircraft position
accuracy vis-à-vis the runway and what this would mean for
landing the airplane in various weather conditions. Level 1
models can also support detailed analyses of human perfor-
mance through human-in-the-loop simulations or through
detailed agent-based simulations using computational human
performance models.

Level 2. Assessing airport landing and takeoff capacity in
various weather conditions. LAAS performance would be
just one input to this model. Other inputs would include the
sequencing of aircraft, how individual aircraft are outfitted,
and other automation aides—for example, the Center
TRACON Automation System (CTAS) and wake vortex
constraints (see Figure E-1). LAAS performance is intended
to increase overall airport landing capacity, but the ability to
do so is sensitive to runway configuration, the actual weather
conditions, aircraft equipage, controller workload, etc. The
output of this Level 2 model would characteristically be a set
of throughput numbers that are associated with different
weather states, although this would obscure the stochastic
nature of the model results (see Figure E-2). A Level 2 model
might also be used to predict airport congestion. The inputs
to such a model would include scheduled arrivals and depar-

tures as well as available taxiways and gates. Models of this
sort are often used to design and evaluate airport improve-
ments, including new runways and expanded passenger fa-
cilities. Figure E-3 shows an example of a model output be-
ing used to balance the availability of arrival gates against
runway capacity.1

Level 3. Assessing delays across the air transportation
system. Inputs include airline schedules (real and projected,
based on estimated future demand), airport capacities, air-
craft routes between city-pairs, and en route air traffic con-
trol sector capacities (see Figure 3-1). The outputs of these
models are typically average delays across the entire system,
the distribution of such delays by airport, and the mitigation
of delays as a function of various changes to the inputs (in-
cluding airport capacity). The actual model outputs are sto-
chastic, but the stochastic nature of these outputs is often
ignored. Other outputs, often ignored, include the delays
encountered at specific airports over the course of the day
(see Figure E-4). These “ignored” outputs are often impor-
tant because they help explain the character of the results
and the causes for the delays. However, delays at even a
single airport may be difficult to calculate; a systemwide
model is required to accurately predict traffic levels at an
individual airport over the course of a day.

Level 4. Assessing the impact of inadequate air transpor-
tation system capacity on the national economy. In contrast
to the above models, which were primarily simulations of
performance at different levels of detail, this model is prima-

1Airports are complicated systems, and efficient gate utilization is one of
the largest challenges airlines face during busy hours. Airlines and airports
use a variety of models (e.g., large-scale simulations like TAAM or special-
purpose gate assignment models with sophisticated artificial intelligence
programming) to judge capacity constraints. Similarly, the FAA and its
contractors use complicated models to judge runway throughput under a
variety of conditions.
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FIGURE E-1  Generic inputs for a model of airport capacity.
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FIGURE E-3  Influence of runway capacity and number of available gates on throughput at the 30 busiest airports in the United States in
visual meteorological conditions. Above the dashed line, landing rates are the primary constraint on airport throughput; below the line, gates
are the primary constraint.

rily analytic. It has as its inputs the elasticity of passenger
(and freight) demand to changes in both ticket price and con-
venience (essentially another cost to the passenger). Conve-
nience includes frequency of departures to the desired city,
the amount of time spent in the airport (which may be driven
by aircraft delays as well as security measures at the airport),
and the expectation that passengers will actually arrive at
their destination without significant delay. This latter con-

cern usually equates to whether a flight will be cancelled or
passengers will miss their connections at a hub airport. Also
included in such models is an expectation of how the airlines
will manage increased demand and the potential for alterna-
tive transportation modes that might supplant or complement
air travel. Figure E-5 provides an example of the output of
such models.
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FIGURE E-4  Impact of traffic growth on scheduling predictability at a major U.S. airport in visual meteorological conditions, based on a
comparison of scheduled arrival times versus computed arrival times for 1997 (real data) and 2010 (projected data, assuming traffic increases
2.3 percent per year). The large delays occurring in 2010 are not caused by this airport’s planned schedule. The planned arrival rate never
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FIGURE E-5  Economic losses caused by undercapacity at U.S. airports, assuming that improvements to the air transportation system occur
as scheduled.
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F

Acronyms and Abbreviations

BWB blended-wing-body

CO2 carbon dioxide
CTAS Center TRACON Automation System

dB decibel
DESIDE Discrete-Event Simulation Interactive Development Environment
DNL day-night average sound level
DPAT Detailed Policy Assessment Tool

EDMS Emissions and Dispersion Modeling System

FAA Federal Aviation Administration

IHPTET Integrated High Performance Turbine Engine Technology (program)
IMC instrument meteorological conditions

LAAS Local Area Augmentation System
L/D lift-to-drag ratio
LMI Net Logistics Management Institute network simulation model

MAGENTA Model for Assessing Global Exposure to Noise from Transport Aircraft
MEMS microelectromechanical systems
MTOW maximum takeoff weight

NAE National Academy of Engineering
NASA National Aeronautics and Space Administration
NASTRAN NASA Structural Analysis program
NOx oxides of nitrogen
NRC National Research Council

RTCA The name of a not-for-profit corporation.  (The name is no longer an acronym.)

SAGE System for assessing Aviation’s Global Emissions
SATS Small Aircraft Transportation System
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TAAM Total Airspace and Airport Modeler
TRACON Terminal Radar Control Facility

UAV uninhabited air vehicle

VMC visual meteorological conditions
VTOL vertical takeoff or landing

Securing the Future of U.S. Air Transportation: A System in Peril

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/10815

	FrontMatter
	Preface
	Acknowledgments
	Contents
	Tables and Figures
	Executive Summary
	1 Foundation for Change
	2 Improving the Air Transportation System
	3 System Modeling and Simulation
	4 Improving Aircraft Performance
	5 Process for Change
	Findings, Recommendations, and the Big Question
	Appendixes
	A Statement of Task and Study Approach
	B Comparative Assessment of Goals and Visions
	C Biographies of Committee Members
	D Propulsion Taxonomy: Comments on Propulsion Fundamentals
	E Four Levels of Models
	F Acronyms and Abbreviations

