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Preface

The U.S. air transportation system is vital to the economic well-being and security of the United
States. To support continued U.S. leadership in aviation, Congress and NASA requested that the National
Research Council undertake adecadal survey of civil aeronautics research and technology (R&T) priori-
tiesthat would help NASA fulfill itsresponsibility to preserve U.S. leadership in aeronautics technol ogy.
In 2006, the National Research Council published the Decadal Survey of Civil Aeronautics.! That report
presented a set of six strategic objectives for the next decade of aeronautics R& T, and it described 51
high-priority R& T challenges—characterized by five common themes—for both NASA and non-NASA
researchers.

The National Research Council produced the present report, which assesses NASA's Aeronautics
Research Program, in response to the National Aeronautics and Space Administration Authorization Act
of 2005 (Public Law 109-155). This report focuses on three sets of questions:

1. How well does NASA's research portfolio implement appropriate recommendations and address relevant
high-priority research and technology challengesidentified in the Decadal Survey of Civil Aeronautics? If gaps
are found, what steps should be taken by the federal government to eliminate them?

2. How well does NASA’s aeronautics research portfolio address the aeronautics research requirements of
NASA, particularly for robotic and human space exploration? How well does NASA's aeronautics research
portfolio address other federal government department/agency non-civil aeronautics research needs? If gaps are
found, what steps should be taken by NASA and/or other parts of the federal government to eliminate them?

3. Will the nation have a skilled research workforce and research facilities commensurate with the require-
mentsin (1) and (2) above? What critical improvements in workforce expertise and research facilities, if any,
should NASA and the nation make to achieve the goals of NASA's research program?

INational Research Council. 2006. Decadal Survey of Civil Aeronautics: Foundation for the Future. Washington, D.C.: The
National Academies Press. Available online at <http://www.nap.edu/catal og.php?record_id=11664>.

vii



Viil PREFACE

This report continues the good work begun by the Decadal Survey of Civil Aeronautics, and it

expands that work to consider in more depth NASA aeronautics research issues related to the space
program, non-civil applications, workforce, and facilities.

Carl Meade and Donald Richardson, Co-chairs
Committee for the Assessment of NASA's Aeronautics Research Program
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Summary

The United Statesis aleader in global aeronautics, and the National Aeronautics and Space Admin-
istration (NASA) has a critical role to play in preserving that position of leadership. NASA research
facilities and expertise support research by other parts of the federal government and industry, and the
results of research conducted and/or sponsored by NASA are embodied in key elements of the U.S. air
transportation system, military aviation, and the space program. Maintaining a position of leadership in
any field requires staying ahead of the competition by being the first to recognize and bridge each new
gap into the future. Thisis generally a challenging task; were it not so, others would have overtaken the
leader to set afaster pace. NASA aeronautics research can maintain aleadership position and carry on
thistradition as long as its research is properly prioritized and research tasks are executed with enough
depth and vigor to produce meaningful resultsin atimely fashion.

The National Research Council’s (NRC's) Decadal Survey of Civil Aeronautics: Foundation for
the Future (NRC, 2006) presents a set of six strategic objectives that the next decade of research
and technology (R&T) should strive to achieve. It also describes the 51 highest-priority R& T chal-
lenges—characterized by five common themes—and an analysis of key barriers that must be overcome
to reach the strategic objectives. Following the release of the Decadal Survey of Civil Aeronautics, the
National Science and Technology Council (NSTC) released the National Aeronautics Research and
Development Policy (NSTC, 2006). It then released the National Plan for Aeronautics Research and
Development and Related Infrastructure a year later (NSTC, 2007). Although the Decadal Survey of
Civil Aeronautics predated the National Policy and the National Plan, the strategic objectives defined
in the Decadal Survey are closely aligned with the seven principles embodied in the NSTC documents
(see Table S-1), and the ranking of the 51 highest-priority R& T challenges from the Decadal Survey of
Civil Aeronautics remains valid.

NASA's aeronautics research is managed by the Aeronautics Research Mission Directorate (ARMD).
The findings and recommendations in this report are based on a careful examination of NASA’s research
plans, the content of the Decadal Survey of Civil Aeronautics, the National Aeronautics Research and
Devel opment Policy, the National Plan for Aeronautics Research and Development and Related I nfrastruc-
ture, and additional information regarding aeronautics research that NASA is or should be conducting to

1



2 NASA AERONAUTICS RESEARCH—AN ASSESSMENT

TABLE S-1 Comparison of the Strategic Objectives from the Decadal Survey of Civil Aeronautics with
the Principles from the National Aeronautics Research and Development Policy and the National Plan for
Aeronautics Research and Development and Related Infrastructure

Strategic Objectives: Decadal Survey? Principles: National Policy® and National Plan¢

e Increase capacity. e Mobility through the air is vital to economic stability, growth, and security
as a nation.

o. Improve safety and reliability. e Aviation safety is paramount.

e Increase efficiency and performance. e Assuring energy availability and efficiency is central to the growth of the
aeronautics enterprise.

e Reduce energy consumption and e The environment must be protected while sustaining growth in air
environmental impact. transportation.
e Take advantage of synergies with e Auviation is vital to national security and homeland defense.

national and homeland security.

Security of and within the aeronautics enterprise must be maintained.
e Support the space program.

e The United States should continue to possess, rely on, and develop its
world-class aeronautics workforce.

aNRC (2006), p. 1.
bNSTC (2006), pp. 7-8.
°NSTC (2007), pp. 1-2.

support NASA space programs and other outside organizations, such the Federal Aviation Administration
and the Department of Defense.

RESOURCESVERSUS SCOPE OF RESEARCH

NASA supports a great deal of worthwhile research. However, NASA must determine how to
respond to a vast array of worthwhile research possibilities within the constraints of budget, facilities,
workforce composition, and federal policies. The Decadal Survey of Civil Aeronautics (NRC, 2006)
recommended that NASA use the 51 highest-priority R& T challenges in the Decadal Survey as the
foundation for the future of NASA’s civil aeronautics research program during the next decade. However,
the Decadal SQurvey was designed to identify highest-priority R& T challenges without considering the
cost or affordability of meeting the challenges.! As a result, even though the NASA aeronautics pro-
gram has the technical ability to address each of the highest-priority R& T challenges from the Decadal
Survey individually (through in-house research and/or partnershipswith external research organizations),
ARMD would require a substantial budget increase to address all of the challenges in a thorough and
comprehensive manner.

In addition to resource limitations, NASA'’s aeronautics research program faces many other con-
straints (in terms of the existing set of NASA centers, limitations on the ability to transfer staff positions

10ther decadal surveys that the NRC routinely produces for NASA in the space sciences consider budgetary factors in for-
mulating their findings and recommendations, and it may be worthwhile to follow that model in future decadal surveys for
aeronautics research.
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among centers, and limitations on the ability to compete with the private sector in terms of financia
compensation in some critical fields), and attempting to address too many research objectives will
severely limit the ability to develop new core competencies and unique capabilities that may be vita
to the future of U.S. aeronautics.

Recommendation. The NASA Aeronautics Research Mission Directorate should ensure that itsresearch
program substantively advances the state of the art and makes a significant difference in atime frame of
interest to users of the research results by (1) making a concerted effort to identify the potential users
of ongoing research and how that research relates to those needs and (2) prioritizing potential research
opportunities according to an accepted set of metrics. In addition, absent a substantial increase in
funding and/or a substantial reduction in other constraints that NASA faces in conducting aeronautics
research (such as facilities, workforce composition, and federal policies), NASA, in consultation with
the aeronautics research community and others as appropriate, should redefine the scope and priorities
within the aeronautics research program to be consistent with available resources and the priorities
identified in (2) above (even if al 51 highest-priority R& T challenges from the Decadal Survey of Civil
Aeronautics are not addressed simultaneously). This would improve the value of the research that the
aeronautics program is able to perform, and it would make resources available to facilitate the devel op-
ment of new core competencies and unique capabilities that may be essential to the nation and to the
NASA aeronautics program of the future.

USER CONNECTIONS

NASA civil aeronautics research will provide value to its stakeholders if and only if the results are
ultimately transferred to industry, to the Federal Aviation Administration, and to the other organizations
that manufacture, own, and operate key elements of the air transportation system. A closer connection
between the managers of NASA aeronautics research projects and some potential users of NASA research
would ensure that the need to transfer research resultsto usersis properly considered in project planning
and execution, and it would facilitate the formation of acoordinated set of research goals and milestones
that are timed to meet the future needs of the nation. In addition, for technology intended to enhance the
competitiveness of U.S. industry, U.S. leadership would be enhanced by a technology-transfer process
that does not necessarily include the immediate, public dissemination of results to potential foreign
competitors, so that the U.S. industrial base has a head start in absorbing the fruits of this research.

Recommendation. The NASA Aeronautics Research Mission Directorate should bridge the gap between
research and application—and thereby increase the likelihood that this research will be of value to the
intended users—as follows:

» Foster closer connections between NASA principal investigators and the potential external and
internal users of their research, which include U.S. industry, the Federal Aviation Administration,
the Department of Defense, academia, and the NASA space program.

» Improve research planning to ensure that the results are likely to be available in time to meet the
future needs of the nation.

» Consistently articulate during the course of project planning and execution how research results
aretied to capability improvements and how results will be transferred to users.

e For technology intended to enhance the competitiveness of U.S. industry, establish a more
direct link between NASA and U.S. industry to provide for technology transfer in a way that
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does not necessarily include the immediate, public dissemination of results to potential foreign
competitors.

As part of the effort to implement this recommendation, NASA should ensure that the Next Generation
Air Transportation System (NGATS/NextGen) Air Traffic Management (ATM)-Airportal Project and
the NGATS ATM-Airspace Project meet the research and development (R&D) needs defined by the
NextGen Joint Planning and Development Office (JPDO) for NASA .2

RESEARCH PLANNING AND ORGANIZATION

NASA's aeronautics research portfolio includes 10 projects, which are organized into three
programs:

» Fundamental Aeronautics Program
— Subsonic Fixed Wing (SFW) Project
— Subsonic Rotary Wing (SRW) Project
— Supersonics Project
—Hypersonics Project
» Airspace Systems Program
—NGATS ATM-Airportal Project
—NGATS ATM-Airspace Project
» Aviation Safety Program
—Integrated Vehicle Health Management (IVHM) Project
—Integrated Intelligent Flight Deck (11FD) Project
—Integrated Resilient Aircraft Control (IRAC) Project
—Aircraft Aging and Durability Project

In addition, ARMD manages the Aeronautics Test Program, which is intended to preserve key
aeronautics testing capabilities.

NASA has devel oped areference document for each of its 10 aeronautics research projectsto define
the rationale, scope, and detailed content of acomprehensive research effort to address each project area.
NASA, however, does not consider these reference documents to be completed research plans, and in
some cases they are difficult to correlate to the manner in which the projects are being implemented.

Recommendation. As reference documents and project plans are revised and updated, NASA should
continue to improve the correlation between (1) the reference documents that describe project rationale
and scope and (2) the project plans and actual implementation of each project.

MEETING THE CHALLENGES

The basic planning documents for most of NASA’s research projects were prepared before the
Decadal Survey was published in 2006, and the NASA research portfolio, as a whole, does not seem
to have changed course in response to the Decadal Survey. Thus, the content of the Decadal Survey of

2The Next Generation Air Transportation System is now most commonly abbreviated as NextGen, but the titles of NASA's
related research projects still feature the old acronym, NGATS.
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TABLE S-2 Summary of How Well NASA’s Aeronautics Research Supports the 51 Highest-Priority Research
and Technology (R&T) Challenges from the Decadal Survey of Civil Aeronautics

Yellow = minor shortcomings
Black = major shortcomings
¢ White = not relevant

Titles of R&T Challenges
(Some are abbreviated; see Table 1-1 for full titles.)

S
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ARMD --> |Fundamental Airspace Aviation Grade Summary
Programs _|Aeronautics Program Sys. Prog. |Safety Program by Challenge

R&T Challenges in the Aerodynamics and A

eroacoustics Area

AL

Al. Novel propulsion-airframe integration

A2. Transition, boundary layer, and separation control

A3. High performance and/or flexible multi-mission aircraft

Ada. Reduce aircraft and rotor noise

A4b. Prediction of performance of complex 3D configurations

A6. Aerodynamics robust to atmospheric disturbances

A7a. Leverage advantages of formation flying

A7b. Wake vortex prediction, detection, and mitigation

A9. V/ISTOL and ESTOL, including adequate control power

A10. Reducing/mitigating sonic boom (novel aircraft shaping)

JA11. Robust and efficient multidisciplinary design tools

R&T Challenges in the Propulsion and Power Area

|B1a. Quiet propulsion systems

B2. Ultraclean gas turbine combustors

B3. Intelligent engines and mechanical power systems

B4. Improved propulsion system fuel economy

B5. Propulsion systems for short takeoff and vertical lift

B6a. Variable-cycle engines to expand the operating envelope

B6b. Integrated power and thermal management systems

B8. Propulsion systems for supersonic flight

B9. Advanced aircraft electric power systems

B10. Combined-cycle hypersonic propulsion systems

R&T Challenges in the Materials and Struct

ures Area

C8

C1. Integrated vehicle health management

C2. Adaptive materials and morphing structures

C3. Multidisciplinary analysis, design, and optimization

C4. Next-generation polymers and composites

C5. Noise prediction and suppression

Cé6a. Innovative high-temperature metals and environmental coatings

C6b. Innovative load suppression, and vibration and stability control

C8. Structural innovations for high-speed rotorcraft

C9

C9. High-temperature ceramics and coatings

C10

C10. Multifunctional materials

R&T Chall

D1
D2

D4
D5
D6
D7
D8
D9
D10 ]

. Advanced guidance systems

. Distributed decision making and flight path planning

. Aerodynamics and vehicle dynamics via closed-loop flow control

. Intelligent and adaptive flight control techniques

. Fault tolerant and integrated vehicle health management systems

. Improved onboard weather systems and tools

R&T Chall
Communications Area

enges in the Intelligent and Autonomous Systems

. Advanced communication, navigation, and surveillance technology

. Human-machine integration

. Synthetic and enhanced vision systems

D10. Safe operation of unmanned air vehicles in the national airspace

, Operations and Decision Making, Human Integrated Systems, Networking and

Totals for All 51 R&T Challenges from the Decadal Survey

El H 3 E1. Design and evaluate complex interactive systems

E2 . Separating, spacing, and sequencing aircraft

E3 . Roles of humans and automated systems for separation assurance
E4 . Sensors, etc. to predict and measure wake turbulence

E5 . Information sharing among human and machine agents

E6 . Vulnerability analysis in the design of the air transportation system
E7 . Adaptive ATM techniques to minimize the impact of weather

E8a E8a. Transparent and collaborative decision support systems

E8b 1 E8b. Operational and maintenance data to assess safety

E8c E8c. Human operators in effective task and attention management

#Work on R&T Challenge A6 related to subsonic fixed wing|
aircraft is being done by the NASA Office of Safety|
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Civil Aeronautics seems not to have been a significant factor in the selection of the research portfolio
being pursued by many of ARMD’s research projects. In any case, asillustrated in Table S-2, NASA
isdoing a mixed job in responding to the 51 highest-priority R& T challenges in the Decadal Survey of
Civil Aeronautics. A summary follows.

There are no significant shortcomings in NASA's efforts to address four R& T challenges:3

* Ada. Aerodynamic designs and flow-control schemes to reduce aircraft and rotor noise
» B10. Combined-cycle hypersonic propulsion systems with mode transition

» D9. Synthetic and enhanced vision systems

» E8a. Transparent and collaborative decision support systems

Eight R& T challenges were uniformly evaluated as demonstrating minor shortcomings that could
be corrected within the context of existing project plans:

* A10. Reducing/mitigating sonic boom (novel aircraft shaping)

e B2. Ultraclean gas turbine combustors

» B6a. Variable-cycle engines to expand the operating envelope

e (8. Structural innovations for high-speed rotorcraft

» (9. High-temperature ceramics and coatings

» E2. Separating, spacing, and sequencing aircraft

» E3. Roles of humans and automated systems for separation assurance
» E7. Adaptive ATM techniques to minimize the impact of weather

The committee verified NASA's own assessment that NASA is not supporting four R&T
challenges:

» A7a Aerodynamic configurations to leverage advantages of formation flying

B9. High-reliahility, high-performance, and high-power-density aircraft electric power systems
D7. Advanced communication, navigation, and surveillance technology

D10. Safe operation of unmanned air vehicles in the national airspace

The committee also determined that NASA is not substantively addressing three additional R& T
challenges:

e B6bh. Integrated power and thermal management systems

e B8. Propulsion systems for supersonic flight

» E4. Affordable new sensors, system technologies, and procedures to improve the prediction and
measurement of wake turbulence

For the 32 other R& T challenges, NASA is effectively addressing some areas, but not others, and
the overall assessment of these challenges is best described as “mixed.” As shown in Table S-2, the
committee assigned the following color-coded grades: atotal of 149 green, yellow, or black grades—25
percent green, 39 percent yellow, and 36 percent black. Green means that a given project substantially

3The numbering of the challenges here and in Table S-2 is in accordance with the numbering scheme in the Decadal Survey
of Civil Aeronautics (NRC, 2006).
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meets relevant aspects of the intent of a particular R& T challenge and that the project will substantively
advance the state of the art, with no significant shortcomings. Yellow means that a project has minor
shortcomingsin terms of its ability to support a given challenge, and those shortcomings are recoverable
within the current overall project concept. Black meansthat a project has major shortcomings that would
be difficult to recover from within the current overall project concept. White (or blank) means that the
R&T challenge is not relevant to the project. The overall assessment for each challenge isindicated in
the three columnslabeled “ Grade Summary by Challenge,” which summarize the number of color-coded
grades assigned to each challenge.

In afew cases, yellow or black grades indicate that NASA research plans are poorly conceived and
that the resulting research will likely be ineffective. In most cases, however, yellow or black grades
reflect inconsistencies between NASA project plans and the Decadal Survey. These inconsistencies are
generally the result of NASA choosing to do little or no work in a particular task area and/or selecting
research goals that fall short of advancing the state of the art far enough and with enough urgency either
to make a substantial difference in meeting individual R& T challenges or the larger goal of achieving
the strategic objectives of the Decadal Survey of Civil Aeronautics. However, as noted above, NASA
does not have the resources necessary to address all 51 R& T challenges simultaneoudly in a thorough
and comprehensive manner, and so it isinevitable that the project plans, asawhole, do not fully address
all the priorities of the Decadal Survey.

NASA should respond to the shortcomings that are summarized in Table S-2 by implementing the
recommendations in the preceding sections of this Summary.

WORKFORCE

There are—among NASA, the academic community, and the civilian aerospace industry—enough
skilled research personnel to adequately support the current aeronautics research programs at NASA
and nationwide, at least for the next decade or so. NASA may experience some localized problems at
some centers, but the requisiteintellectual capacity exists at other centers and/or in organizations outside
NASA. Thus, NASA should be ableto achieveits research goals, for example, by using NASA Research
Announcements or other procurement mechanisms; through the use of higher, locally competitive sala-
ries in selected disciplines at some centers; and/or by creating a virtual workforce that integrates staff
from multiple centers with the skills necessary to address a particular research task. The content of the
NASA aeronautics program, which hasalarge portfolio of tool devel opment but little or no opportunities
for flight tests, may in some cases hamper the ability to recruit new staff as compared with the space
exploration program. In addition, there will likely be increased requirements for specialized or new
skill sets. Workforce problems and inefficiencies can also arise from fluctuations in national aerospace
engineering employment and from uneven funding in particular areas of endeavor.

Recommendation. To ensure that the NASA aeronautics program has and will continue to have an
adequate supply of trained employees, the Aeronautics Research Mission Directorate should develop a
vision describing the role of its research staff as well as a comprehensive, centralized strategic plan for
workforce integration and implementation specific to ARMD. The plan should be based on an ARMD-
wide survey of staffing requirements by skill level, coupled with an availability analysis of NASA civil
servants available to support the NASA aeronautics program. The plan should identify specific gaps and
the time frame in which they should be addressed. It should aso define the role of NASA civil servant
researchers vis-a-vis external researchers in terms of the following:
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» Defining, achieving, and maintaining an appropriate bal ance between in-house research and exter-
nal research (by academiaand industry) in each project and task, recognizing that the appropriate
balance will not be the same in all aress.

» Maintaining core competencies in areas consistent with (1) the highest-priority R& T challenges
from the Decadal Survey of Civil Aeronautics and (2) NASA's role in the National Aeronautics
Research and Development Policy and the National Plan for Aeronautics Research and Develop-
ment and Related Infrastructure.

» Supporting the continuing education, training, and retention of necessary expertise in the NASA
civil servant workforce and, as appropriate, determining how to encourage and support the educa-
tion of the future aeronautics workforce in general.

» Developing, integrating, and applying foundational technology to meet NASA's internal require-
ments for aeronautics research.

» Defining and addressing issues related to research involving multidisciplinary capabilities and
system design (i.e., research at Levels 3 and 4, respectively, as defined by ARMD).

» Ensuring that research projects continue to make progress when NASA works with outside orga-
nizations to obtain some of the requisite expertise (when that expertiseis not resident in NASA's
civil servant workforce).

NASA should usethe National Research Council report Building a Better NASA Wor kforce (NRC, 2007)
as a starting point in developing a comprehensive ARMD workforce plan.

FACILITIES

NASA has a unique set of aeronautics research facilities that provide key support to NASA, other
federal departments and agencies, and industry. With very few exceptions, these facilities meet the rel -
evant needs of existing aeronautics research. NASA also has a dedicated effort for sustaining large, key
facilities and for shutting down low-priority facilities. However, some small facilities (particularly in
the supersonic regime) are just as important and may warrant more support than they currently receive.
In addition, at the current investment rate, widespread facility degradation will inevitably impact the
ability of ARMD projects and other important national aeronautics research and development to achieve
their goals.

Recommendation. Absent a substantial increase in facility maintenance and investment funds, NASA
should reduce the impact of facility shortcomings by continuing to assess facilities and mothball or
decommission facilities of lesser importance so that the most important facilities can be properly
sustained.
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I ntroduction

This report, which assesses aeronautics research conducted by the National Aeronautics and Space
Administration (NASA), was prepared in response to the National Aeronautics and Space Administration
Authorization Act of 2005 (Public Law 109-155), which directed NASA to enter into an arrangement
with the National Research Council (NRC) for an assessment of aeronautics research. The specific pur-
pose of thisreport is, inlarge part, to assess how well NASA’s aeronautics research program is addressing
the challenges and implementing the recommendations from the Decadal Survey of Civil Aeronautics
(NRC, 2006). It is focused on answering three key questions from the statement of task:!

1. How well does NASA's research portfolio implement appropriate recommendations and address rel evant
highest-priority research and technology (R& T) challengesidentified in the NRC Decadal Survey of Civil Aero-
nautics? If gaps are found, what steps should be taken by the federal government to eliminate them?

2. How well does NASA’s aeronautics research portfolio address the aeronautics research requirements of
NASA, particularly for robotic and human space exploration? How well does NASA'’s aeronautics research
portfolio address other federal government department/agency non-civil aeronautics research needs? If gaps are
found, what steps should be taken by NASA and/or other parts of the federal government to eliminate them?
In order to answer this question the committee will identify and prioritize requirements for such research that
fall within the scope of NASA's Aeronautics Research Program. To assist in the identification of such research
requirements, NASA will provide the NRC with alist of its current research activities that contribute to these
areas no later than March 12, 2007. It islikely that much of thisresearch will be “dual use” or even “triple use,”
meaning that the research may provide benefit to the civil aeronautics community, and/or the space exploration
community, and/or departments and agencies with non-civil aeronautics research needs.

3. Will the nation have a skilled research workforce and research facilities commensurate with the require-
mentsin (1) and (2) above? What critical improvements in workforce expertise and research facilities, if any,
should NASA and the nation make to achieve the goals of NASA's research program?

In answering the above questions, the committee that produced this report considered informa-
tion contained in the National Aeronautics Research and Development Policy (NSTC, 2006), which
was not available when the Decadal Survey of Civil Aeronautics was published. To alesser extent, the

1The complete statement of task appears in Appendix A.
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committee also considered information contained in the National Plan for Aeronautics Research and
Development and Related Infrastructure (NSTC, 2007), which was released as this report was being
finalized. As described below, this study considers how the principles contained in the National Policy
and the National Plan might affect the ranking of R& T challenges in the Decadal Survey. However, it
was beyond the scope of this study to validate the substance of the challenges contained in the Decadal
Survey or to consider other R& T challenges not contained in that report, except in response to questions
2 and 3, above. Neither did this study attempt to assess the effectiveness of the management structure of
the Aeronautics Research Mission Directorate (ARMD) or the current organization of ARMD research
into various projects and programs, as described below.

OVERVIEW OF THE DECADAL SURVEY OF CIVIL AERONAUTICS

The Decadal Survey of Civil Aeronautics (NRC, 2006) presents a set of strategic objectives that the
next decade of research and technology development should strive to achieve. It also provides a set of
the highest-priority R& T challenges—characterized by five common themes—and an analysis of key
barriers that must be overcome to reach the strategic objectives. The purpose of the Decadal Survey is
to develop afoundation for the future—a decadal strategy for the federal government’s involvement in
civil aeronautics, with a particular emphasis on NASA's research portfalio.

The Decadal Survey of Civil Aeronautics also includes guidance on how federal resources allocated
for aeronautics research should be distributed between in-house and external organizations, how aero-
nautics research can take advantage of advances in crosscutting technology funded by federal agencies
and private industry, and how far along the development and technology readiness path federal agencies
should advance key aeronauticstechnologies. It also provides aset of overall findings and recommenda-
tions to provide a cumulative, integrated view of civil aeronautics R& T challenges and priorities.

The Decadal Survey focuses on five areas that encompass the R& T of greatest relevance to civil
aeronautics:

» AreaA: Aerodynamics and aeroacoustics.

e AreaB: Propulsion and power.

* AreaC: Materias and structures.

» AreaD: Dynamics, navigation, and control, and avionics.

» AreaE: Intelligent and autonomous systems, operations and decision making, human integrated
systems, and networking and communications.

The Decadal Survey then identifies and prioritizes within each areaa set of key R& T challenges accord-
ing to their ability to accomplish strategic objectives for U.S. aeronautics research. At the time the
study was conducted, the federal government had yet to define what those strategic objectives should
be. Therefore, in order to conduct the ranking, the authors of the Decadal Survey identified and defined
Six strategic objectives that, in their estimation, should mativate and guide the next decade of civil
aeronautics research in the United States, pending the release of a national research and development
(R&D) plan for aeronautics.2 The six strategic objectives from the Decadal Survey of Civil Aeronautics
are as follows (NRC, 2006, p. 1):

2In the same way, the research plans for the Next Generation Air Transportation System (NGATS) Air Traffic Management
(ATM)-Airportal and ATM-Airspace Projects were prepared before the Next Generation Air Transportation System Joint
Planning and Development Office (JPDO) had formally established R& D requirements. As aresult the Airportal and Airspace
Projects are a good-faith effort to meet expected JPDO requirements in both content and timing, pending release of an R&D
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* Increase capacity.

» Improve safety and reliability.

* Increase efficiency and performance.

» Reduce energy consumption and environmental impact.

» Take advantage of synergies with national and homeland security.
 Support the space program.

A quality function deployment (QFD) process® was used to identify and rank-order a total of 89
R&T challenges in relation to their potential to achieve the above strategic objectives. The Decadal
Survey recommends that NASA use the 51 highest-priority challenges as the foundation for the future
of NASA's civil aeronautics research program during the next decade (see Table 1-1).

The Decadal Survey of Civil Aeronautics identifies several R& T challenges that are a high national
priority, but they are not ahigh priority for NASA. Thiswasthe caseif the challenge was poorly aligned
with NASA’'s mission, if other organizations were likely to overcome the challenge, if NASA lacked
the supporting infrastructure to investigate a particular challenge, and/or if the level of risk associated
with the challenge was inappropriate for NASA research.# The following challenges from the Decadal
Survey fall into this category (i.e., high national priority, but not a high NASA priority):®

e B11. Alternative fuels and additives for propulsion that could broaden fuel sources and/or lessen
environmental impact

» B13. Improved propulsion system tolerance to weather, inlet distortion, wake ingestion, bird
strike, and foreign object damage

e C11. Novel coatings

e (C13. Advanced airframe aloys

e D11. Secure network-centric avionics architectures and systems to provide low-cost, efficient,
fault-tolerant, onboard communications systems for data link and data transfer

» D13. More efficient certification processes for complex systems

e E11. Automated systems and dynamic strategies to facilitate allocation of airspace and airport
resources

» E13. Feasibility of deploying an affordable broad-area, precision navigation capability compatible
with international standards

» E17. Change management technigues applicable to the U.S air transportation system

Given the statement of task for this study, this report does not address NASA research as it relates
to the above challenges or other challengesthat are not included in Table 1-1 (except for four challenges
that are addressed in Appendix C).

The Decadal Survey also makes eight recommendations (see Box 1-1) that summarize action neces-
sary to properly prioritize civil aeronautics R& T and achieve the relevant strategic objectives.

requirements document by the JPDO. Likewise, the committee’s assessments necessarily reflect the status of those projects at
that point in their evolution.

3QFD is a group decision-making methodology often used in product design.

4The Decadal Survey of Civil Aeronautics assumes that risk is too low for NASA if it is so low that industry can easily
compl ete the research, and the risk is too high if the scientific and technical hurdles are so high that there is very little chance
of success.

5The numbering of the challenges here and throughout this report isin accordance with the numbering scheme in the Decadal
Survey of Civil Aeronautics (NRC, 2006).
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BOX 1-1
Recommendations to Achieve Strategic Objectives for Civil Aeronautics
Research and Technology, from the Decadal Survey of Civil Aeronautics

1. NASA should use the 51 challenges listed in Table ES-1 as the foundation for the future of NASA’s
civil aeronautics research program during the next decade.?

2. The U.S. government should place a high priority on establishing a stable aeronautics R&T plan, with
the expectation that the plan will receive sustained funding for a decade or more, as necessary, for
activities that are demonstrating satisfactory progress.

3. NASA should use five Common Themes to make the most efficient use of civil aeronautics R&T
resources:

» Physics-based analysis tools

e Multidisciplinary design tools

e Advanced configurations

» Intelligent and adaptive systems
» Complex interactive systems

4. NASA should support fundamental research to create the foundations for practical certification
standards for new technologies.

5. The U.S. government should align organizational responsibilities as well as develop and implement
techniques to improve change management for federal agencies and to assure a safe and cost-
effective transition to the air transportation system of the future.

6. NASA should ensure that its civil aeronautics R&T plan features the substantive involvement of uni-
versities and industry, including a more balanced allocation of funding between in-house and external
organizations than currently exists.

7. NASA should consult with non-NASA researchers to identify the most effective facilities and tools appli-
cable to key aeronautics R&T projects and should facilitate collaborative research to ensure that each
project has access to the most appropriate research capabilities, including test facilities; computational
models and facilities; and intellectual capital, available from NASA, the Federal Aviation Administration,
the Department of Defense, and other interested research organizations in government, industry, and
academia.

8. The U.S. government should conduct a high-level review of organizational options for ensuring U.S.
leadership in civil aeronautics.

aThese 51 challenges are listed in Table 1-1 in the present report.

SOURCE: NRC (2006), p. 3.

The strategic objectives defined in the Decadal Survey are closely linked to the seven principles
embodied in the National Aeronautics Research and Development Policy (NSTC, 2006) and the National
Plan for Aeronautics Research and Development and Related Infrastructure (NSTC, 2007), which were
rel eased subsequent to publication of the Decadal Survey. Those principles are asfollows (NSTC, 2006,
pp. 7-8; NSTC, 2007, pp. 1-2):

* Aviation safety is paramount.
» Mobility through the air is vital to economic stability, growth, and security as a nation.
» Assuring energy availability and efficiency is central to the growth of the aeronautics enterprise.
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TABLE 1-2 Comparison of the Strategic Objectives from the Decadal Survey of Civil Aeronautics with
the Principles from the National Aeronautics Research and Development Policy and the National Plan for
Aeronautics Research and Development and Related Infrastructure

Strategic Objectives: Decadal Survey? Principles: National Policy® and National Plan¢

e Increase capacity. e Mobility through the air is vital to economic stability, growth, and security
as a nation.

e Improve safety and reliability. e Aviation safety is paramount.

e Increase efficiency and performance. e Assuring energy availability and efficiency is central to the growth of the
aeronautics enterprise.

e Reduce energy consumption and e The environment must be protected while sustaining growth in air
environmental impact. transportation.
e Take advantage of synergies with e Auviation is vital to national security and homeland defense.

national and homeland security. Security of and within the aeronautics enterprise must be maintained.
e Support the space program.

e The United States should continue to possess, rely on, and develop its
world-class aeronautics workforce.

aNRC (2006), p. 1.
bNSTC (2006), pp. 7-8.
°NSTC (2007), pp. 1-2.

e The environment must be protected while sustaining growth in air transportation.

e Aviation isvital to national security and homeland defense.

» Security of and within the aeronautics enterprise must be maintained.

* The United States should continue to possess, rely on, and develop its world-class aeronautics workforce.

As shown in Table 1-2 and detailed in Appendix C, there is good correlation between the strategic
objectives of the Decadal Survey and the key principles of the National Plan; the only exceptions are
“support for the space program” (which appears in the Decadal Survey) and “world-class aeronautics
workforce” (which appears in the National Policy and the National Plan, although the National Plan
includes no research goal's or objectives related to this principle).6 In addition, at the next level of detail,
there are some differences between (1) the goals that the National Plan establishes to implement its
principles and (2) the highest-priority R& T challenges that the Decadal Survey establishes for NASA
to achieve the Decadal Survey's strategic objectives. For example, the National Plan includes the fol-
lowing as agoal:

Enable new aviation fuels derived from diverse and domestic resources to improve fuel supply security and
price stability (NSTC, 2007, p. 27).

6The National Plan for Aeronautics Research and Development and Related Infrastructure notes that “ aerospace workforce
issues are being explored by the Aerospace Revitalization Task Force led by the Department of Labor pursuant to Public Law
109-420" (NSTC, 2007, p. 2).
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The Decadal Survey notes the following:

Challenge B11 (aternative fuels and additives for propulsion that could broaden fuel sources and/or lessen
environmental impact) is clearly an important national priority. It was ranked lower asaNASA priority because
the Department of Energy will need to take the lead in establishing the national infrastructure for an alternative
fuel and because the combustion research needed to develop such afuel will take much less time than putting
an alternative fuel infrastructure in place. Furthermore, aviation fuels are likely to have afirst call on petroleum
supplies should they become scarce, so that the use of alternative fuels for aviation is likely to follow their
widespread use for ground-based applications, which would place less stringent demands on weight, volume,
reliability, safety, and certification of new systems and technologies. (NRC, 2006, p. 29)

Accordingly, even though the Decadal Survey ranked alternative fuels as a top-10 challenge in
terms of national priority (in the Propulsion and Power area), aternative fuels failed to make the cut as
a highest-priority challenge for NASA, and the Decadal Survey does not recommend that NASA take
on alternative fuels as a high-priority research topic at this time.

This committee investigated whether the 51 highest-priority R& T challengesin the Decadal Survey
of Civil Aeronautics remain valid in light of the National Policy and the National Plan. To do so, the
89 R& T challenges from the Decadal Survey were tentatively reranked on the basis of the principlesin
the National Policy and the National Plan. As detailed in Appendix C, only four R& T challenges not
previously ranked among the top 51 moved into the top 51.

This does not mean that the list of the 51 highest-priority challenges should actually be adjusted,
because the reranking described in Appendix C did not include additional deliberations on the merits
and priorities of particular challenges, and those deliberations were a critical part of validating and final -
izing the rankings in the Decadal Survey. Rather, the results of this exercise validate the rankings in the
Decadal Survey, because it seems clear that even if the National Policy and the National Plan had been
issued prior to the Decadal Survey, the rankings in the Decadal Survey would be essentially the same,
with perhapsjust afew changes for some of the R& T challenges that the Decadal Survey ranks near the
dividing line between those challenges that were included in the group of the 51 highest-priority R& T
challenges and those that were not.

Finding. The strategic objectives used to set research priorities in the Decadal Survey of Civil Aero-
nautics, the weighting of those objectives, and the ranking of research and technology challengesin the
Decadal Survey of Civil Aeronautics are consistent with the R&D principles and priorities established
by the National Aeronautics Research and Development Policy and the National Plan for Aeronautics
Research and Development and Related Infrastructure that will implement the policy.

ORGANIZATION OF NASA’'SAERONAUTICS RESEARCH

ARMD manages NASA's aeronautics research portfolio, which includes 10 projects organized into
three programs:

» Fundamental Aeronautics Program
— Subsonic Fixed Wing (SFW) Project
— Subsonic Rotary Wing (SRW) Project
— Supersonics Project
—Hypersonics Project
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» Airspace Systems Program
—Next Generation Air Transportation System (NGATS)” Air Traffic Management (ATM)-Airportal
Project
—NGATS ATM-Airspace Project
» Aviation Safety Program
—Integrated Vehicle Health Management (IVHM) Project
— Integrated Intelligent Flight Deck (I1FD) Project
—Integrated Resilient Aircraft Control (IRAC) Project
—Aircraft Aging and Durability Project

In addition, ARMD manages the Aeronautics Test Program (ATP), which is intended to preserve
key aeronautics testing capabilities.

Each of ARMD'’s 10 projects includes milestones at four levels:

Level 1. Foundational physics and modeling.
Level 2. Discipline-level capabilities.

Level 3. Multidisciplinary capabilities.

Level 4. System design.

The substance of each project is described in reference documents that NASA issued in May 2006
in support of a NASA Research Announcement (NRA) entitled “Research Opportunities in Aero-
nautics.” Each document contains technical plans and milestones. The committee that produced this
report reviewed the most current version of these documents (see NASA [2006a,b,c,d,e,f,g] and NASA
[2007a,b,c]) and received briefings from the principal investigators (PIs) leading each of ARMD’s 10
projects regarding the current status of the programs. The committee also familiarized itself with NRAs
issued by the projectsto solicit proposalsfor external research. However, the committee relied primarily
on the reference documents and Pl briefings to define the content of the projects, in part because the
NRA solicitations are not a commitment to fund research in any particular area.

Finding. NASA’s aeronautics program responds to many requirements related to many missions and in
support of many users. For the most part, these requirements have not been formally established.

The National Aeronautics Research and Development Policy establishes high-level objectives, and
the National Plan for Aeronautics Research and Devel opment and Related I nfrastructure takes this down
to the next level of detail. The Decadal Survey of Civil Aeronautics includes a third level of detall, in
the form of milestones associated with each R& T challenge, as well as additional recommendations.
The committee supplemented its review of the above documents through discussions with other orga-
nizations—both within and outside NASA. These discussions led to a deeper understanding of what
NASA's research requirements are (or should be) and an assessment of NASA's progress in meeting
these requirements. Discussionswere held with staff from the NASA Headquarters A eronautics Research
Mission Directorate, Exploration Systems Mission Directorate, Space Operations Mission Director-
ate, and Science Mission Directorate; each of NASA's 10 aeronautics research projects; congressional

“The Next Generation Air Transportation System is now most commonly abbreviated as NextGen, but the titles of NASA's
related research projects still feature the old acronym, NGATS.
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committees; the Office of Management and Budget; the Office of Science and Technology Policy; the
Federal Aviation Administration (FAA); the Next Generation Air Transportation System (NextGen) Joint
Planning and Development Office (JPDO); and the U.S. Air Force. The committee also relied on the
expertise and experience of its members. For example, half of the members participated in authoring
the NRC's Decadal Survey (to provide continuity with that study), and the other half were not veterans
of the earlier effort (to ensure that the committee could view the issues and the Decadal Survey with a
fresh perspective).

RESOURCE CONSIDERATIONS

Implementing al of the recommendations contained in the Decadal Survey of Civil Aeronautics
and in the present report, NASA Aeronautics Research: An Assessment, will be very difficult, in part
because, in accordance with the statement of task for the Decadal Survey, that earlier work identifies
highest-priority R&T challenges without considering the cost or affordability of meeting the chal-
lenges. In addition, the committee that produced this new report requested from NASA comprehensive
information on the NASA personnel and budget resources assigned to specific research tasks. Instead
of providing this information, NASA directed the committee to assume that NASA would devote the
resources necessary to accomplish the milestones described in the program plans that NASA provided
to the study committee.

NASA must determine how to respond to a vast array of worthwhile research possibilities within
the constraints of budget, facilities, workforce composition, and federal policies. The committee, while
not constrained by these factors, was sensitive to them and attempted to craft its recommendations
within reasonable bounds in all of these dimensions. Even so, the Decadal Survey and this assessment
of NASA's aeronautics research would have been strengthened if the authoring committees had been
directed to give some consideration to the likely cost and affordability of various chalenges. Thisis
normally the case when the NRC conducts decadal surveys for NASA related to space science. For
example, cost realism was a “critical consideration” in developing the research strategy put forth in the
last decadal on solar and space physics (NRC, 2003). The study that produced that report was designed
“to ensure that its recommended research strategy is consistent with the anticipated budgets of the vari-
ous federal agencies’ (NRC, 2003, p. 53).

For whatever reasons, the Decadal Survey of Civil Aeronautics was designed such that cost real-
ism was not included as a factor in setting its priorities. This report assesses whether NASA's plans for
aeronautics research are consistent with the R& T challenges from the Decadal Survey, but it provides
only a limited view of how well NASA is implementing those plans. For example, this committee
obtained staffing levels for severa projects, and the staffing levels assigned to the various elements of
some projects seemed to be inconsistent with the proposed content of the research plan and the mile-
stones contained therein. Other decadal surveysthat the NRC routinely produces for NASA in the space
sciences consider budgetary factors in formulating their findings and recommendations, and it may be
worthwhile to follow that model in future decadal surveys for aeronautics research.

REPORT OVERVIEW

Chapter 1 of this assessment describes the context in which the report was written.

Chapter 2 evaluates how well each of NASA’'s 10 aeronautics research projects supports the 51
highest-priority R& T challenges from the Decadal Survey of Civil Aeronautics, as well as NASA's
response to the eight overall recommendations in the Decadal Survey. In addition, the section entitled
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“Space and Non-Civil Aeronautics Research” addresses NASA's own requirements for aeronautics
research (including robotic and human space exploration) and the needs of other federal government
departments and agencies for non-civil aeronautics research.

Chapter 3 addresses workforce and facility issues.

Chapter 4 identifies key gaps that must be eliminated for NASA's aeronautics program to meet key
goalsin terms of the R& T challenges from the Decadal Survey of Civil Aeronautics as well as internal
NASA requirements for aeronautics research and the requirements that NASA is expected to satisfy in
support of aeronautics research by other federal agencies. Chapter 4 also includes general recommenda-
tions for improving NASA’s research.

Appendix A containsthe study statement of task. Appendix B providesashort professional biography
for each of the committee members. Appendix C evaluates how well each of NASA's 10 aeronautics
research projects supports four R& T challenges that might have been included among the top 51 if the
National Aeronautics Research and Devel opment Policy and the National Plan for Aeronautics Research
and Development and Related Infrastructure had been available in time to be considered in the prepara-
tion of the Decadal Survey of Civil Aeronautics. Appendix D isalist of acronyms.

In summary, implementing all of the recommendations contained in the Decadal Survey of Civil
Aeronautics and in this report will be very difficult, because of constraints in terms of overall budget,
the existing set of NASA centers, limitations on the ability to transfer staff positions among centers, and
limitations on the ability to compete with the private sector in terms of financial compensation in some
critical fields. Even so, NASA is already supporting a great deal of worthwhile research, and ongoing
research will be very important, for example, to the critical work of the NextGen JPDO. The committee
also recognizes that NASA's ARMD has staff who are talented, hardworking, and committed to excel -
lence in aeronautics to serve the nation and the national aeronautics enterprise.
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Challenges and Requirements for
NASA Aeronautics Research

This chapter evaluates how well each of NASA's 10 aeronautics research projects supports the 51
highest-priority research and technology (R&T) challenges from the Decadal Survey of Civil Aeronau-
tics (NRC, 2006) and NASA's own requirements for aeronautics research and the needs of other federal
government departments and agencies for non-civil aeronautics research. The chapter also evaluates
NASA's response to the eight overall recommendations that are contained in the Decadal Survey.

The evaluations of the 51 highest-priority R& T challenges are grouped according to the five areas
from the Decadal Survey:

» Aerodynamics and Aeroacoustics

e Propulsion and Power

* Materias and Structures

» Dynamics, Navigation, and Control, and Avionics

 Intelligent and Autonomous Systems, Operations and Decision Making, Human Integrated Sys-
tems, and Networking and Communications

Appendixes A through E of the Decadal Survey of Civil Aeronautics contain lists of milestones for
al of the challenges examined in the survey. The assessment of each R& T challenge below includes a
list of the milestones established for that challenge. The purpose of thislisting is to indicate the nature
of the work that the Decadal Survey included within each challenge. However, the list of milestones
for each challenge does not in al cases describe the complete scope of the challenge, as detailed in the
Decadal Survey of Civil Aeronautics.

This chapter’s evaluation of how well each of NASA's 10 aeronautics research projects supports
the 51 highest-priority R& T challenges from the Decadal Survey is summarized in Tables 2-1 and 2-2.
Each cell of Table 2-1 is color-coded with green, yellow, black, or white, as follows:

» Green: The project substantially meets relevant aspects of the intent of the R& T challenge and
will substantively advance the state of the art, with no significant shortcomings.

20
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TABLE 2-1 Summary of How Well NASA’s Aeronautics Research Supports the 51 Highest-Priority Research
and Technology (R&T) Challenges from the Decadal Survey of Civil Aeronautics

> & "‘0\
$ & 000
SYAPES S _ P .
S <<'\\‘§ S Green = no significant shortcomings
AN & . .
S S S/ 5 Y Yellow = minor shortcomings
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(S @@6 A IS Black = major shortcomings
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Projects /Y R QﬂQ SYESYEITETEILY © LY
ARMD --> |Fundamental Airspace  |Aviation Grade Summary |Titles of R&T Challenges
Programs__JAeronautics Program Sys. Prog. |Safety Program by Challenge (Some are abbreviated; see Table 1-1 for full titles.)

R&T Challenges in the Aerodynamics and A

eroacoustics Area

AL

Al. Novel propulsion-airframe integration

A2. Transition, boundary layer, and separation control

A3. High performance and/or flexible multi-mission aircraft
Ada. Reduce aircraft and rotor noise

A4b. Prediction of performance of complex 3D configurations

A6. Aerodynamics robust to atmospheric disturbances
A7a. Leverage advantages of formation flying

AT7b. Wake vortex prediction, detection, and mitigation

A9. V/ISTOL and ESTOL, including adequate control power

A10. Reducing/mitigating sonic boom (novel aircraft shaping)

All. Robust and efficient multidisciplinary design tools

Pow

er Area

Bla. Quiet propulsion systems

B2. Ultraclean gas turbine combustors

B3. Intelligent engines and mechanical power systems

B4. Improved propulsion system fuel economy

B5. Propulsion systems for short takeoff and vertical lift

B6a. Variable-cycle engines to expand the operating envelope

B6b. Integrated power and thermal management systems

B8. Propulsion systems for supersonic flight

L

B9. Advanced aircraft electric power systems
B10. Combined-cycle hypersonic propulsion systems

C1. Integrated vehicle health management

C2. Adaptive materials and morphing structures

C3. Multidisciplinary analysis, design, and optimization

C4. Next-generation polymers and composites

C5. Noise prediction and suppression

Cé6a. Innovative high-temperature metals and environmental coatings
C6b. Innovative load suppression, and vibration and stability control
C8. Structural innovations for high-speed rotorcraft

C9

C10

R&T Chall

enges in the Dynamics, Nav

C9. High-temperature ceramics and coatings

==

C10. Multifunctional materials

igation, and Control, and Avionics Area

D1

D2

D4

D1. Advanced guidance systems

D5

D6

D7

D8

D9

D10

. Distributed decision making and flight path planning

. Aerodynamics and vehicle dynamics via closed-loop flow control

. Intelligent and adaptive flight control techniques

. Fault tolerant and integrated vehicle health management systems

. Improved onboard weather systems and tools

R&T Chall

Communications Area

enges in the Inte

lligent and Autonomous Systems

. Advanced communication, navigation, and surveillance technology

. Human-machine integration

. Synthetic and enhanced vision systems

D10. Safe operation of unmanned air vehicles in the national airspace

El H . Design and evaluate complex interactive systems

E2 . Separating, spacing, and sequencing aircraft

E3 . Roles of humans and automated systems for separation assurance
E4 . Sensors, etc. to predict and measure wake turbulence

E5 . Information sharing among human and machine agents

E6 . Vulnerability analysis in the design of the air transportation system
E7 . Adaptive ATM techniques to minimize the impact of weather

E8a E8a. Transparent and collaborative decision support systems

E8b 1 E8b. Operational and maintenance data to safety

E8c E8c. Human operators in effective task and attention management
Totals for All 51 R&T Challenges from the Decadal Survey

#Work on R&T Challenge A6 related to subsonic fixed wing|
aircraft is being done by the NASA Office of Safety|
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TABLE 2-2 Grade Summary for the 51 Highest-Priority R&T Challenges in the Decadal Survey of Civil
Aeronautics, by Area

Report
Area Green Yellow Black

Area A Aerodynamics and Aeroacoustics

Area B Propulsion and Power

Area C Materials and Structures

Area D Dynamics, Navigation, and Control, and Avionics

Area E Intelligent and Autonomous Systems, Operations and Decision Making,
Human Integrated Systems, and Networking and Communications

Total

 Yellow: The project contains minor shortcomings, which are recoverable within the current overall
project concept, such as the following:

—Research described in the NASA task, if successful, would satisfy most, but not al, of the
relevant aspects of the Decadal Survey R& T challenge (e.g., the task would make only moder-
ate advances in the state of the art of relevant technologies, though the results would still be
significant).

— Research described in the NASA task, if successful, may not make a significant differencein
atime frame of interest to users of the research results (e.g., because the level of effort istoo
low, or a different and more viable research approach should be selected, or some of the task
is devoted to research goals inconsistent with the Decadal Survey R& T challenges, the aero-
nautics research regquirements of NASA, and other federal government department or agency
non-civil aeronautics research needs).

» Black: The project contains major shortcomings, which would be difficult to recover from within
the current overall project concept, such as the following:

—Research described in the NASA task, if successful, would make little or no progressin satis-
fying the Decadal Survey R& T challenge (e.g., the task would not make a significant advance
in the state of the art of relevant technologies or the effort is meager compared to what is
needed).

— Research described in the NASA task, if successful, would be highly unlikely to make a sig-
nificant difference in atime frame of interest to users of the research results (e.g., because the
level of effort istoo low, or a different and more viable research approach should be selected,
or most of the task is devoted to research goals inconsistent with the Decadal Survey R& T
challenges, the aeronautics research requirements of NASA, and other federal government
department or agency non-civil aeronautics research needs).

—The Decadal Survey R& T challenge is relevant to the NASA project, but the project is doing
no related research.

» White (or blank): The R&T challenge is not relevant to the project.

As detailed in the discussion of individual challenges below, in afew cases yellow or black grades
indicate that research plans developed by the Aeronautics Research Mission Directorate (ARMD) are
poorly conceived and that the resulting research will likely beineffective. In most cases, however, yellow
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or black grades reflect inconsistencies between NASA project plans and the Decadal Survey. These
inconsistencies are generally the result of NASA choosing to do little or no work in a particular task
area and/or selecting research goals that fall short of advancing the state of the art far enough and with
enough urgency either to make a substantial difference in meeting individual R& T challenges or the
larger goal of achieving the strategic objectives of the Decadal Survey of Civil Aeronautics. However,
as noted in Chapter 4, NASA does not have the resources necessary to address all 51 R& T challenges
simultaneously in a thorough and comprehensive manner, and so it is inevitable that the project plans,
as awhole, do not live up to all of the expectations of the Decadal Survey.

The gradesin Table 2-1 reflect the committee’ s assessment of how well a particular project addresses
relevant aspects of a particular challenge. Thus, if only asmall portion of aparticular challengeiswithin
the scope of a particular project but the project plans indicate that the project is or will do an excellent
job in addressing that small research area, the cell in Table 2-1 representing the intersection of that
project and challenge is green, even if the overall size of the relevant research is quite small. However,
if alarge portion of a particular challenge is within the scope of a particular project and if the project
plans for the relevant research have minor or major shortcomings, the cell in Table 2-1 representing the
intersection of that project and challenge is yellow or black, respectively, even if the overall size of the
relevant research effort is quite substantial.

The difference between a black grade and a white grade is illustrated by R&T challenge A7a,
Aerodynamic Configurations to L everage Advantages of Formation Flying. None of ARMD’s research
projects plans to conduct research to support this R& T challenge, but if this challenge were pursued,
the research would most appropriately be done by the Subsonic Fixed Wing (SFW) Project. Therefore,
the SFW Project is graded black for R& T challenge A7a, and the other projects are graded white. As
noted previously, NASA declined to provide detailed budget and staffing data for each project. Unless
otherwise noted, the grades in Table 2-1 assume that the project research plans described to the com-
mittee will be implemented with enough funding and personnel resources to succeed. Thus, the grades
primarily indicate the extent to which NASA's research plans are consistent with the Decadal Survey
of Civil Aeronautics, but they do not necessarily indicate the likelihood that NASA will succeed in
implementing those plans.

The overall assessment for each R& T challenge isindicated in the columns of Table 2-1 that sum-
marize the number of grades assigned to each challenge, by color. As shown, the committee found no
significant shortcomingsin efforts by relevant ARMD research projectsto addressfour R& T challenges
(i.e., the grades assigned to these challenges are all green):

» Ada Aerodynamic designs and flow-control schemes to reduce aircraft and rotor noise
B10. Combined-cycle hypersonic propulsion systems with mode transition

D9. Synthetic and enhanced vision systems

E8a. Transparent and collaborative decision support systems

Eight R&T challenges received only yellow grades, indicating that ongoing work suffered from
minor shortcomings that could be corrected within the context of existing project plans:

e A10. Reducing/mitigating sonic boom (novel aircraft shaping)
» B2. Ultraclean gas turbine combustors

» B6a. Variable-cycle engines to expand the operating envelope
» C8. Structural innovations for high-speed rotorcraft

» C9. High-temperature ceramics and coatings
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» E2. Separating, spacing, and sequencing aircraft
* E3. Roles of humans and automated systems for separation assurance
» E7. Adaptive air traffic management (ATM) techniques to minimize the impact of weather

Seven R& T challenges received only black grades, indicating the presence of major shortcomings
that would be difficult to recover from within the context of existing project concepts. The committee
verified NASA’'s own assessment that NASA is not supporting four R& T challenges:

» A7a. Aerodynamic configurations to leverage advantages of formation flying

B9. High-reliahility, high-performance, and high-power-density aircraft electric power systems
D7. Advanced communication, navigation, and surveillance technology

D10. Safe operation of unmanned air vehicles in the national airspace

In addition, the committee has determined that NASA is not substantively addressing three other
R&T challenges:

e B6bh. Integrated power and thermal management systems

e B8. Propulsion systems for supersonic flight

» E4. Affordable new sensors, system technologies, and procedures to improve the prediction and
measurement of wake turbulence

For the other 32 R&T challenges, as indicated in Table 2-1, NASA is effectively addressing some
areas but not others, and the overall assessment of these challenges is best described as “mixed.”

The grades for each row of Table 2-1 are explained in the sections that follow. In some cases, the
comments for green grades are rather brief. Rather than prepare detailed assessments of areas where
NASA isdoing well (and significant corrective action is not required), the committee focused its attention
on areas where improvements need to be made (those with black or yellow grades). Also, the commit-
tee chose not to justify its decision to assign white grades (that is, the determination that the scope of a
given project was not relevant to a given R& T challenge).

AERODYNAMICSAND AEROACOUSTICS

This section summarizes the committee’s assessment of NASA research related to thetop 11 R& T
challenges involving aerodynamics and aeroacoustics (Area A) in the Decadal Survey of Civil Aero-
nautics (NRC, 2006).

A1l Integrated system performance through novel propulsion-airframe integration

SFW | SRW Supersonics Hypersonics Airportal Airspace IVHM IIFD IRAC Aging A/C

ThisR&T challenge has the following milestones:

+ Validate the predictive capability for three-dimensional (3-D) mean and dynamic distortion at the
propulsion-airframe interface.

e Validate the predictive capability of the impact of reacting exhaust flows on external
aerodynamics.
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» Validate the predictive capability of acoustic radiation patterns from integrated propulsion-air-
frame configurations.
» Develop novel propulsion-airframe configurations for supersonic and hypersonic flight.

The SFW Project is investigating important innovative concepts related to this R& T challenge.
Research goals include development of dynamic models of integrated control systems, development
and application of prototype actuators and innovative control methods, and laboratory experiments and
piloted simulations to validate closed-loop system performance. Plans include flight-test validation of
predictive models for propulsion-airframe integration of unconventional vehicle configurations, such as
the blended-wing-body (BWB) aircraft, where possible.

The Supersonics Project is supporting extensive code development in this area, and NASA plansto
rely on yet-to-be-established partnerships with industry to execute key aspects of the above milestones
with regard to validation. However, NASA has not established any notional vehicles to help refine its
work. This shortcoming could be addressed, perhaps, by using one of the vehicle concepts devel oped
by the Defense Advanced Research Projects Agency (DARPA) as part of the Quiet Supersonic Platform
(Wlezien and Veitch, 2002), modified as necessary to reflect civil rather than military performance
reguirements.

ThisR&T challengeisfocused on novel configurationsfor propulsion-airframe integration. Propul -
sion-airframe integration is a key component of any air-breathing hypersonic vehicle. In addition, the
Vehicle Technology Integration, Propulsion Technology Integration, and Physics Based Multidisciplinary
Design, Analysis, and Optimization (MDAO) elements of the Hypersonics Project are focused on the
development of predictive tools. However, the Hypersonics Project will not validate the performance
of these toals, nor will it exercise the tools to investigate the design of any specific, novel propulsion-
airframe configurations.

A2 Aerodynamic performance improvement through transition, boundary-layer, and separation control

SFW SRW Supersonics Hypersonics Airportal Airspace IVHM IIFD IRAC Aging A/IC

ThisR&T challenge has the following milestones:

» Develop energy-efficient and flexible active flow-control actuators.

e Develop improved models for the operation of flow actuators.

» Demonstrate techniques to incorporate these models into flow-simulation schemes.
Validate models and simulation schemes through comparison with experiments.

The SFW Project is investigating smart material actuators as well as active and passive control
concepts. Research plans include validation at the configuration, component, and physics levels. Plans
include a key test to demonstrate improved performance via a high-lift wind tunnel model with flow-
control actuation integrated into realistic aircraft structure.

The SRW Project has no planned research to address the above milestones.

The Supersonics Project is working on both foundational research and performance improvement
related to this challenge, including actuator development. This work would be facilitated if NASA had
aquiet wind tunnel in the Mach number range being investigated (approximately Mach 1.5 up to Mach
2.5) for transition validation. Based on experience with existing quiet wind tunnels at Langley Research
Center (which operates at Mach 3.5) and Purdue University (which operates at Mach 6), it would be less
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expensive to build a new quiet facility operating at about Mach 2 than to do the flight tests that would
otherwise be required.

Plans for the Aerodynamics, Aerothermodynamics, and Plasmadynamics element of the Hyper-
sonics Project include fundamental research on turbulence and boundary-layer physics, and one task
(HY P.04.04.6) intended to demonstrate boundary flow control using amicrowave plasma. However, this
activity does not include improved actuators as a goal, and it is unlikely to significantly improve the
aerodynamic performance of hypersonic vehicles.

A3 Novel aerodynamic configurations that enable high-performance and/or flexible multimission aircraft

SFW SRW Supersonics Hypersonics Airportal Airspace IVHM IIFD IRAC Aging A/IC

ThisR&T challenge has the following milestones:

e Develop afamily of aircraft configurations with cruise efficiency twice as high as conventional
aircraft.

» Demonstrate design approaches to develop novel configurations able to operate from small
airfields.

» Validate the ability to predict the performance of novel airframe configurations using data from
ground and flight tests.

The SFW Project has a substantial research effort in developing tools to predict advanced-concept
airplane performance. It has defined a trade space that includes aerodynamic efficiency, noise, and
emissions as key criteriato evaluate advanced configurations. Both conventional and hybrid wing fami-
lies of configurations are being explored, along with powered lift and flow-control concepts to reduce
minimum runway length required for takeoff and landing. In the case of the BWB high cruise efficiency
configuration, these tools are being validated by flight test.

The Subsonic Rotary Wing (SRW) Project has no focused research to design or develop novel aero-
dynamic configurationsfor rotorcraft. Theintroduction to the project description mentions the compound
slowed rotor concept, but the rest of the document does not describe any foundational or integrated
research that would support this challenge by developing the concept.

The Supersonics Project is developing tools, but there is little or no effort to apply those tools to
develop and predict the performance of notional aircraft configurations. Some external researcherswork-
ing under NASA Research Announcements (NRAS) may be doing some analyses of their own notional
aircraft configurations, but this work would be of much greater value if NASA were to define one or
more notional aircraft configurations as a common reference.

Ada Aerodynamic designs and flow-control schemes to reduce aircraft and rotor noise

SFW SRW Supersonics Hypersonics Airportal Airspace IVHM IIFD IRAC Aging A/C

This R&T challenge has the following milestones.

» Improve techniques for prediction and control of the aeroacoustics associated with high-lift
devices, protuberances, and cavities for fixed-wing aircraft.
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» Develop techniques for the prediction and design of quiet drag devices for fixed-wing aircraft.

 Improve understanding and modeling of unsteady fluid—structure interactions and resulting noise
radiation for rotary- and fixed-wing aircraft.

» Demonstrate novel rotor system design toolsthat can be used to reduce rotor noise with minimum
performance sacrifices for rotorcraft.

Research plansfor the SFW, SRW, and Supersonics Projects support awide array of research activi-
ties that would support the above milestones. For example, research related to noise is a large part of
the Propulsion and Power Systems element and the Airframe Systems element of the SFW Project. In
addition, NASA's previous participation in the Quiet Technology Demonstrator, which included partners
from manufacturers and the airlines in the flight testing of advanced noise control techniques for SFW
aircraft, provided awealth of modeling, design, and validation experience. Thisis an important example
of collaboration to facilitate technology transition to in-flight use. In addition, aeroacoustics research by
the SRW Project includes foundational research to advance the understanding of sources and mechanisms
of noise generation and propagation, experimental validation of predictive tools, and the stipulation of
explicit metrics against which advancements in this field would be measured. The Supersonics Project
is supporting variable-cycle engine research, which would help reduce noise.

A4db Accuracy of prediction of aerodynamic performance of complex 3-D configurations, including
improved boundary-layer transition and turbulence models and associated design tools

SFW SRW Supersonics Hypersonics Airportal Airspace IVHM IIFD IRAC Aging A/C

This R& T challenge has the following milestones.

» Develop improved techniques for the prediction of boundary-layer transition on 3-D configura-
tions and validate them against ground- and flight-test data.

» Demonstrate computationally efficient techniques to couple aerodynamic and structural analysis
tools.

» Develop structured techniques for predicting performance in the presence of parameter
uncertainties.

The SFW Project plans to improve the ability to predict high-lift performance by developing 3-D
prediction models that would be validated in wind tunnel tests with active flow-control experiments.

The SRW Project is studying structured and unstructured grids in computational fluid dynamics
(CFD)-based modeling applicable to rotorcraft. The project also includes research that links these
numerical modelsto structural and acoustic analysis capahilities. There are no plans, however, to model
the effects of uncertainty in the predictive capabilities of these models or to validate the numerical
models using flight tests.

The Supersonics Project is developing and validating models that address this challenge, including
code development for transition and turbulence modeling of 3-D configurations. These models can and
should be validated using existing data.

The Aerodynamics, Aerothermodynamics, and Plasmadynamics and Vehicle Technology | ntegration
elements of the Hypersonics Project include many computational and experimental tasks to investigate
boundary-layer transition and turbulence. The application and evaluation of the resulting models in
complex 3-D configurations, however, seem to have alow priority.
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A6 Aerodynamics robust to atmospheric disturbances and adverse weather conditions, including icing

SFW SRW Supersonics Hypersonics Airportal Airspace IVHM IIFD IRAC Aging A/IC

This R& T challenge has the following milestones:

» Develop and validate 3-D icing prediction tools.

» Demonstrate systems with improved spatial and temporal measurements of upstream environ-
mental conditions.

» Develop high-bandwidth techniques to respond to and mitigate the impact of upstream environ-
mental conditions.

This challenge is relevant to subsonic fixed-wing aircraft. However, it is not necessary for the SFW
Project to address this challenge because NASA's Office of Safety is supporting worthwhile research in
this area. Unfortunately, there is no substantial effort related to the specific concerns of rotorcraft. The
reference document for the SRW Project describes some research to (1) develop numerical models for
predicting the effects of ice accretion on lifting characteristics and (2) simultaneously devel op a database
of experimental results obtained in wind tunnel tests for validation purposes. However, the SRW Project
is not developing models of rotorcraft behavior in wind shear of aircraft flow-field immersion, nor is it
developing systems to detect and mitigate the effect of upstream environmental conditions on the safe
operation of rotorcraft. Some small-scale wind tunnel tests are underway to |ook at ice accretion for rotor-
craft, but this work is too limited to make substantial progress in addressing the above milestones.

A7a Aerodynamic configurations to leverage advantages of formation flying

SFW SRW Supersonics Hypersonics Airportal Airspace IVHM IIFD IRAC Aging A/C

This R& T challenge has the following milestones:

» Develop improved methods to accurately predict wake vortex evolution.

» Demonstrate design tools for evaluation and optimization of multiple interacting airplanes.

» Validate models and tools for formation flying using ground and flight experiments to evaluate
real atmospheric effects.

The SFW Project has no planned research to address the above milestones.

A7b Accuracy of wake vortex prediction, and vortex detection and mitigation techniques

SFW SRW Supersonics Hypersonics Airportal Airspace IVHM IIFD IRAC Aging A/C

This R& T challenge has the following milestones:

» Develop numerical techniques to predict accurately wingtip vortex trajectory, strength, and
dissipation.
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» Validate numerical methods with experiments and flight testing.

» Demonstrate low-cost techniques for locating and measuring the strength of wake vortices for
ground-based and aircraft-based applications.

* Integrate local weather prediction techniques into larger-scale weather models.

* Investigate aircraft designs that mitigate the strength of wake vortices.

The SFW Project is doing no work to investigate aircraft designs that mitigate the strength of wake
vortices, which is the only milestone for this challenge that is related to the SFW Project.

The SRW reference document describes afocus on enhancing both structured and unstructured grid
flow solvers, where one of the emphasis areas is an accurate treatment of wake vortices. Plans include
code validation using experimental data. However, research plans do not include investigation of rotary-
wing aircraft designs that mitigate the strength of wake vortices. Thisis a significant shortcoming.

A goal of the NGATS Air Traffic Management (ATM)-Airportal Project isto model and to predict
wake vortex behavior to enable superdensity operations. A goal of the Coordinated A pproach and Depar-
ture Operations Management element of the Airspace Project isto improve the modeling and prediction
of wake vortex behavior aswell as the understanding of wake vortex on airport and terminal-area capac-
ity. The scope of this research has been reduced in recent years, in that NASA does not plan to develop
new sensors, and it will rely on the National Oceanic and Atmospheric Administration and the Federal
Aviation Administration (FAA) to take the lead in research related to the determination and characteriza-
tion of weather and hazards such as wake vortices. However, these are not significant shortcomings in
terms of the contribution of the NGATS ATM-Airportal Project to overcoming this challenge.!

The NGATS ATM-Airspace Project is doing no work related to in-flight applications of wake vortex
research.

A9 Aerodynamic performance for vertical and short takeoff and landing (V/STOL) and extremely short
takeoff and landing (ESTOL), including adequate control power

SFW SRW Supersonics Hypersonics Airportal Airspace IVHM IIFD IRAC Aging A/C

This R&T challenge has the following milestones.

» Develop low-drag high-lift systems.

» Demonstrate systems to provide pitch trim and control power at low speeds.

» Develop new techniques for active twist control of rotors.

» Demonstrate low-cost, simple flow-control techniques for prevention of |eading-edge separation
from vertical and/or short takeoff and landing (V/STOL) wings.

» Improve wing design and fuselage shaping to reduce transonic cruise drag.

Plansfor the SFW Project include devel opment of technol ogies, such as active flow-control and mor-
phing materials, that could enable advanced V/STOL and extremely short takeoff and landing (ESTOL )
configurations, but plans do not include research to support other aspects of this challenge.

1Another concurrent National Research Council study is focused exclusively on NASA’'s wake vortex research. The results
of that study were not available in time to factor them into this report.
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The rotorcraft portion of this challenge is focused on active twist control of rotors to enhance aero-
dynamic performance at low speeds, and the SRW Project is conducting no relevant research.

A10 Techniques for reducing/mitigating sonic boom through novel aircraft shaping

SFW SRW Supersonics Hypersonics Airportal Airspace IVHM IIFD IRAC Aging A/IC

This R& T challenge has the following milestones:

» Develop guidelines for alowable exposure of the public to sonic booms.

» Develop accurate techniques for the prediction of sonic boom propagation through the atmosphere
under realistic environmental conditions.

» Demonstrate novel aircraft shapes that minimize sonic boom levels.

Historically, NASA has been the leader in devel oping sonic boom prediction techniques. The sonic
boom element of the Supersonics Project isfocused on modeling sonic booms, and amore vigorous effort
is needed to make substantial and timely progress in developing design evaluation tools that could be
used to (1) predict the sonic boom characteristics of various aircraft shapes and (2) facilitate the design
of new aircraft shapes with lower levels of sonic boom. There is no evident validation process for the
computer codes being devel oped.

A1l Robust and efficient multidisciplinary design tools

SFW | SRW Supersonics Hypersonics Airportal Airspace IVHM IIFD IRAC Aging A/C

ThisR&T challenge has the following milestones:

» Develop and validate physics-based modelsto predict performance for novel aircraft configurations.

» Assessafamily of aircraft configurations with major improvement in cruise efficiency, including
a gquantitative description of the benefits and risks.

» Assess novel concepts for flexible multimission aircraft, including a description of potential
benefits in performance and cost.

» Conceive design approaches to develop novel V/STOL and ESTOL configurations.

» Validate design codes to predict the performance of novel airframe configurations by comparing
code predictions with ground and flight tests.

The SFW Project is applying and validating tools for advanced configurations. A particular strength
of this effort is the collaboration of NASA researchers with U.S. Air Force and industry researchers to
validate models through flight test.

The SRW Project plans to develop a number of modeling and simulation tools, but it is not devel -
oping the integrated, multidisciplinary modeling techniques necessary to develop an MDAO capability
for rotary-wing applications.

The Supersonics Project is devel oping appropriate tools but has not defined the configurations and
tests (ground and/or flight) necessary for validation.
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The Physics Based MDAO element of the Hypersonics Project includes tasks to develop multidis-
ciplinary design capabilities in the hypersonic flow regime. However, the Hypersonics Project will not
exercise these tools to investigate the performance of any specific class of aircraft configurations.

PROPUL SION AND POWER

This section summarizes the committee's assessment of NASA research related to the top 10 R& T
challenges involving propulsion and power (AreaB) in the Decadal Survey of Civil Aeronautics (NRC,
2006).

Bla Quiet propulsion systems

SFW SRW Supersonics Hypersonics Airportal Airspace IVHM IIFD IRAC Aging A/C

This R& T challenge has the following milestones:

» Develop vaidated physics-based models to predict engine noise and conduct trade-off studies.

* Improve understanding and prediction capahilities, and develop propulsion cycles compatible
with noise and emissions reduction.

» Develop advanced low-noise fan designs, liner concepts, and active control technologies.

e Develop concepts to reduce installed noise (e.g., adaptable chevrons).

» Develop and demonstrate propulsion designs that show the feasibility of technologies to reduce
noise by 10 dB (in 15 years) from Boeing 777/GE 90 levels.

The SFW Project has established the goal of reducing the noise of commercia aircraft at the three
certification points (takeoff, sideline, and approach) by atotal of 32 to 42 dB below current (Stage 4)
standards over the next 5 to 11 years.? It seems unlikely that NASA will be able to achieve these ambi-
tious goals, which are more aggressive than the goals established by the Decadal Survey. Nonethel ess,
NASA is supporting important research to reduce aircraft noise, including trade-off studies of noise
versus CO, emissions for different engine cycles, and the assessments in this section are based on the
ability of the NASA aeronautics program to address the challenges and milestonesin the Decadal Survey
of Civil Aeronautics, not NASA’'s own goals.

2For purposes of certification and regulatory compliance, the noise produced by commercial aircraft is determined by three
measurements of noise on the ground, as follows:

e Takeoff noise is measured 6,500 meters from the point where the aircraft rel eases its brakes, as the aircraft flies overhead
after takeoff.

¢ Sideline noiseis measured at a point 450 meters to the left or the right of the runway centerline, at a point where the noise
level is greatest after takeoff, as the aircraft flies past.

e Approach noise is measured at a point 2,000 meters from the threshold of the runway, as the aircraft flies overhead prior
to landing.

NASA has established an “N + 1" goal of reducing noise at the above points by acumulative total of 42 dB below the “ Stage
3" standard defined by the International Civil Aviation Organization and adopted by the Federal Aviation Administration. The
N + 2 goal is 52 dB below Stage 3. The current standard for type certification of new aircraft designs is Stage 4, which is 10
dB quieter than Stage 3 (cumulative, for all three certification points). Thus, the N + 1 and N + 2 goals represent a cumul ative
improvement of 32 to 42 dB (at al three points) relative to current limits, or about 11 to 14 dB at any one point.
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ThisR&T challenge istargeted primarily at the prediction and mitigation of noise from jet engines.
Plans for the SRW Project include research to (1) explore quiet propulsion and drive systems to increase
cabin comfort and (2) improve the ability to predict noise and determine how it will propagate through
he atmosphere under various conditions.

Plans for the Supersonics Project include research that effectively addresses rel evant aspects of this
challenge, including evaluation of empirical and statistical noise prediction tools, development of an
improved statistical model for broadband shock noise, and jet noise studies.

B1b Ultraclean gas turbine combustors to reduce gaseous and particulate emissions in all flight
segments

SFW | SRW Supersonics Hypersonics Airportal Airspace IVHM IIFD IRAC Aging A/C

ThisR&T challenge has the following milestones:

e Understand particulate matter formation mechanisms and kinetics and develop fuel additives to
disrupt formation.

e Understand air toxicity measurement techniques and the impact of particulate matter on human
health and welfare.

» Improve understanding and prediction capabilities and devel op optimized approaches for mixing
in multiphase flows.

» Develop large eddy simulations with optimized subgrid models that contain key physics needed
to capture chemical reactions, mixing, and unsteady combustor phenomena.

» Develop physics-based, reduced-order combustor model s, including emissions, combustion insta-
bility, blowoff, and flashback, for inclusion in intelligent engine control systems.

» Develop vaidated chemical mechanisms that describe fuel kinetics.

» Develop and demonstrate combustor designs that show the feasibility of technologies to reduce
oxides of nitrogen (NO,) emissions by 85 percent while also reducing particulate matter, rela-
tive to the limits set by the International Civil Aviation Organization in 1996 for future large and
regional subsonic engines (with pressure ratios of 55:1 and 30:1, respectively).

The SFW and Supersonics Projects are supporting research to reduce emissions. This research
encompasses al but the last of the above milestones, and NASA is providing some support, such as test
facilities, to support industry-funded research. Even so, industry seems to be taking the lead in engine
emissions research. Given NASA's expertise in studies of engine emissions, the state of the art in this
very important area would advance more quickly if NASA were more proactive.

B3 Intelligent engines and mechanical power systems capable of self-diagnosis and reconfiguration
between shop visits

SFW SRW Supersonics Hypersonics Airportal Airspace IVHM IIFD IRAC Aging A/IC

ThisR&T challenge has the following milestones:

» Develop better computational simulation tools to understand operability limits.
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» Develop better life prediction tools.

» Develop improved steady-state and dynamic performance checks.
» Develop improved health diagnostics systems.

» Develop new health prediction systems.

» Develop improved clearance control systems.

» Develop active compressor stall control.

» Develop active combustion control.

This R& T challenge calls for the devel opment of computational simulation tools to understand the
new generation of engines that have a high degree of self-diagnostics and regulation.

Relevant research by the SFW and Supersonics Projects is unlikely to make a significant difference
to the state of the art; most of the research relevant to this challenge for these flight regimes is being
funded by organizations other than NASA.

Most of the diagnostics research described in the SRW reference document pertains to rotorcraft
drive systems and not the engines themselves. Thisresearch would investigate active control for increased
stall margins, and it includes experimental validation of models.

The Integrated Vehicle Health Management (IVHM) Project is addressing some aspects of this chal -
lenge, such asthe issue of monitoring propulsion systems with smaller unique high-temperature sensors
in the gas path and the development of diagnostic systems to predict engine health.

B4 Improved propulsion system fuel economy

SFW SRW Supersonics Hypersonics Airportal Airspace IVHM IIFD IRAC Aging A/IC

ThisR&T challenge has the following milestones:

e Demonstrate laboratory-scale materials for 1500°F compressor disks.

» Demonstrate materials for full-scale, 1500°F compressor disks.

» Perform 1,000-hour test of a 50-horsepower per pound speed reduction gearbox.

» Test a reduced-weight, high-bypass-ratio engine and nacelle-to-wing configuration in a wind
tunnel.

» Demonstrate an acceptably low-cost, advanced high-pressure turbine cooling system.

The Durability of Engine Superalloy Disks element of the Aging Aircraft and Durability Project is
working to improve the durability of disks at operating temperatures up to 1300°F, but this challenge
calls for research to enable operating temperatures up to 1500°F (for the purpose of improving fuel
economy), and research to develop new materials able to function at 1300°F islikely to focus on classes
of materials that will be unsuitable for operations at 1500°F. As a result, this research is not relevant to
this challenge.

Neither the SFW Project nor the Supersonics Project isworking on devel oping compressor diskswith
an operating temperature of 1500°F, higher-pressure-ratio engines, or the thermal problems associated
with those engines. However, the SFW Project is working to improve the engine component efficiency
and aircraft aerodynamics, which should improve specific fuel consumption.

The SRW Project is addressing this challenge through fundamental research in oil-free engines for
rotary-wing flight and the integration of such engines with an optimized drive system gearbox. How-
ever, no significant full-scale demonstrations are planned. Also, the Decadal Survey predicts that, over
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the long term, research related to this challenge should be able to improve fuel economy by 30 percent
relative to the GE 90 (for large commercial engines) and by 30 percent relative to T700/CT7 (for small
engines). However, the SRW Project has not set specific targets for improving fuel efficiency.

B5 Propulsion systems for short takeoff and vertical lift

SFW SRW Supersonics Hypersonics Airportal Airspace IVHM IIFD IRAC Aging A/C

This R& T challenge has the following milestones:

» Demonstrate pressure ratios between 25:1 and 30:1 and turbine inlet temperatures of 2800°F for
3,000-shaft-horsepower-class engine components.

» Develop and validate the design tools required for candidate gearboxes and clutch systems.

» Demonstrate highly reliable gearboxes, which have transfer efficiencies of about 99.8 percent
and power-to-weight ratios of about 50 horsepower per pound.

» Demonstrate clutch system technologies with 10,000-cycle life and a probability of failure of
1 x 107 over the life of the system.

The SFW Project has no planned research to address the above milestones.

The SRW Project includes research on optimization of gearbox-engine systems, wide-operability
engines, and efficient, high-power-density engine technologies. However, these tasks only use metrics
related to the accuracy of tools, and they do not target specific levels of propulsive efficiency. Neither
the SFW Project nor the SRW Project includes thrust vectoring or engine-assisted lift research.

B6a Variable-cycle engines to expand the operating envelope

SFW SRW Supersonics Hypersonics Airportal Airspace IVHM IIFD IRAC Aging A/C

This R& T challenge has the following milestones:

» Develop variable exhaust nozzle technology to optimize fuel burn.

» Develop improved thermal management systems.

» Develop ceramic matrix composite technologies for hot section components.

» Develop highly loaded, high-speed bearings.

» Develop probabilistic analysis for more accurate designs and life prediction.

» Develop improved turbine cooling technol ogy.

» Develop high-temperature combustors to accommodate increased operating pressure ratios.
» Develop improved aircraft-engine integration tools.

The SFW Project is supporting some component research that addresses most of the above mile-
stones, but the U.S. Air Force is leading research in this area.

Plans for the Supersonics Project include research that would likely make substantial progress in
the near term in meeting the intent of this R& T challenge, although the usefulness of this work will be
limited somewhat by the lack of any notional vehicle to guide the research.
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B6b Integrated power and thermal management systems

SFW

SRW Supersonics Hypersonics Airportal Airspace IVHM IIFD IRAC Aging A/IC

This R& T challenge has the following milestones:

Identify and mature new business models for the design, development, validation, and support of
hardware and software components of integrated systems.

Develop an object-oriented modeling infrastructure that allows networking resources to operate
across different hardware platforms and geographic sites.

Develop new engine-airframe systemsintegration architectures for both subsonic and higher-speed
flight.

Develop physics-based subsystem component models that can analyze transient operations.
Develop and mature concepts for the integration of fuel cell technology as secondary power
sources.

Develop advanced electric or electromechanical actuators that have rapid response, high power-
to-weight, and low heat rejection.

Devel op subsystem components that can survive in more stressful thermal environments, require
less cooling, and reject less waste heat, including thermally efficient fuel pumps and high-tem-
perature electronics for power management and distribution systems.

Develop lightweight, high-energy-density batteries.

Develop advanced heat exchanger technologies.

The high velocity of hypersonic vehicles make it particularly important to manage the power and
thermal balance. However, thermal management is important for aircraft in all flight regimes. Even so,
neither the Hypersonics, Supersonics, SFW, nor SRW Project has planned research to address the above
milestones.

B8 Propulsion systems for supersonic flight

SFW

SRW Supersonics Hypersonics Airportal Airspace IVHM IIFD IRAC Aging A/C

This R&T challenge has the following milestones.

Establish needed boundary conditions, initial conditions, and other inputs and outputs for each
module of multidisciplinary, system-level design tools.

Develop technology that will enable supersonic aircraft to meet Stage 4 noise standards.
Validate boundary-layer control techniques for inlet performance and drag reduction.
Demonstrate a supersonic variable-cycle engine with specific fuel consumption of 1.1 or lower
and athrust-to-weight ratio of at least 6.

Demonstrate high-performance, low-drag, noncircular inlet designs.

Obtain flight-test data on noise, emissions, human annoyance caused by sonic boom, and system
interactions across the flight regime.

The Supersonics Project is not working to achieve a specific fuel consumption of 1.1 or athrust-to-
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weight ratio of at least 6. Little or no work is being done to achieve the higher pressure ratios, higher
operating temperatures, extended flight times, and long times between major maintenance that the pro-
pulsion systems for a commercially viable supersonic transport will need to demonstrate.

B9 High-reliability, high-performance, and high-power-density aircraft electric power systems

SFW

SRW Supersonics Hypersonics Airportal Airspace IVHM IIFD IRAC Aging A/C

This R& T challenge has the following milestones:

Demonstrate tenfold increase in power density for suitable electric generators and motors.
Demonstrate fivefold increase in energy and power density of suitable batteries and hybrid storage
systems (e.g., the battery—ultracapacitor).

Demonstrate an order-of-magnitude lighter optimized power system architecture (including, for
example, a direct-current power bus, remotely controlled loads, and a wireless system control).
Demonstrate intelligent power management and distribution using advanced system models
and wireless sensors or sensorless control technologies for graceful degradation and failsafe
operation.

Demonstrate advanced analysis and simulation tools for multiconverter power systems, which
can predict new modes of system dynamics and instability.

Neither the Supersonics, SFW, nor SRW Project has planned research to address the above
milestones.

The IVHM Project is developing the Advanced Diagnostics and Prognostics Testbed facility at
NASA Ames Research Center. This system will investigate intelligent power management systems for
graceful and failsafe degradation and develop modeling and simulation tools that can assess power sys-
tems dynamics. However, the IVHM Project isdoing no work to increase the energy and/or power density
of electric generators, motors, batteries, hybrid power storage systems, or power system architectures.

B10 Combined-cycle hypersonic propulsion systems with mode transition

SFW

SRW Supersonics Hypersonics Airportal Airspace IVHM IIFD IRAC Aging A/IC

This R& T challenge has the following milestones:

Devel op advanced diagnostics capable of measuring time-averaged and time-resol ved flow param-
eters and their correlations.

Demonstrate ramjet-scramjet (dual mode) transition and isolator performance for a simplified
geometry with alternately clean and vitiated air.

Conduct transient experiments to simulate cowl door movement for turbine-ramjet mode transi-
tion and cowl lip movement to control inlet contraction.

Demonstrate injection, mixing, and combustion using simple fuel injectors and with alternately
clean and vitiated air.

Conduct inlet studies with variable angles of attack and sideslip angles.
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* |Investigate new engine configurations using inward-turning inlets, elliptical cross sections, and
SO on.

The Propulsion and Propulsion Technology Integration elements of the Hypersonics Project are
conducting a significant amount of experimental and computational work related to the development of
highly reusable and reliable launch systems. These systems would use hypersonic vehicles powered by
air-breathing, combined-cycle, propulsion engines, and a substantial amount of related work supported
by the Hypersonics Project would meet the intent of this R& T challenge.

MATERIALSAND STRUCTURES

This section summarizes the committee’s assessment of NASA research related to the top 10 R& T
challengesinvolving structures and materials (Area C) in the Decadal Survey of Civil Aeronautics (NRC,
2006).

C1 Integrated vehicle health management

SFW SRW Supersonics Hypersonics Airportal Airspace IVHM IIFD IRAC Aging A/IC

This R& T challenge has the following milestones:

» Develop lightweight sensor networks that characterize the state of materials and structures over
large areas.

» Develop very-low-power or self-powered wireless sensors capable of operation in harsh
environments.

» Develop artificial intelligence to automatically assess structural integrity from sensor responses
and implement damage mitigation protocols.

» Develop components and sensors that are cost-competitive and available from multiple
vendors.

» Flight test full-scale IVHM systems to detect multisite damage.

This challenge is unique in that its scope encompasses amost all the work being conducted by a
single project: the IVHM Project. The discussion of this R& T challenge in the Decadal Survey of Civil
Aeronautics notes that “with a national fleet of aging aircraft and infrastructure in an industry with low
profit margins, IVHM is increasingly important. . . . Early detection of impending failures in aircraft
materials, structures, and wiring is critical for avoiding fatalities as a part of the aging aircraft program.
IVHM also reducestimelost to scheduled maintenance and reduces the likelihood of unscheduled down-
time” (NRC, 2006, p. 113). In addition, the reference document for the Aging Aircraft and Durability
Project states that that “aircraft aging is a significant national issue” (NASA, 2006, p. 1).

The average age of U.S. commercial aircraft dropped in the aftermath of the attacks on September
11, 2001, as many older aircraft wereretired. On aglobal basis, the average age of regional jets operated
by scheduled airlinesis now lessthan 7 years. By contrast, the average age of narrowbody jets operated
by scheduled airlines, nonscheduled airlines, and air cargo carriers is 13.5 years, 21.5 years, and 28.2
years, respectively (OAG, 2007). In addition, the average age of aircraft operated by the Department of
Defense (DaD) is aso increasing, sometimes to the point of exceeding the original design service life
of the vehicles.
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Even though aging is an issue with existing commercial and military aircraft, the project description
for the Aging Aircraft and Durability Project says that its focus “is on aging and damage processes in
‘young’ aircraft, rather than life extension of legacy vehicles” (NASA, 2006, p. 1). NASA'sresearch plans
in this area emphasize new and emerging material systems and fabrication techniques and the potential
hazards associated with aging-related degradation. Such a focus would greatly limit the ability of the
project to have any impact on the air transportation system in the near or mid term.

Advanced IVHM can expedite the introduction of innovative material systemsand structural concepts
in rotorcraft. However, the reference document for the SRW Project does not address research related to
the design or development of rotorcraft IVHM technologies or systems. In particular, the SRW Project
does not focus on the use of sensor networks to gage the real-time state of rotorcraft systems, nor does
it support research on the use of data to mitigate the influence of structural or material degradation.

The IVHM Project is developing health management sensors and sensor networks applicable to
airframes, aircraft systems, propulsion systems, and environmental hazards (such asice, radiation, and
lightning strikes). This work includes fiber-optic sensors for determining the distribution of strain and
temperature in an airframe system, high-temperature silicon-carbide sensors, extensive studies of the
impact of ionization and radiation, data mining research. NASA’'s IVHM research on ice as a hazard
does not clearly add value to icing research done elsewhere. However, IVHM research on data mining
is novel and has the possibility of creating new paradigms for aircraft maintenance over the life of the
vehicle. NASA may be able to create universal formats, protocols, and databases for representing data
and informatics about any air vehicle. NASA is also devel oping atestbed at Ames Research Center that
simulates vehicle power systems and allows IVHM principles to be applied to power network control -
lers and systems. This testbed seems relevant to NASA's future spacecraft missions, however, and it is
uncertain how it can be used for direct support of aircraft.

The Aging Aircraft and Durability Project has three research areas at the multidisciplinary capabili-
ties level (i.e., Level 3, as defined by ARMD). These research areas are Detect, Predict, and Mitigate.
Some of theresearch related to the Detect area supports this challenge and some of the above milestones,
although in-flight monitoring is not identified as agoal. Reduction of maintenance downtime is one goal
of this challenge, but NASA staff working on the Aging Aircraft and Durability Project lack firsthand
experience with commercial transport maintenance operations. The Aging Aircraft and Durability Proj-
ect’s low level of effort and broad scope bring into question its ability to make significant progress.

C2 Adaptive materials and morphing structures
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ThisR&T challenge has the following milestones:

* Identify new morphing missions and designsfor reconfigurable civil aircraft, including supersonic
aircraft with low sonic boom.

» Develop the next generation of high-strain, adaptive materials or devices that can be activated
and deactivated for repositioning, with actuation deformation up to 100 percent.

» Develop novel integrated adaptive materials that allow wing surfaces and fuselages (including
inlets) to rapidly change shape or alter load paths.

e Conduct scaled wind tunnel and flight tests on active, morphing aircraft to enable innovative,
lightweight designs.
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» Develop new, structurally integrated adaptive devices for flow control on a commercia aircraft
to, for example, reduce drag and improve performance in off-design conditions.

» Develop analysis and design tools that account for and accurately predict nonlinear behaviors of
adaptive materials and morphing structures.

The SFW Project is doing good work in basic material composition and adaptive structures and
materials, although agreater effort to apply thisresearch to structural configurations would be necessary
to fully meet the intent of this R& T challenge.

The SRW Project includes little or no research on the use of adaptive materials for rotorcraft struc-
tural applications.

The Supersonics Project is concentrating on aeroelastic issues, but not on adaptive materials or
morphing.

C3 Multidisciplinary analysis, design, and optimization
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ThisR&T challenge has the following milestones:

e Develop multidisciplinary analysis tools that incorporate aerodynamics, structural dynamics,
vibration, thermal response, acoustic response with structural response to mechanical loads.

» Extend multidisciplinary tools to incorporate explicit mathematical modeling of design issues
such as manufacturing processes, life-cycle cost, and repairability.

» Develop efficient approaches for multivariable optimization.

» Develop efficient and effective search processes for the analysis of large, complex systems.

» Develop approaches for modeling uncertainty in data-lean environments.

e Develop computationally efficient methods for reliability assessment.

» Develop a systematic approach for modeling risk and uncertainty in complex coupled systems.

The SFW and Supersonics Projects are demonstrating the implementation of relevant tools in an
integrated program that addresses the above milestones. For example, the Computationally Guided Mul-
tifunctional Materials Development element of the SFW Project includes development of physics-based
models to increase the fundamental understanding of materials science, establish the interconnectivity of
the multiple disciplines required to provide parametric analysis tools, and develop examples of key struc-
ture-property relationships for novel materials. Validation would be achieved by experiment. Ultimately,
this approach to materials design would enable the tailoring of key properties such as strength, durability,
acoustic damping, and conductivity to address multifunctional applications.

The SRW Project is developing a suite of analysis tools, but it is not supporting substantial work
in assembling the tools into an MDAO capability for rotary-wing applications. The SRW Project is not
explicitly examining the computational fidelity of these tools for different stages of the MDAO pro-
cess, nor isit making a significant effort in integrating the various analysis tools and linking them to a
design optimization capability. Neither is the SRW Project quantifying or representing the influences
on uncertainty in the analysis and design tools.

Severa elements of the Hypersonics Project address this R& T challenge. The Materials and Struc-
tures element includes milestones related to multidisciplinary thermal and structural analysis methods
for the design and evaluation of hypersonic airframe and propulsion structures that incorporate life
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prediction and reliability models. The Vehicle Technology Integration element includes milestones
related to the development of tools and methodol ogies to design and analyze the highly coupled multi-
disciplinary systems problems presented at the vehicle system level in support of hypersonic vehicles.
The Physics Based MDAO element includes milestones related to the development of advanced phys-
ics-based multidisciplinary predictive design, analysis, and optimization tools focused on supporting
Highly Reliable Reusable Launch Systems (HRRLS) and High Mass Mars Entry Systems (HMMES)
mission vehicles.

The Aging Aircraft and Durability Project is organized around eight challenge problems, each of
which is more or less a stand-alone research effort. They may touch on some of the above milestones,
but the project details are not integrated to produce multidisciplinary design, analysis, or optimization. A
systematic approach for modeling risk and uncertainty in complex coupled systems (the last milestone)
would be very helpful in identifying and prioritizing aging aircraft and durability issues.

C4 Next-generation polymers and composites
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ThisR&T challenge has the following milestones:

» Demonstrate fabrication of composites with many different types of reinforcement fibers.

 Integrate adaptive materials to increase functionality.

» Develop techniques for manufacturing, processing, and dispersion of nanoscale reinforcements.

» Develop afundamental understanding of how different kinds of reinforcements (e.g., nano, func-
tional, or hybrid additives) affect the performance of polymers and composites.

» Improve damage tolerance for high-temperature polymers.

» Develop effective life prediction models for polymers and composites.

 Investigate environment-friendly end-of-life reuse or disposal strategies.

The Materials, Structures, and Mechanical Components element of the SFW Project is addressing
anumber of composites issues, but a more active program is needed in this very important area.

The SRW Project has no planned research to address milestones relevant to rotorcraft.

Plans for the Supersonics Project include research that would make substantial progressin the near
term in meeting the intent of this R& T challenge.

Three of the eight challenge problems (CPs) being addressed by the Aging Aircraft and Durability
Project address polymers and composites, as follows:

e CP-03: Durability and Structural Integrity of Composite Skin-Stringer Fuselage Structure
» CP-04: Durable Bonded Joints
e CP-05: Durahility of Engine Fan Containment Structure

The challenge problem on Durability and Structural Integrity of Composite Skin-Stringer Fuselage
Structure (CP-03) directly addresses this challenge, but given the large level of effort in industry and
extensive role that composites are already playing in commercial products, the timing of this effort and
the low level of effort will limit the value of this research. The value of CP-04 and CP-05 is uncertain
given the low levels of effort in both areas. In addition, for CP-05, blade containment systems using
current technology already demonstrate a high level of protection, especially for composite blades.
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C5 Noise prediction and suppression
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This R& T challenge has the following milestones:

» Measure noise signatures in controlled environments such as anechoic wind tunnels, for arange
of flight conditions.

» Predict noise signatures using advanced multidisciplinary methodologies, validating against test
data for level and maneuvering flight modes.

» Develop efficient structural solutions for interior noise control, that is, structural optimization.

» Design non-load-bearing passive noise control.

» Design active controls for interior and exterior noise through smart structures technology.

» Develop low-noise rotors.

o Selectively flight test full-scale systems with noise signature measurement.

The SFW Project is supporting research on fundamental noise control to alleviate structural noise.
The Systems Analysis, Design, and Optimization element recognizes noise as an important aspect of
MDAO modeling, although the principal investigator (Pl) reportsthat there is a shortage of noise analysts
available to support this work.

The Supersonics Project has no planned research to address the above milestones.

The Decadal Survey of Civil Aeronautics notes that noise prediction and suppression are very
important for rotorcraft. The reference document for the SRW Project emphasizes the need for research
to reduce both interior and exterior noise, and it characterizes noise generation as a problem involv-
ing coupled structures, fluid dynamics, and acoustics. The use of smart materials to reduce interior
noise is one task (among many) in the aeroacoustics area of the SRW Project. NASA is akey player in
DARPA's Helicopter Quieting Program,? although that is not mentioned in the SRW Project’s reference
document.

C6a Innovative high-temperature metals and environmental coatings
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This R& T challenge has the following milestones:

» Define required models and a model integration strategy to provide necessary functionality for
simulations.

» Select models for further development, based in part on how well they are aligned with materials
systems that provide the greatest benefit for propulsion systems.

» Develop models for selected substrates and associated environmental coatings; determine all the
physical parameters required by the models.

3See <www.darpa.mil/ucar/text/programs/hg.htm>.
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» Validate the models by applying them to the development of new materials that are selected in
concert with industry.

The SFW Project has no planned research to address the above milestones.

The reference document for the SRW Project affirms the importance of advanced material concepts
for improved efficiency of small rotorcraft engines. Plans for the SRW Project include research into
monolithic silicon nitride for hot sections and silicon carbide coatings. As suggested in the Decadal
Survey, validation of modeling through experimental tests in the high-temperature engine test facilities
is also planned.

The Supersonics Project is supporting some research on modeling and development of high-tem-
perature materials, coatings, and processes, but it is not supporting research related to other aspects of
this challenge.

The Materials and Structures element of the Hypersonics Project includes experimental tests of
metallic materials and structures, but relevant modeling efforts do not seem to be part of this project.

In the Aging Aircraft and Durability Project, the first challenge problem (CP-01: Damage Method-
ology for Metallic Airframe Structures) and the second challenge problem (CP-02: Structural Integrity
of Integral Metallic Structure) do not specifically address metal high temperatures or coatings, but the
results of this research could contribute to overcoming this challenge, particularly with regard to a better
understanding of aluminum structures in elevated temperature environments. Plans for CP-06 (Durabil -
ity of Engine Superalloy Disks) and CP-07 (Durability of Engine Hot Section) address this challenge,
and research in this area clearly could have significant value, but the low planned levels of effort (2.9
labor-years for CP-06 and 1.5 labor years for CP-07) draw into question the likelihood that planned
work will substantially advance the state of the art.

C6b Innovative load suppression, and vibration and aeromechanical stability control
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ThisR&T challenge has the following milestones:

» Predict vibration using advanced CFD methodologies and validate experimentally.

e Predict aeromechanical stability for advanced configurations and expanded flight envelope
(including hypersonic flight) and validate experimentally.

» Measure vibratory loads and vibration signatures under controlled, wind tunnel environments for
arange of flight conditions.

» Develop novel techniques for control-oriented modeling.

» Selectively flight test full-scale systems, measuring vibration signatures and damping levels at
level and maneuvering flight conditions.

* Innovate and employ active or passive techniques to minimize vibration and increase stability
margin.

» Develop MDAO techniques to develop low-vibration, stable systems.

The SFW Project is doing substantial work on aspects of this challenge related to the engine and
airframe.

The Decadal Survey of Civil Aeronautics emphasizes the importance of load suppression, vibra-
tion reduction, and aeromechanical stability control to rotorcraft. The reference document for the SRW
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Project describes specific research tasks that would address these areas by developing and validating
predictive tools, using experimental test facilities as needed. There is a strong focus on coupling CFD
codes and computational structural dynamics codes to develop predictive capabilities and to validate
these predictions through wind tunnel tests. The SRW Project does not plan to conduct the full-scale
tests included in the milestones for this challenge.

The Supersonics Project initially emphasizes aeroel astic approaches and controls for reducing gust
|oads and aeroel astic amplitudes aswell as control strategiesto eliminate low-frequency structural vibra-
tions. The reduction of flutter and dynamic stressesis proposed for fiscal years (FY) 2010-2011. All of
thisis through the use of computer modeling. It is not clear how these techniques will be validated.

The Hypersonics Project has no planned research to address the above milestones.

C8 Structural innovations for high-speed rotorcraft
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This R& T challenge has the following milestones.

» Develop comprehensive aeromechanic analyses for high-speed rotorcraft that include tilt-
rotor, tandem-rotor compound, and compound coaxial rotors for level and maneuvering flight
conditions.

» Develop aeromechanics and technology toolsfor the drive-train system and other key components
necessary for variable-speed rotors.

» Design and develop lightweight, crash-absorbing composite airframes.

» Develop technology for all-weather rotorcraft operation.

» Develop advanced composites with high damage tolerance for use in large dynamic structural
components.

» Reducerequired shaft power by 15 percent from current levelsusing elastically tail ored composite
blades, active structural and flow control, and advanced airfoils.

* Reduce life-cycle cost using health and usage management systems, low-cost tailored airframes,
and lightweight low-vibration rotors.

The SRW Project includes specific tasks to improve the integration and design of drive-train sys-
tems, with an emphasis on variable and multispeed drive system technologies. It also includes ongoing
research related to structural design for enhanced crashworthiness in rotorcraft structures. However, the
SRW Project’s reference document does not address (1) development of tools for innovative new rotor-
craft configurations (tilt-rotors, tandem compound rotors, coaxial compound rotors) or (2) reduction of
life-cycle costs using health and usage monitoring of rotorcraft structures.

C9 High-temperature ceramics and coatings
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ThisR&T challenge has the following near-term milestones:

» Generate material property databases appropriate for design of a high-temperature ceramic
component.
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e Complete full-scale testing of at least one ceramic composite component with improved perfor-
mance for subsonic aircraft applications (e.g., fairing heat shields, combustor liner, or turbine
arfail).

» Develop models to optimize a structure for a new, rather than an existing, platform.

» Model crack growth under actual operating conditions.

» Develop advanced ceramic compositesfor large surfaces and | eading-edge components for super-
sonic and hypersonic vehicles and complete relevant environmental testing of subcomponents.

ThisR&T challenge also has the following far-term milestones:

» Flight test at least one ceramic composite component for improved subsonic flight vehicles and
transfer the technology to industry.

» Verify model predictions of performance using flight-test data.

» Extend model predictions to new flight speed regimes to optimize supersonic and hypersonic
vehicle designs for hot structures and engine components.

» Demonstrate, through full-scale testing, at least one ceramic composite component for a super-
sonic or hypersonic platform.

The ceramics research by the SFW Project is inconsistent with the above milestones and will not
provide timely results, particularly with respect to high-temperature requirements. NASA should con-
sider teaming with the Air Force in this arena

The SRW Project plansto support some research in ceramics (in the form of ceramic matrix compos-
ites). However, the SRW Project will not address the need for (1) more fabrication and testing experience
with these materials and (2) a better understanding of their long-term behavior.

The Supersonics Project includes development of metal/polymer composites in the near term. The
development of ceramic matrix composites and ceramic barrier coatings is delayed until FY 2011.

The Hypersonics Project in its Materials and Structures element contains many tasks for evaluation
and modeling of materials and structures constructed from ceramic matrix composites for propulsion
and airframe applications, but the Hypersonics Project does not include flight testing to validate these
structures and materials.

In the Aging Aircraft and Durability Project, CP-06 (Durability of Engine Superalloy Disks) and
CP-07 (Durability of Engine Hot Section) address coatings relevant to this challenge, but at alow level
of effort (2.9 labor-yearsfor CP-06 and 1.5 |abor yearsfor CP-07) that limitsthe likelihood of producing
significant and timely results. Furthermore, plans for the Aging Aircraft and Durability Project do not
address the need for (1) more fabrication and testing experience with these materials and (2) a better
understanding of their long-term behavior.

C10 Multifunctional materials
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ThisR&T challenge has the following milestones:

» Develop a comprehensive analysis to predict the performance of selected monoalithic and com-
posite multifunctional materials.
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» Usethisanaysisto guide parametric studies to explore and optimize material response with the
goal of understanding the combined response of the multifunctional material.

* Fabricate materials according to model predictions.

e Evaluate material performance, both coupled and structural, and compare with analytical
predictions.

 Integrate multifunctional materials into a structural component for benchtop verification.

e Conduct flight tests on a structural component.

The SFW Project has a solid plan that addresses the above milestones. Progress reported to date,
however, is inconsistent with the plan.

Neither the SRW Project nor the Supersonics Project has planned research to address the above
milestones.

The Materialsand Structures element of the Hypersonics Project containstasks for design and evalu-
ation of multifunctional ablator materials. The task appears limited in scope to one type of composite
material, and the project does not include any flight testing of these structures and materials for valida-
tion as specified in the R& T challenge.

The IVHM Project is supporting research to develop self-healing materials. The research supports
some aspects of the R& T challenge. The integration of sensors into multifunctional materials would
help devel op structures capabl e of prognostics. The development of energy harvesting systemsto collect
thermal energy from the propulsion system is a good application of thermoelectric materials.

DYNAMICS, NAVIGATION, AND CONTROL, AND AVIONICS

This section summarizes the committee’s assessment of NASA research related to the top 10 R& T
challenges involving dynamics, navigation, control, and avionics (Area D) in the Decadal Survey of
Civil Aeronautics (NRC, 2006).

D1 Advanced guidance systems
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ThisR&T challenge has the following milestones:

e Develop advanced algorithms and avionics for collision, terrain, and wake vortex avoidance;
formation flight and cooperative and multiaircraft guidance; and ground operations guidance
(taxi, takeoff, rollout, and turnoff).

» Expand facilities and programs capable of maturing the above technologies to flight-ready
systems.

» Develop and adopt regulations for the certification and operation of autonomous unmanned air
vehicles (UAVS) in civil airspace.

The reference document for the SRW Project includes goalsrelated to the devel opment of algorithms
to avoid flight into terrain, particularly in all-weather operations. Plans for the SRW Project include
research on precision guidance, navigation, and control capabilities for rotorcraft, although the refer-
ence document states that limited resources will constrain related research to aspects of the program
that provide an integrated solution to handling qualities and dynamics problems.
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The Safe and Efficient Surface Operations element of the NGATS ATM-Airportal Project explores
optimization of surface routing and the roles of pilots, controllers, and systems in surface operations.
None of the other research planned by either the NGATS ATM-Airportal Project or the NGATS ATM-
Airspace Project addresses the above milestones (or similar milestones for challenge D10 on the safe
operation of UAV's in the national airspace).

The Adaptive Intelligent Information Management task of the Integrated Intelligent Flight Deck
(IIFD) Project is addressing advanced onboard guidance. However, most of the onboard guidance
research supported by ARMD is conducted by the NGATS ATM-Airspace Project. For example, this
research includes the generation of aircraft trajectories using algorithmic methods. The IIFD Project
is conducting research to improve pilots' situational awareness by providing them with information
about the tragjectories of aircraft in their aircraft’s critical volume, so they can make appropriate spacing
decisions.

The IIFD Project anticipates providing its results to various government organizations, including the
DoD. However, the [IFD Project has not considered the advances that DoD has made in integrated display
systems in its most recent fighter aircraft, the F-22 and F-35. These systems integrate information from
multitudes of sensors on the aircraft, on the ground, and on other aircraft. This directly relates precisely
to issuesthat the I IFD Project is addressing, such asinformation quality and uncertainty, decluttering, and
general spatia integration of information.

D2 Distributed decision making, decision making under uncertainty, and flight-path planning and
prediction
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ThisR&T challenge has the following milestones:

» Develop simulation capabilities for evaluation and demonstration of certain high-performing
strategies in the execution of realistic system architectures and applications.

» Develop arequirements flowdown to all affected aircraft systems, such as advanced communica-
tions, navigation, and surveillance systems.

» Develop improved, automated logic and processes for contingency management.

» Develop a methodology to support verification and validation of future systems technologies
developed by this challenge.

Although the SRW Project includes a system-level milestone on Control Theory, Intelligent/Autono-
mous Systems, Information Processing, and Modeling, rel ated research does not rel ate to the fundamental
thrust of thisR& T challenge asit relates to rotorcraft, which is to add autonomy and automatic controls
to improve integration of rotorcraft in the air traffic management system.

The Safe and Efficient Surface Operations element of the NGATS ATM-Airportal Project explores
optimization of surfacerouting and theroles of pilots, controllers, and systemsin surface operations. The
role of people in decision making is addressed in the Airportal Transition and Integration Management
element, which is developing a human performance model for the roles of pilots, controllers, airport
ground personnel, and others. This effort is examining the allocation of roles between humans and
automation. In addition, the Coordinated Approach/Departure Operations Management element of the
NGATS ATM-Airportal Project is examining Required Navigation Performance and four dimensional
(4-D) trgjectories for improved runway throughput.
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The Traffic Flow Management, Super Density Operation, and Trajectory Prediction, Synthesis, and
Uncertainty elements of the NGATS ATM-Airspace Project address the first and third milestones for
this R& T challenge (see above). This research is also well aligned to the stated needs of the NextGen
System (as of September 2007). The planned research should advance the state of the art, but timely
undertaking of substantive research by the Super Density Operations and Trajectory Prediction elements
is compromised by a shortage of qualified and experienced staff.

The IIFD Project is addressing important elements of this R& T challenge, but the research would
be more effective if it did a better job of taking into account work that DoD has performed in this area.
(See discussion under D1, above.)

D3 Aerodynamics and vehicle dynamics via closed-loop flow control
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This R& T challenge has the following milestones:

» Develop simpler representations of the aircraft system dynamics for control design.

» Develop distributed control algorithms and architectures.

» Demonstrate the ability to numerically solve distributed control algorithms at the Reynolds num-
bers associated with manned aircraft flight to demonstrate control performance.

» Implement integrated, distributed closed-loop flow-control systems.

» Design and develop lightweight, mechanized, shape-changing structures.

o Experimentally verify the performance of shape-changing aerodynamic structures before flight
testing.

The SFW Project includes research and flight testing of shape-changing structures, but it does not
include substantial work on the other elements of this challenge.

Thefocus of thischallengeis on using distributed sensors and actuators to provide flow control over
awide range of flight operations. The SRW Project does not effectively address this goal.

The Supersonics Project includes research related to this challenge, but it is focused mostly on
developing and testing computational codes, and it is not applying those tools to develop and predict
the performance of notional aircraft configurations.

D4 Intelligent and adaptive flight control techniques
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ThisR&T challenge has the following milestones:

» Develop an adaptive, intelligent, fully integrated vehicle management system that can operate
safely without reliable sensor information.

» Demonstrate a mature methodology for designing and analyzing flight control laws for aircraft
with large numbers of highly distributed control actuators and sensors—for example, shape
memory alloys and piezoelectrics.

» Demonstrate a mature methodology for using information of different degrees of reliability
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without compromising flight safety (e.g., using data from what would traditionally be considered
non-flight-critical systems within an inner control loop).

» Demonstrate long-term learning so that adaptation would only need to be used in novel situations.
For example, following damage, the system adapts the first time it enters a particular part of the
flight envelope but does not need to readapt if it leaves that part of the envelope and returns.

» Validate complex nonlinear systems to seek out worst-case scenarios that may not be identified
with exhaustive testing.

Intelligent and adaptive flight control techniques require that vehicle systems be highly integrated.
The reference document for the SRW Project describes research related to this challenge, but it does not
directly address the above milestones. The most important rotorcraft-unique aspect of this challenge is
the first milestone, and the plans for the SRW Project includes research that supports that milestone.

The Integrated Dynamics and Flight Control, Integrated Propulsion Control and Dynamics, and
Airframe and Structural Dynamics elements of the Integrated Resilient Aircraft Control (IRAC) Project
address key aspects of this challengefor fixed-wing applications. The research in question will investigate
the integration of (1) engine and actuator health data and (2) structural degradation and damage. This
research would also integrate propulsive and aerodynamic controls to optimize flight performance in
damaged and degraded conditions. NASA assets such as simulation facilities, the scale-model transport
testbed, and aircraft at Dryden Flight Research Center would be used to support full-scale validation of
the concepts produced by this research.

D5 Fault-tolerant and integrated vehicle health management systems
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This R& T challenge has the following milestones:

» Specify nominal models and model behavior, interface, and test requirements for component and
integrated system capability affected by degraded or failed operation of a representative subset
of avionics and flight system components. Define suitable thresholds for levels of degraded and
failed operation for component-level and system-level operations.

» Work with aircraft subsystem and flight system vendors to specify parameters that are candidates
for maintenance logging. Develop models and compact representations that can incorporate
measurements of these parameters in near real time and devel op thresholds that can be used for
on-demand maintenance activities.

» Evaluate component capability in asimulated environment (ground test and hardware in the loop).
That is, take a particular subsystem, such as areal landing gear system that has been represented
by an appropriate behavioral model as specified, and insert simulated faults to test for proper
operation of the health monitoring system. Perform these tests for al representative subsystems
that were specified above.

» Evaluate integrated system capability in a smulated environment. Take the subsystem health
models previously specified and insert faults, preferably ones that were not detected as quickly
as necessary by the individual component models that were evaluated in the above set of tests,
and use the system models in order to evaluate the efficacy of their integrated operation.

e Test component and integrated system capability in a flight environment.
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The IVHM, IIFD, and IRAC Projects are generally addressing this challenge as it pertains to fixed-
wing applications, and it is somewhat premature to address this challenge as it pertains specifically to
supersonic and hypersonic aircraft. The reference document for the SRW Project describes research
related to this challenge, although issues related to fault detection, isolation, and reconfiguration of
control are not explicitly pursued.

The IVHM Project is maturing health monitoring technologies related to structures, propulsion, and
aircraft systems. It is devel oping assessment and prognostic capabilities for detecting airframe and pro-
pulsive structure faults using in situ sensors. The IVHM Project is developing high-temperature silicon
carbide sensors for the propulsion system hot gas path. It is also studying the management and mitiga-
tion of icing- and lightning-related issues that relate to IVHM. Sensors, algorithms, and approaches are
being developed for assessing landing gear, wings, propulsion systems, and power systems. The integra-
tion of these technologies, to form a“big picture” approach to vehicle health management, has been an
elusive goal to date. The Decadal Survey is very clear on the need to integrate the health management
functions of individual systems, and the IVHM Project is addressing this goal through the use of novel
data mining techniques.

The External Hazard Detection and Classification element of the || FD Project directly addressesfault
tolerance. The Adaptive Information Management element of the IIFD Project supports research related
to vehicle health to address vehicle situational awareness, along with the IVHM and IRAC Projects (see
below), but the integration of these efforts is left to the researchers involved in the various efforts.

The IRAC Project is effectively and directly addressing fault tolerance due to structural anomalies
and control actuation failures or degradation by integrating propulsion control and aerodynamic control
in an adaptive control architecture. Fault tolerance after adaptation is enhanced by integrating a replan-
ning function that considers the reduced functionality of the aircraft.

D6 Improved onboard weather systems and tools
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ThisR&T challenge has the following milestones:

» Develop robust and reliable data links for collecting information from onboard sensors.

» Develop processes and tools for integrating weather information from onboard sensors and data
links to the ground and other aircraft.

» Demonstrate effectiveness in practical decision-support applications relating to weather, with
varying levels of information quality and uncertainty.

Neither the NGATS ATM-Airportal Project nor the NGATS ATM-Airspace Project has planned
research to achieve aspects of the above milestones related to in-flight applications.

The External Hazard Detection and Classification element of the IIFD Project is researching sensor
suites for detection of adverse weather and obstacle avoidance while also investigating how best to
display these data. This research is also addressing the feasibility of fusing aternative data sources
that provide data on turbulence, icing conditions, and other weather-related phenomenology, and it is
addressing display capabilities for runway incursion detection and obstaclesin theair, such asthin wires.
However, the IIFD Project does not include data link research.
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D7 Advanced communication, navigation, and surveillance technology

SFW
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This R& T challenge has the following milestones:

Simulate avionics on an individual aircraft to determine the capability of each avionics function
(communication, navigation, guidance, control, and surveillance).

Demonstrate (1) fault-tolerant degradation of communications, navigation, and surveillance capa-
bility (in terms of accuracy and availability of modes) and (2) processes needed to ensure that the
individual aircraft can still transmit the needed aircraft state information and receive information
and air traffic control commands with an extremely low probability of communication error.
Evaluate different tracking and control algorithmswith various faultsthat could occur in either the
ATM system or airborne aircraft to determine whether the algorithms are able to detect the faults,
identify them, and recover from them by reconfiguring the system in which the fault occurred as
well as other systems to provide a satisfactory level of service.

Document thefeasibility of using space-based communications and surveillance as both aprimary
and backup means of ATM.

Demonstrate modeling and real-time simulation using distributed control centers and different
traffic levels, ranging from the current peak hourly load of about 6,000 airborne aircraft in the
continental U.S. airspace to a predicted hourly load of 18,000 airborne aircraft, using current
demand patterns. This effort is required to verify that the network of communication links, pro-
cessing nodesin the network, and control al gorithms provides the desired capacity while satisfying
safety criteria

Demonstrate a means to provide seamless information flow between an aircraft’s multiband
antennaand the fiber-optic local areanetwork that manages the information flow between aircraft
systems and the radio channels.

Demonstrate a robust IVHM system that detects permanent and transient onboard system faults
and communicates system status to pilots and ground systems.

For aircraft equipped with autothrottles, devel op performance algorithmslinked to aircraft dynam-
icsto maintain the approved flight trajectory while minimizing fuel consumption. For aircraft that
are not equi pped with autothrottles, document the information required by the flight management
system to generate speed commands to be displayed to pilots while minimizing pilot workload.
Develop an air-ground communication protocol that (1) optimally allocates functions among
pilots, avionics, air traffic controllers, and automated ground systems and (2) includes a means
to alert ground systems and controllers that the data link or an onboard system has failed. This
will require control algorithms that can handle multiple failures in terms of controlling the air-
craft with the failures as well as adjacent traffic to minimize the impact on airspace capacity and
efficiency.

Neither the NGATSATM-Airportal Project, NGATS ATM-Airspace Project, nor IVHM Project has
planned research to address the above milestones, and the SRW Project is not supporting research to
address rotorcraft-specific aspects of this challenge.



CHALLENGES AND REQUIREMENTS FOR NASA AERONAUTICS RESEARCH 51

D8 Human—machine integration
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This R&T challenge has the following milestones for human—machine integration methods and

tools;

Develop improved system engineering processes and tools for determining optimum roles of
humans and automation in complex systems and demonstrate the benefits of this improved
methodology in atrial application. Thismilestone should include provisionsfor dynamic human—
machine task allocation and monitoring of human performance by machines (e.g., automated
terrain avoidance).

Conduct fundamental research on the causes of human error and on human contributionsto safety
and document design guidelines that will (1) help minimize the potential for design-induced
error and (2) facilitate positive human intervention in the event of system failures. Transfer these
guidelines to government program offices and industry.

Develop constructive models of human performance and decision making and validate model
predictions against objective performance data acquired in high-fidelity human-in-the-loop flight
simulation experiments.

Develop and demonstrate rapid prototyping tools that enable comparative evaluations of aterna-
tive automation schemes early in system development.

Develop and validate a technique for integrating human reliability estimates into system safety
and reliability analyses.

ThisR&T challenge also has the following milestones for human—machine integration technol ogies
for vehicle applications:

Develop and test enabling technologies for pilot workload management and reduced crew opera-
tions (e.g., improved human—machine integration for aflight management system) while keeping
pilot awareness at the proper level.

Develop display concepts for maintaining operator situational awareness while monitoring highly
automated processes. Demonstrate the ability of operators to rapidly and accurately intervenein
the event of system failures.

Devel op technologies and/or display concepts enabling effective fusion of information from mul -
tiple sources, including real-world and synthetic imagery (i.e., augmented reality). Demonstrate
the effectiveness of these concepts in practical decision-support applications with varying levels
of information quality and uncertainty (in terms of accuracy, timeliness, etc.).

Develop and demonstrate technol ogies for machine vision (image-based object detection).
Develop tools and metrics to compare effectiveness of machine and human operators in see-and-
avoid tasks to improve machine performance.

The SRW Project is addressing some rotorcraft-specific aspects of human—machine interaction
issues, but it does not include research to develop processes and tools to determine the appropriate
balance between human operations and automation. Instead, existing research is focused on control
methods to reduced pilot workload.
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The Airportal Transition and Integration Management element of the NGATS ATM-Airportal Proj-
ect substantially addresses the above milestones, particularly with regard to the allocation of roles and
responsibilities between humans and machines as it applies to airport and terminal area systems and
operations.

The NGATSATM-Airspace Project includes separation assurance research to facilitate devel opment
of automated separation using a service provider approach. This research includes human situational
awareness with automated systems through simulations, and it alignswith the above milestone to develop
constructive models of human performance.

The Automation Monitoring and Failure Mitigation element and the Operator State Monitoring
and Classification element of the IIFD Project include a very strong effort to investigate dynamic
human—automation task allocation and to develop tools to measure the benefits of specific allocations
and identify the causes of human error.

D9 Synthetic and enhanced vision systems
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ThisR&T challenge has the following milestones:

» Prepare an accurate and compl ete terrain and obstacles database and demonstrate real-time data-
base monitoring and error correction.

» Develop procedures and rules for fusing image information from multiple imaging sensors as
well as stored terrain data and traffic; identify common viewing parameters; and determine what
role enhanced vision systems and synthetic vision systems should play in an integrated system.

» Demonstrate increased situational awareness and alerting to avoid air traffic, airport surface traf-
fic, wires, and cables.

» Demonstrate displays that (1) eliminate image fusion artifacts that lead to misleading informa-
tion and (2) present conformal information to pilots in away that facilitates its transition to the
outside world.

» Demonstrate tools for verifying database accuracy, fault tolerance, reliability, and overall system
accuracy.

The External Hazard Detection and Classification element of the IIFD Project contributes to the
development of synthetic and enhanced vision systems. Relevant research would provide the capability
to maneuver in poor visibility on the ground and in the air (e.g., to support approach and landing opera-
tionson parallel or converging runways). This research also supports development of integrated displays
of terrain and weather using onboard and external sensors and data sources.

D10 Safe operation of unmanned air vehicles in the national airspace
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ThisR&T challenge has the following milestones:

» Develop and demonstrate secure, reliable communications as well as procedures for interaction
between UAVs and air traffic controllers.
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» Design, develop, and demonstrate human interfaces for remote UAV operators under conditions
extant in the air transportation system.

» Develop and test training programs for remote UAV operators.

» Develop and demonstrate sense-and-avoid technologies for UAVSs.

» Demonstrate technologies for maintaining positive control of UAV's under adverse conditions.

» Develop and demonstrate automated contingency management for control of UAVs.

Neither the NGATS ATM-Airportal Project, NGATS ATM-Airspace Project, nor the IRAC Project
has planned research to address the above milestones.

INTELLIGENT AND AUTONOMOUS SYSTEMS, OPERATIONSAND DECISION MAKING,
HUMAN INTEGRATED SYSTEMS, AND NETWORKING AND COMMUNICATIONS

This section summarizes the committee’s assessment of NASA research related to the top 10 R& T
challenges involving intelligent and autonomous systems, operations and decision making, human inte-
grated systems, networking, and communications (Area E) in the Decadal Survey of Civil Aeronautics
(NRC, 2006).

E1 Methodologies, tools, and simulation and modeling capabilities to design and evaluate complex
interactive systems
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This R& T challenge has the following milestones.

» Demonstrate methodol ogies and tools for the design, test, and certification of a flexible, robust,
safeair transportation system that isreadily adaptabl e to changing operational paradigms suited to
new and different vehicles, including UAVs, very light jets, and spacecraft operating in civil air-
space; communications, navigation, and surveillance capabilities; and optimization techniques.

» Demonstrate aflexible ATM model that incorporates the performance characteristics and limita-
tions of the wide mix of present and future aircraft arriving, departing, and operating within air-
space surrounding major hub airports. This model should be capable of analyzing the impacts of
(2) aircraft mix and (2) operator and controller decision making and actions on system efficiency
and capacity.

e Demonstrate the ability of an enhanced version of the model to assess the impact of regional
weather phenomena, such as convective activity, snow, and high winds.

» Demonstrate the capability to test and certify nondeterministic systems.

» Demonstrate the ability of an enhanced version of the ATM model to assess impacts of aircraft
mix and operator and controller decision making.

The NGATS ATM-Airportal Project is a contributor to and user of simulation facilities and labora-
tories operated by NASA. Plans for the Coordinated Approach/Departure Operations Management ele-
ment of the project include research to produce a suite of concepts and technologies that can be tailored
to specific airports. In addition, plans for the Safe and Efficient Surface Operations element include
research to develop and validate a surface 4-D trgjectory model. Simulation and modeling underpin
most of the work by this project.
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The Performance Based Services element and the System-Level Design, Analysis, and Simulation
Tool element of the NGATS ATM-Airspace Project substantially address most of the above milestones.
Research in several other Airspace elements also supports this challenge, athough none of the planned
work specifically addresses unmanned air vehicles or spacecraft operating in civil airspace. In some
cases, resource limitations, including the availability of sufficient in-house expertise, will make it dif-
ficult to achieve milestonesin atimely fashion.

The IRAC and IVHM Projects have plans to address the milestone regarding the testing of nonde-
terministic systems. The IRAC Project plans to conduct laboratory and flight tests of nondeterministic
systems at Dryden Flight Research Center, although not until late in the current 10-year plan. Related
work by the IVHM Project will piggyback on the IRAC flight tests at Dryden.

E2 New concepts and methods of separating, spacing, and sequencing aircraft
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This R& T challenge has the following milestones.

» Demonstrate high-efficiency airspace and airway structures that can be effectively managed and
understood.

» Design and evaluate separation, spacing, and sequencing procedures for UAV s operating in civil -
ian airspace and assess their impact on commercial aircraft capacity and safety.

» Extend models and simulation toolsto enable accurate evaluation of emerging technologies (e.g.,
the Automatic Dependent Surveillance-Broadcast system) in all weather conditions and during
all phases of flight.

e Complete an in-depth examination of the ability of concepts such as runway-independent aircraft
and UAV formations or swarms to safely increase capacity and accommodate nontraditional
aircraft operations.

» Demonstrate advanced, autonomous collision avoidance technologies and protocols.

Plans for the Safe and Efficient Surface Operations element of the NGATS ATM-Airportal Project
address surface scheduling and taxi routes. Plans for the Coordinated Approach/Departure Operations
Management element include research to study vortex avoidance, and runway balancing, assignments,
and self-spacing may be addressed in the future. Plans for the Airportal Transition and Integration Man-
agement element also foresee including research on metroplex operations (i.e., areas with two or more
airports in close proximity) in the future.

The Separation Assurance and Super Density Operations elements of the NGATS ATM-Airspace
Project address each of the above milestones except for those related to unmanned air vehicles operating
in civil airspace. Ongoing work related to this challenge is likely to advance the state of the art, but avail -
able resources will make it difficult to achieve milestones in a timely fashion. None of the planned work
specifically addresses unmanned air vehicles.
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E3 Appropriate roles of humans and automated systems for separation assurance, including the
feasibility and merits of highly automated separation assurance systems
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ThisR&T challenge has the following milestones:

Complete basic research necessary to determine the most appropriate separation assurance roles
for humans and automation, for ground-centered and aircraft-centered designs.

Complete the development of the NASA Ames Advanced Airspace Concept, an automated
ground-based separation assurance system, for the en route domain.

Determine how humans interact with the Advanced Airspace Concept and other automation
designs.

Determine how the Advanced Airspace Concept and other designs respond to air and/or ground
automation failures, or when the flight crew fails to respond to automated directives.

Develop an adaptation of the Advanced Airspace Concept or other designs for UAV's, and deter-
mine its performance.

Determine through analysis and simulation the safety of the Advanced Airspace Concept and other
designs.

TheAirportal Transition and Integration Management element of the NGATSATM-Airportal Project
includes a substantial, well-conceived effort to address human—system integration as it applies to the
complex airportal domain. However, plans for the Coordinated Approach/Departure Operations Man-
agement element have pushed the investigation of high-density operations and separation assurance in
airport and terminal areas well into the future.

The Separation Assurance and Super Density Operations elements of the NGATS ATM-Airspace
Project include research on the roles of humans and automated systems, but this is not a key focus of
these elements. Ongoing work related to this challenge would advance the state of the art, but available
resources will make it difficult to achieve milestones in a timely fashion. None of the planned work
specifically addresses unmanned air vehicles.

E4 Affordable new sensors, system technologies, and procedures to improve the prediction and
measurement of wake turbulence
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This R&T challenge has the following milestones.

Demonstrate new sensors, including ascientific, coherent lidar capable of accurate wake velocity
strength measurements.

Conduct phenomenological studies of wake behavior supported by field experiments using
ground-based sensor(s) that measure wake decay and atmospheric conditions at altitudes up to
8,000 feet above the ground.
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» Determineaircraft upset risksfrom wake vortices encounters, taking advantage of existing models
and enhancing them where needed with field data.

» Demonstrate procedures, monitoring equipment, and other systems to safely reduce wake
separation.

» Demonstrate an airborne means to sense and quantify the intensity of hazardous wakes en route
in time for aircraft to evade them.

Plansfor the Coordinated A pproach/Departure Operations Management element of the NGATSATM-
Airportal Project include exploration of “wake aware” procedures. However, the Airportal Project views
wake vortex issues as one of many constraints on runway, airport, and terminal area capacity, and the scope
of thisresearch has been reduced in recent years. NASA does not plan to develop or demonstrate new sen-
sors or sensor technologies. NASA plansto rely on the National Oceanic and Atmospheric Administration
and the FAA to take the lead in research related to the determination and characterization of weather and
hazards such as wake vortices.* The NGATS ATM-Airportal Project is supporting foundationa research
(e.g., mathematical and statistical characterization) to support some of the above milestones, but these
activities are not planning to proceed to the point of achieving the above milestones. The resulting work
would be handed off to the National Oceanic and Atmospheric Administration and the FAA.

The NGATS ATM-Airspace Project has no planned research to address the above milestones.

E5 Interfaces that ensure effective information sharing and coordination among ground-based and
airborne human and machine agents
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This R& T challenge has the following milestones.

» Document improved understanding of human cognitive control, judgment, and decision making
in avariety of contexts and under a variety of stressors.

» Document improved understanding of organizational dynamics and business concerns associated
with information sharing.

Plans for the Safe and Efficient Surface Operations element of the NGATS ATM-Airportal Project
include research on multiagent decision making and trajectory conformancefor surface operations. Plans
for the Coordinated Approach/Departure Operations Management element include the study of 4-D tra-
jectory conformance and investigation of separation assurance in super density situations. Plans for the
Airportal Transition and Integration Management element also include investigation of human-system
integration issues associated with this domain.

Plans for the Separation Assurance and Super Density Operations elements of the NGATS ATM-
Airspace Project include substantial research on humans-in-the-loop information sharing. However,
research by the Airportal and Airspace projects will not address the milestone on organizational dynam-
ics and business concerns.

4Another concurrent National Research Council study is focused exclusively on NASA's wake vortex research. The results
of that study were not available in time to factor them into this report.
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E6 Vulnerability analysis as an integral element in the architecture design and simulations of the air
transportation system
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ThisR&T challenge has the following milestones:

e Complete end-to-end vulnerability analysis of system architecture and signal flow.

» Demonstrate the ability of amore capable model to simulate critical element disruptions as defined
by vulnerability analyses.

» Document safety and capacity impacts using modified system simulations.

» Develop changes in system architecture and operational procedures and demonstrate that they
can mitigate the effects of specific system disruptions.

The NGATS ATM-Airportal Project is monitoring relevant work being done by the NGATS ATM-
Airspace Project, but it has no planned research to address the above milestones.

The NGATS ATM-Airspace Project does not contemplate development of a complete end-to-end
vulnerability analysis or changes in system architecture and operational procedures. Plans for the Sepa-
ration Assurance and Super Density Operations elements include modeling work that would factor in
system disruptions. This research would advance the state of the art, but available resources will make
it difficult to achieve milestones in a timely fashion.

E7 Adaptive ATM techniques to minimize the impact of weather by taking better advantage of improved
probabilistic forecasts
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ThisR&T challenge has the following milestones:

Identify potential reductions in weather-induced delays.

» Demonstrate use of automated weather forecasts in making traffic flow decisions.

* Quantify the benefit of using automated weather forecasts in making traffic flow decisions.
Determine where this capability is cost-beneficial.

The NGATS ATM-Airportal Project is very attuned to the need for adaptive ATM techniques. Plans
for the Safe and Efficient Surface Operations element include research to develop surface optimiza-
tion schemes that would continually adapt to produce the optimal result. Plans for the Coordinated
Approach/Departure Operations Management element include research to study the effect of weather
on wake vortex behavior and, in the future, to develop better approaches for runway balancing and
reconfiguration and for equivalent visual operations (which would allow aircraft to operate regardless
of visibility conditions or the ability to make direct visual observations). The Airportal Transition and
Integration Management element al so foreseesincluding research on metroplex operationsin the future.
The NGATS ATM-Airportal Project is not performing cost-benefit analyses.
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The Traffic Flow Management element of the NGATS ATM-Airspace Project seeks to develop
models to forecast demand and capacity of the National Airspace System that respond effectively to
weather uncertainties. Assuming success, these models could help to identify potentia reductions in
weather-induced delays. It does not appear, however, that the remainder of the challenge milestones are
planned to be addressed.

E8a Transparent and collaborative decision support systems
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ThisR&T challenge has the following milestones:

* |dentify the type of information to be shared between human operators and automated decision-
support systems and the most appropriate form of information representation and exchange.

» Develop, demonstrate, evaluate, and iteratively refine candidate designs in collaboration with
operators.

Plans for the Safe and Efficient Surface Operations element of the NGATS ATM-Airportal Project
include substantial work to develop concepts for decision-support methodol ogies and tools applicable
to surface operations.

Plans for the Traffic Flow Management element of the NGATS ATM-Airspace Project include
research to address both of the above milestones. This research would likely advance the state of the
art and produce timely results.

E8b Using operational and maintenance data to assess leading indicators of safety
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This R& T challenge has the following milestones:

* Produce a common taxonomy for all safety information acceptable to all stakeholders.

» Demonstrate methodol ogies to discover and analyze anomal ous system, components, and human
behavior in nominal and off-nominal conditions.

» Demonstrate methods to integrate system models into analytical processes.

» Demonstrate advanced, affordable methods to analyze anecdotal written reports of safety prob-
lems and cross-reference them to operational data from aircraft, ATM, and weather systems.

» Demonstrate methods to cross-reference operational data to certification and training simulator
data to determine if aircraft are performing as designers intended and if pilots and controllers are
performing as trained.

The IVHM Project plans to support extensive research in data mining and analysis of aircraft main-
tenance records as well as operational data. This information would be fused with sensor data from the
vehicle airframe; the IVHM Project is working with the I1FD Project to assess integration of this work
into the cockpit.
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Plans for each of the eight challenge problems being addressed by the Aging Aircraft and Durability
Project include research to help create a database that would provide better indicators of safety. However,
the challenge problems do not directly discuss maintenance, and it seems unlikely that planned research
will have asignificant and timely impact without additional resources and the involvement of personnel
experienced with airline maintenance and operations.

E8c Interfaces and procedures that support human operators in effective task and attention management
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ThisR&T challenge has the following milestones:

e Complete basic research to document how operators absorb information, process information,
and prioritize tasks.

» Demonstrate toolsto efficiently evaluate operational dataand reports of nominal and off-nominal
decision making by operators.

» Demonstrate and evaluate candidate designs and procedures in support of preattentive reference,
time-sharing among different tasks, and task switching.®

TheAirportal Transition and Integration Management element of the NGATSATM-Airportal Project
includes an in-depth and comprehensive research effort to address the role of humans.

The NGATS ATM-Airspace Project has no planned research to address the above milestones except
as a by-product of the research by the Separation Assurance and Super Density Operations elements.

SPACE AND NON-CIVIL AERONAUTICS RESEARCH

In addition to the civil aeronautics R& T challenges detailed above, the committee for this study
identified two high-priority requirementsfor NASA aeronautics research based on NASA’'s own require-
ments for aeronautics research (including robotic and human space exploration) and the needs of other
federal government departments and agencies for non-civil aeronautics research.

S-1 Entry, descent, and landing on Mars (e.g., high-Mach-number parachutes) and Earth (ablative
materials)
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The Supersonics Project is supporting computational and experimental investigations of aerother-
modynamics issues associated with entry, descent, and landing, as well as studies of supersonic aero-
dynamic decelerators.

SPreattentive reference is supported by presenting partial information about a potentially interrupting task or event to help
the operator decide whether a shift in attention is warranted. The information needs to be presented in such a way that it is
quickly noticed and easily processed and understood without requiring an interruption of the ongoing task or line of reasoning
(Woods, 1995). Operational systems that provide preattentive reference reduce the risk of task switching errors and improve
operator efficiency and performance.
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The Hypersonics and Supersonics Projects both include research that supports robotic and human
space exploration. The study of High Mass Mars Entry Systems constitutes about 25 percent of the
Hypersonics Project. This effort is conducting fundamental research on issues related to landing high-
mass payloads on Mars. Issues of interest include increased levels of turbulent and radiative heating
caused by a larger entry capsule and the need for increased precision in landing accuracy. Relevant
research isincorporated in the Aerodynamics, Aerothermodynamics, and Plasmadynamics; Materials and
Structures; and Guidance, Navigation and Control elements of the Hypersonics Project, and it includes
development of CFD analysistools, experimental investigations, aerothermodynamics modeling, materi-
alsfor thermal protection, and trajectory analysis.

S-2 Core competencies (facilities and staff) for space (e.g., for access to space, entry, descent, and
landing, and analysis of space shuttle anomalies) and for DoD (hypersonic vehicles)
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NASA’s Exploration Systems Mission Directorate, Science Mission Directorate, and Space Opera-
tions Mission Directorate all support important space activities. As noted above, in some cases NASA
space programs rely on the NASA Aeronautics Program to sponsor research tasks of direct benefit to
future space programs. In other cases, research, development, and operational elements of the space
program rely on NASA aeronautics to support space research tasks by providing access to aeronautical
staff and facilities.

In addition, elements of the Department of Defense often rely on NASA Aeronautics to provide
support, in the terms of key staff expertise and/or facilities, to support DoD research and devel opment
tasks. (It is much rarer for the DoD to ask NASA to conduct a research project on behalf of the DoD.)
The chief scientist of the Air Force and the DARPA director report that they are satisfied with the coop-
erative support that NASA currently provides.

Interactions with DARPA have focused on the four projects that make up the Fundamental Aero-
nautics Program. Ongoing and recently completed collaborations include the following:

* Subsonic Fixed Wing Project
—DARPA Morphing Wing
 Subsonic Rotary Wing Project
—Helicopter Quieting Program
—SMART Rotor Program
—Héliplane
—Acoustic flight tests at Eglin Air Force Base (co-sponsored with the Air Force Army)
—Helicopter Brownout (co-sponsored with Air Force)
* Supersonics Project
—Oblique Flying Wing Program
e Hypersonics Project
—X-51(1, 2, 3, 4) (co-sponsored with the Air Force)
—Falcon
—HyFly (co-sponsored with the Navy)

6See Chapter 3 for a detailed discussion of aeronautical facilities.
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With many of the above projects, NASA subject-matter experts assist DARPA in the formulation
of programs, review of proposals, and periodic program reviews. In addition, NASA subject-matter
experts often use NASA test facilities (e.g., wind tunnels, flight-test operations, and propulsion test
facilities) to support of DARPA programs. In some cases, NASA research in support of DARPA proj-
ects is funded by DARPA, and in other cases NASA contributes its own resources to support research
of mutual benefit.

ASSESSMENT OF NASA'S RESPONSE TO RECOMMENDATIONS
IN THE DECADAL SURVEY OF CIVIL AERONAUTICS

The Decadal Survey of Civil Aeronautics made eight recommendations (NRC, 2006, p. 3). The
committee’s assessment of NASA's response to these recommendations is summarized below.

Recommendation 1 from the Decadal Survey

NASA should use the 51 Challenges listed in Table ES-1 as the foundation for the future of NASA's civil
aeronautics research program during the next decade.”

Assessment of NASA Response. The content of the Decadal Survey of Civil Aeronautics seems not
to have been a significant factor in the selection of the research portfolio being pursued by many of the
ARMD'’s research projects. The basic planning documents for most of NASA's research projects were
prepared before the Decadal Survey was published, and the NASA research portfolio, as a whole, does
not seem to have changed course in response to the Decadal Survey. In any case, as detailed above, NASA
is doing a mixed job in responding to the R& T challenges overall and in each R& T challenge area. As
discussed in Chapter 4, addressing al 51 highest-priority R& T challenges from the Decadal Surveyin a
thorough and comprehensive manner would require a substantial increasein the NASA ARMD funding
levels. Absent such an increase in funding and/or a substantial reduction in the constraints that NASA
faces in conducting aeronautics research, NASA, in consultation with the aeronautics research com-
munity and others as appropriate, should redefine the scope and priorities of the aeronautics research
program, even if al 51 of the highest-priority R& T challenges from the Decadal Survey of Civil Aero-
nautics are not addressed simultaneously.

Recommendation 2 from the Decadal Survey

The U.S. government should place a high priority on establishing a stable aeronautics R& T plan, with the
expectation that the plan will receive sustained funding for a decade or more, as necessary, for activities that
are demonstrating satisfactory progress.

Assessment of NASA Response. NASA |eadership issued anew vision for aeronautics research in
early 2006, in the context of an agency vision that remains focused on space. For the next 2 years, NASA
was consistent in advocating a research program that is stable, year to year, in carrying out the vision.
However, changes in direction often occur with a change in leadership, and the associate administrator
for ARMD who oversaw the creation and implementation of this vision left NASA in February 2008.
It remains to be seen if the appointment of a permanent replacement will result in another change in
NASA’s vision and/or priorities for aeronautics research.

"These 51 challenges are listed in Table 1-1 in Chapter 1 of the present report.
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Recommendation 3 from the Decadal Survey

NASA should use five Common Themes to make the most efficient use of civil aeronautics R& T resources:

Physics-based analysis tools
Multidisciplinary design tools
Advanced configurations
Intelligent and adaptive systems
Complex interactive systems

Assessment of NASA Response. NASA has addressed the recommended common themes with
different levels of success. NASA is doing well, in most cases, with physics-based analysis tools and
multidisciplinary design tools. NASA isdoing good work on advanced configurations for subsonic fixed-
wing aircraft and, to alesser extent, on hypersonic aircraft. It is not doing noteworthy work on advanced
configurations for supersonic aircraft or rotorcraft. A stronger focus on systems and systems integration
is necessary to strengthen research related to advanced configurations, intelligent and adaptive systems,
and complex interactive systems.

Recommendation 4 from the Decadal Survey

NASA should support fundamental research to create the foundations for practical certification standards for
new technologies.

Assessment of NASA Response. In many cases, NASA is supporting fundamental research that
could ultimately be used to create foundations for practical certification standards for future technolo-
gies, but it is not conducting research specifically focused on certification issues. In addition, proce-
dures for transferring new technologies are not apparent. However, Section 905 of H.R. 2881, the FAA
Reauthorization Act of 2007, would direct the “FAA, in consultation with other agencies as appropri-
ate” to “establish a research program on methods to improve both confidence in and the timeliness of
certification of new technologies.” The same bill would direct the FAA to prepare a research plan for
this activity and to have the plan reviewed by the National Research Council. As of October 19, 2007,
the bill had passed the House of Representatives and was awaiting action by the Senate.

Recommendation 5 from the Decadal Survey

The U.S. government should align organizational responsibilities aswell as develop and implement techniques
to improve change management for federal agencies and to assure a safe and cost-effective transition to the
air transportation system of the future.

Assessment of NASA Response. Recommendation 5 is not directed at NASA, and it is beyond the
scope of NASA's authority. This committee is not aware of any action to implement this recommenda-
tion (beyond the ongoing work of the NextGen Joint Planning and Development Office).
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Recommendation 6 from the Decadal Survey

NASA should ensure that its civil aeronautics R& T plan features the substantive involvement of universities
and industry, including a more balanced alocation of funding between in-house and external organizations
than currently exists.

Assessment of NASA Response. The Decadal Survey of Civil Aeronautics reported that ARMD had
plans to allocate only 7 percent of its budget for research by outside organizations. NASA is gradually
increasing the involvement of universities and industry in ARMD research projects using NRAs. This
percentage varies among the projects from 10 percent to more than 40 percent.8

Recommendation 7 from the Decadal Survey

NASA should consult with non-NASA researchers to identify the most effective facilities and tools applicable
to key aeronautics R& T projects and should facilitate collaborative research to ensure that each project has
access to the most appropriate research capabilities, including test facilities; computational models and facili-
ties, and intellectual capital, available from NASA, the FAA, the Department of Defense, and other interested
research organizations in government, industry, and academia.

Assessment of NASA Response. NASA iscollaborating effectively with the Department of Defense
in facility management. NASA is also improving collaboration with other research organizations in
some areas.

Recommendation 8 from the Decadal Survey

The U.S. government should conduct a high-level review of organizational options for ensuring U.S. leader-
ship in civil aeronautics.

Assessment of NASA Response. Recommendation 8 is not directed at NASA, and it is beyond
the scope of NASA's authority. However, Section 604 of S.1300, the Aviation Investment and Modern-
ization Act of 2007, would direct the President to establish the Advisory Committee on the Future of
Aeronautics. The committee would consist of 7 members selected from alist of 15 candidates proposed
by the National Academy of Sciences. The committee would “examine the best governmental and orga-
nizational structures for the conduct of civil aeronautics research and development, including options
and recommendations for consolidating such research to ensure continued United States leadership in
civil aeronautics. The Committee shall consider transferring responsibility for civil aeronautics research
and development from NASA to other existing departments or agencies of the Federal government or
to a non-governmental organization such as academic consortia or not-for-profit organizations.” As of
October 30, 2007, this bill was still under consideration by the Senate.

8In Chapter 3, see the section entitled “Aeronautics Workforce Issues’ for more information related to the involvement of
external organizationsin NASA's research.
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Workforce and Facilities

This chapter addresses the adequacy of NASA and national workforce and facilities, particularly
with regard to achieving the goals of the NASA aeronautics research program and meeting the research
and technology (R&T) challenges described in Chapter 2.

AERONAUTICSWORKFORCE ISSUES
National Aeronautics Wor kforce

National employment data give a mixed picture of aerospace engineering employment and trends—
with no consistent trends in terms of employment numbers or salaries. From 1996 to 2004, aerospace
engineering employment increased 43 percent, and this was well above the trend for total engineering
employment, which increased only 5 percent over the same time period (see Table 3-1a). However,
aerospace engineering employment decreased from 2002 to 2005 (see Tables 3-1b and 3-2a) before
rebounding again in 2006 (see Table 3-2b).1 Aerospace engineering salaries were almost flat from 2004
to 2005, as employment fell by 16 percent (Table 3-2a), but then increased by 11 percent from 2005 to
2006, as employment grew by 10 percent (Table 3-2b). In addition, in 2006, median salaries for aero-
space engineers were higher than for any other professional occupation tracked by annual reports of
median wages prepared by the Bureau of Labor Statistics (BLS), except for lawyers, judges, physicians
and surgeons, and pharmacists (BLS, 2007).

In 2006, based on detailed employment data from 2004, the BL S concluded the following regarding
the future of aerospace engineering employment: “Aerospace engineers are expected to have slower-than-

1All the data in Tables 3-1 and 3-2 are taken from documents produced by the Department of Labor’s Bureau of Labor
Statistics (BLS). (Sources are listed below each table.) The data for Table 3-1 are taken from different annual editions of the
same document, and the data for Table 3-2 are taken from different annual editions of a different document. Thus, the data
within each table are internally consistent, but there are some inconsistencies between the datain Table 3-1 (covering 1996 to
2004) and the data in Table 3-2 (covering 2004 to 2006). Therefore, data from the different tables should not be combined to
derive overall trends from 1996 to 2006.
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TABLE 3-1a Changes in Engineering Employment Between 1996 and 2004

NASA AERONAUTICS RESEARCH—AN ASSESSMENT

Number of Engineers

1996 2004 Change Change (%)
Total, all engineers 1,382,000 1,450,100 68,100 5
Mining 3,000 5,200 2,200 73
Industrial 115,000 177,000 62,000 54
Aerospace 53,000 76,000 23,000 43
Petroleum 13,000 16,000 3,000 23
Nuclear 14,000 17,000 3,000 21
Civil 196,000 237,000 41,000 21
Materials 18,000 21,000 3,000 17
Electrical, Electronics, and Computer 367,000 376,000 9,000 2
Mechanical 228,000 226,000 -2,000 -1
Chemical 49,000 31,000 —-18,000 =37
All other engineers 326,000 267,900 -58,100 -18

NOTE: Growth in aerospace engineering employment ranked 3 out of 10 from 1996 to 2004.

TABLE 3-1b Changes in Engineering Employment Between 2002 and 2004

Number of Engineers

2002 2004 Change Change (%)
Total, all engineers 1,478,000 1,449,000 —29,000 -2.0
Marine engineers and naval architects 5,000 6,800 1,800 36.0
Biomedical engineers 8,000 9,700 1,700 21.3
Petroleum engineers 14,000 16,000 2,000 14.3
Agricultural engineers 3,000 3,400 400 13.3
Nuclear engineers 16,000 17,000 1,000 6.3
Industrial engineers 194,000 204,000 10,000 5.2
Mechanical engineers 215,000 226,000 11,000 5.1
Environmental engineers 47,000 49,000 2,000 4.3
Computer hardware engineers 74,000 77,000 3,000 4.1
Mining and geological engineers 5,000 5,200 200 4.0
Civil engineers 228,000 237,000 9,000 3.9
Electrical and electronics engineers 292,000 299,000 7,000 2.4
Aerospace engineers 78,000 76,000 -2,000 -2.6
Chemical engineers 33,000 31,000 -2,000 -6.1
Materials engineers 24,000 21,000 -3,000 -12.5
All other engineers 243,000 172,000 -71,000 -29.2

NOTE: Growth in aerospace engineering employment ranked 13 out of 15 from 2002 to 2004.

SOURCES:

1996 data: George T. Silvestri, Office of Employment, Projections, Bureau of Labor Statistics, Employment outlook:
1996-2006, Occupational employment projections to 2006, Monthly Labor Review, November 1997, pp. 58-82 (Table 1,
pp. 59-60). Available online at <www.bls.gov/emp/empbib05.htm>.

2002 data: Daniel Hecker, Occupational employment projections to 2012, Monthly Labor Review, February 2004, pp. 80-
105 (Table 2, pp. 82ff). Available online at <www.bls.gov/opub/mlr/2004/02/art5full.pdf>.

2004 data: BLS, 2006, Bureau of Labor Statistics, U.S. Department of Labor, Occupational Outlook Handbook, 2006-07
Edition, Engineers.
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TABLE 3-2a Changes in Annual Average of Employment Numbers and Weekly Earnings

Between 2004 and 2005

67

Full-time Median
Weekly Earnings

Number of Workers Change %) Change

2004 2005 (%) 2004 2005 (%)
Architecture and engineering occupations 2,500,000 2,509,000 0.4 1,098 1,105 0.6
Chemists and materials scientists 133,000 109,000 -18.0 1,048 1,128 7.6
Mechanical engineers 292,000 306,000 4.8 1,187 1,262 6.3
Computer hardware engineers 86,000 72,000 -16.3 1,328 1,405 5.8
Electrical and electronics engineers 311,000 330,000 6.1 1,277 1,350 5.7
Aerospace engineers 105,000 88,000 -16.2 1,347 1,362 1.1
Industrial engineers, including health and safety 178,000 185,000 3.9 1,152 1,161 0.8
Architects, except naval 142,000 176,000 23.9 1,141 1,146 0.4
Civil engineers 264,000 277,000 4.9 1,135 1,138 0.3

NOTE: Aerospace engineers’ change in employment, 2004-2005: rank 6 of 8 (shrinking); change in salary, 2004-2005:

rank 5 of 8 (close to zero).

TABLE 3-2b Changes in Annual Average of Employment Numbers and Weekly Earnings

Between 2005 and 2006

Full-time Median
Weekly Earnings

Number of Workers Change (©)] Change

2005 2006 (%) 2005 2006 (%)
Architecture and engineering occupations 2,509,000 2,568,000 2.4 1,105 1,155 4.5
Aerospace engineers 88,000 97,000 10.2 1,362 1,508 10.7
Civil engineers 277,000 276,000 -0.4 1,138 1,251 9.9
Electrical and electronics engineers 330,000 362,000 9.7 1,350 1,386 2.7
Industrial engineers, including health and safety 185,000 162,000 -12.4 1,161 1,175 1.2
Chemists and materials scientists 109,000 121,000 11.0 1,128 1,131 0.3
Mechanical engineers 306,000 316,000 3.3 1,262 1,253 -0.7
Architects, except naval 176,000 161,000 -8.5 1,146 1,112 -3.0
Computer hardware engineers 72,000 76,000 5.6 1,405 1,292 -8.0

NOTE: Aerospace engineers’ change in employment, 2005-2006: rank 2 of 8 (growing); change in salary, 2005-2006: rank

1 of 8 (growing).

SOURCES:

2004 data: BLS, 2005, Median weekly earnings of full-time wage and salary workers by detailed occupation and sex,

2004. Available online at <www3.ccps.virginia.edu/career_prospects/Statistics/National/EmpGender2004.pdf>.

2005 data: BLS, 2006, Median usual weekly earnings of full-time wage and salary workers by detailed occupation and

sex, 2005 annual averages. Available online at <www.bls.gov/cps/wlf-table18-2006.pdf>.

2006 data: BLS, 2007, Median weekly earnings of full-time wage and salary workers by detailed occupation and sex,

2006. Available online at <www.bls.gov/cps/cpsaat39.pdf>.
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average growth in employment over the projection period. Although increases in the number and scope
of military aerospace projects likely will generate new jobs, increased efficiency will limit the number
of new jobs in the design and production of commercial aircraft. Even with slow growth, the employ-
ment outlook for aerospace engineers through 2014 appears favorable: the number of degrees granted
in aerospace engineering declined for many years because of a perceived lack of opportunities in this
field, and, although this trend is reversing, new graduates continue to be needed to replace aerospace
engineers who retire or leave the occupation for other reasons’ (BLS, 2006, p. 11).

In other words, the national aerospace industry will have an ongoing demand for new engineers
that will probably be able to absorb al the new aerospace engineering graduates that U.S. universities
produce, even as outsourcing by U.S. industry to foreign locations continues. However, much of the
demand for new staff by U.S. industry will result from the retirement of existing workers, and the size
of the aerospace workforce is not expected to grow very much. This cautious prediction seems consistent
with mixed signals coming out of historical employment datafor aerospace engineering and the uncertain
cause of the sometimes large swings in employment that the data report. The situation specifically with
regard to aeronautics and aeronautical engineers is even more uncertain, given that all of the data pre-
sented above and in the tables are for aerospace engineering as awhole, with no breakdown among vari-
ous applications such as civil aeronautics, military aeronautics, and satellite and space applications.

NASA Aeronautics Workforce

Severa recent reports have been issued which address the NASA workforce issue, with particular
emphasis on the President’s Vision for Space Exploration (White House, 2004), but none has explicitly
addressed the NASA aeronautics program and its requirements. These reports include NASA: Human
Capital Flexibilitiesfor the 21st Century Workforce, issued by the National Academy of Public Adminis-
tration (NAPA, 2005); Building a Better NASA Workforce: Meeting the Wor kforce Needs for the National
Vision for Space Exploration, issued by the National Research Council (NRC, 2007); and the National
Aeronautics and Space Administration Workforce Strategy, issued by NASA (2006b). These reports
discuss in detail many key workforce issues, such as workforce demographics; trends in university
enrollment and degrees awarded; the types of data necessary to support the creation of viable workforce
strategies; NASA workforce competency requirements; recruitment, retention, training, and retraining
of NASA workers; and the role of academia. They also contain the following recommendations.

» Recommendations to NASA from the National Academy of Public Administration (NAPA,
2005):
—Integrate NASA’s L eadership Development Program evaluation and benchmarking activities.
— Accelerate benchmarking with exemplary private sector organizations and leading university-
based devel opment programs.
—Respond effectively to Section 201 of the Federal Workforce Flexibility Act 2004 (Public Law
No. 108-411).2

» Recommendations to NASA from the National Research Council (NRC, 2007):
—Collect detailed data on NASA workforce requirements.
—Hire and retain younger workers within NASA.

2Section 201 directs federal agencies to regularly evaluate and modify training programs and plans to promote a strategic
approach to the integration of training programs into overall agency missions.
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— Ensure a coordinated national strategy for aerospace workforce devel opment among relevant
institutions.

—Provide hands-on training opportunities for NASA workers.

— Support university programs and provide hands-on opportunities at the college level.

— Support involvement in suborbital programs and nontraditional approaches in developing
skills.

* Recommendations from NASA (2006b):
—Build and maintain 10 strong healthy centers.
—Integrate and emphasize retraining of the current workforce.
—Fully develop and maintain a structural workforce training process.
—Use term and temporary hiring authorities.
—Maintain a high-quality workplace.
—Apply recruitment flexibilities.
— Offer financial incentives.
—Manage surplus employees.
—Institute hiring controls.
—Foster knowledge management.

The above recommendations present a long-range strategic approach to NASA's workforce issues
as a whole, with considerable emphasis on space exploration. Even so, these recommendations also
seem to be generally applicable to the aeronautics workforce, and most of the recommendations could
be implemented, at least in part, within the existing budget for NASA and its Aeronautics Research
Mission Directorate (ARMD). However, nationally and at NASA, the issues faced by the aeronautics
workforce differ in some key respects from the issues faced by the aerospace workforce as awhole. For
example, a workforce plan that excludes the possibility of consolidating and reducing the number of
centersis probably best justified not in terms of workforce efficiency and effectiveness, but in terms of
the politica reality that Congress seems highly unlikely to approve such areduction.

The principa investigators (Pls) for each of the 10 ARMD research projects were individually
interviewed by the committee and asked to respond to the following questions:

» Do you foresee, in your area of responsibility, any lack of skills, etc., necessary to perform the
research called out in your project plan?

» What are your staffing/research workforce plans for the future in order to effectively perform the
research called out in your project plan?

* Is there any specific ARMD workforce-related strategy/implementation plan in place and
operational ?

» What are the specific impacts/constraints, etc., if any, emanating from the Office of Management
and Budget, NASA Headquarters, and/or NASA Center Directors regarding staffing?

Not all PIsresponded to all of the preceding questions, particularly the second one. Also, the answers
varied somewhat among specific Plsand projects. However, in general the responses were similar enough
that general trends and findings could be established.

Workforce issues are being addressed project by project. Each Pl manages assigned resources as
best fits the requirements of his or her project plan. Authorized staffing profiles are negotiated between
the NASA Headquarters program managers and the center-resident PIs. In addition, the center directors
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have final approval over the hiring of any permanent civil service employees at their centers. A better
approach would be for ARMD to develop a comprehensive strategic plan that addresses the needs of
all 10 ARMD projects in the context of external constraints such as the involvement of center directors
in staffing decisions.

The Decadal Survey of Civil Aeronautics (NRC, 2006) reported that ARMD had plans to allocate
only 7 percent of itsbudget for research by outside organizations. The Decadal Survey recommended that
NASA ensure the substantive involvement of universities and industry in civil aeronautics research, in
part by establishing amore balanced allocation of funding between in-house and external organizations.
ARMD has subsequently increased the percentage of research funds assigned to contracts and grants
to academia and industry by way of NASA Research Announcements (NRAS) as opposed to in-house
research by NASA civil servants. This percentage varies among the projects from 10 percent to more
than 40 percent. As the percentage of NRA funds increases, NASA is able to leverage the expertise
and capabilities of outside organizations, and NASA personnel may have the freedom to focus more on
integration and application of foundational technologies to higher-level systemic issues. However, it is
not clear that this will happen. As external research increases, the civil servant workforce will need to
dedicate more time to monitor the performance of the NRA contractor versus doing significant research
on their own. At least one Pl noted that he had to restructure his project organization to accommodate
the demand for experienced contract monitors. In essence, the valuable infusion of new technology
and innovative research approaches provided by the use of NRAs should be balanced by the retention
of sufficient numbers of experienced NASA civil servants to provide for an optimum mix of research
personnel resources, in accordance with a strategic workforce plan for NASA aeronautics research.

Most Pls felt that, at least in the short term (2 to 5 years) they had adequate personnel resources
available to perform the required research. However, they universally noted that, as the research shifts
from civil servantsto university- or industry-based NRA contracts, less of the work is done by long-term
subject-matter experts and more of the work is being done by bright young graduate students. When a
second or third round of NRA contractsis being let, there is no assurance that the competitively selected
NRA contractor will use the same personnel as on earlier related NRAs. However, Pls commented that
in many skill areas NASA's permanent staff “is one deep,” and that the loss of a single individual due
to normal job attrition or retirement resultsin aloss of continuity. There are many potential approaches
for dealing with thisissue. For example, assuming that the size of the civil servant NASA workforceis
fixed, NASA could increase staffing in some areas, at the expense of losing expertise entirely in some
other areas. Or, NASA could in some situations resolve to live with the current situation, using NRAs
as necessary to fill small gaps in expertise as they arise, at least on a temporary basis. (In some cases,
NRA researchers have accepted subsequent employment offers as NASA civil servantsin their area of
specialty when staffing plans permit, with the NRAs thus serving as a valuable and effective workforce
recruiting tool.) Regardless, ARMD should develop a strategy for dealing with this critical issue.

Due to constraints on hiring new NASA civil servants, the NASA workforce strategy of mentoring
younger engineers and scientists is not being universally implemented due to the lack of young NASA
personnel availableto be mentored. Itisparticularly difficult to recruit new staff at Ames Research Center
because the extremely high cost of housing and other living expenses in the area deter young engineers
and scientists from moving into the area. In 2006, only seven new civil servants were hired at Ames
Research Center—not all of them necessarily researchers. Yet hiring new staff is essential, especially in
areas such as Integrated Vehicle Health Management (IVHM), where NASA wants to devel op databases
and data mining techniques. These skill sets are highly desirable by companies such as Google, whichis
located very close to Ames Research Center. Because of constraints on hiring and salaries and because
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of the local competition for key talent, recruiting and developing leaders at NASA Ames in this new
area of research might prove challenging.

Another result of constraints imposed by agency personnel rules and practices is the policy of
restricting the transfer of staff positions from one NASA center to another.

NASA’s aeronautics research is performed almost entirely at four research centers (Ames Research
Center, Dryden Flight Research Center, Glenn Research Center, and Langley Research Center). During
2006, the total number of civil servant employees at these four research centers dropped by about 6
percent, while the number of civil servants at the rest of NASA dropped by just 1 percent. Furthermore,
from 2004 to 2006, for every five employees who |eft these four centers, only one new employee was
hired, and the total civil servant workforce at these centersfell by 16 percent. Meanwhile, in the rest of
NASA, for every five civil servant employeeswho left, three new employees were hired, and the number
of employees declined by just 2 percent. Expressed another way, from 2004 to 2006, NASA's four
research centers, with less than one-third of NASA's total civil service workforce, absorbed almost 80
percent of NASA’s reduction in civil service employees (BPTW, 2007). Thisis consistent with NASA's
own longer-range plans. According to NASA’'s Workforce Strategy, from fiscal year (FY) 2005 to FY
2011, the civil servant workforce at NASA's four research centers will be reduced by 19 percent, while
the workforce at the rest of NASA is reduced by 5 percent (NASA, 2006b). The Workforce Strategy
notes that “changes in workyear requirements through fiscal year 2010 are primarily driven by continu-
ing redeployment of the workforce, especially to effect the restructuring of the aeronautics program and
the development and testing of the Space Shuttle follow-on systems.”

The committee did not have employment data broken down by job category (administrative, tech-
nical, etc.), nor did it have data on the size of NASA's total aeronautics research workforce, which
includes contractor and academic staff funded by NASA to conduct aeronautics research. Nevertheless,
the civil servant staffing trends noted above are both a challenge and an opportunity. On the one hand,
lower civil servant staffing may make it more difficult for NASA to conduct meaningful in-house
research and interact in a meaningful way with outside researchers. Low hiring rates, even in the face
of normal attrition, also make it more difficult to hire significant numbers of younger researchers.
On the other hand, lower civil servant staffing (and reduced staffing costs) may free up resources to
involve more outside researchers in contributing to the accomplishment of ARMD research goals.

Conclusions

A recent National Research Council report, Building a Better NASA Workforce (NRC, 2007), shows
that much of the aerospace workforce on which NASA’s space program has historically relied and will
continue to rely exists outside the agency in industry or universities. In addition, even though the aver-
age age of NASA's workforce has steadily increased over the past 15 years or so (to the point where
perhaps 25 percent of NASA's workforce could retire in the next 5 years), this problem is not unique to
NASA. In fact, the federal government as a whole is much more susceptible than NASA is to a mass
exodus of employees as alarge percentage of its aging workforce becomes eligible to retire. Building a
Better NASA Workforce also concludes that “the general focus on the age of the NASA workforce and
alooming ‘retirement crisis’ tends to obscure more complex and subtle demographic issues. Although
a massive and simultaneous wave of retirements among eligible employees would be a devastating
blow to the agency, it islikely that NASA will continue to retain employees beyond retirement age and
to engage the retiree community as consultants and mentors, as it has done in the past” and “the most
relevant issue facing NASA’s workforce is not its age, but rather the number and distribution of skilled
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employees within the agency and the ability of the agency to ensure that it has, and will continue to
have, an adequate supply of trained employees’ (NRC, 2007, p. 10).

Specifically with regard to aeronautics, this committee found that there exists, anong NASA, the aca-
demic community, and the civilian aerospace industry, enough skilled research personnel to adequately
support the current aeronautics research programs at NASA and nationally, at least for the next decade
or so. NASA may experience localized problems at some centers. For example, Ames Research Center
may have difficulty hiring civil servants to do some work in-house. However, the requisite intellectual
capacity exists at other centers and/or in organizations outside NASA. Thus, NASA should be able to
achieve its research goals, for example, by using NRAs or other procurement mechanisms; through the
use of higher, locally competitive salaries in selected disciplines at some centers; and/or by creating a
virtual workforce that integrates staff from multiple centers with the skills necessary to address a par-
ticular research task.

The content of the NASA aeronautics program, which has a large portfolio of tool development
but little or no opportunities for flight tests, may in some cases hamper the ability of the aeronautics
program to recruit new staff as compared with the space exploration program. In addition, there will
likely be increased requirements for specialized or new skill sets, such as IVHM (as discussed above)
and system engineering expertise (to facilitate management of agrowing portfolio of research performed
by external organizations).

Workforce problems and inefficiencies can also arise from fluctuations in national aerospace engi-
neering employment and from uneven funding in particular areas of endeavor. If expertise is devel oped
when the aerospace industry is growing and/or funding for a particular program is available, and if that
expertise is lost when the industry contracts, when programs and contracts end, or when budgets shift
focus, then research teams disburse into other endeavors, sometimes in other industries. As an extreme
example, NASA has recently discovered that the ability to fabricate ablative material for the heat shields
of Apollo command modules returning from lunar orbit has been lost. In fact, heat shield test articles
fabricated according to available records from the Apollo program failed aimost immediately during
testing, presumably because the records do not document some vital aspect of the fabrication process.

NASA's ability to attain its aeronautics research goals will be greatly facilitated by the expertise of
the staff who are leading and conducting ARMD’ s aeronauti cs research projects—and who are dedicated
to the success of these projects.

Recommendation. To ensure that the NASA aeronautics program has and will continue to have an
adequate supply of trained employees, the Aeronautics Research Mission Directorate should develop a
vision describing the role of its research staff as well as a comprehensive, centralized strategic plan for
workforce integration and implementation specific to ARMD. The plan should be based on an ARMD-
wide survey of staffing requirements by skill level, coupled with an availability analysis of NASA civil
servants available to support the NASA aeronautics program. The plan should identify specific gaps and
the time frame in which they should be addressed. It should aso define the role of NASA civil servant
researchers vis-a-vis external researchers in terms of the following:

» Defining, achieving, and maintaining an appropriate balance between in-house research and exter-
nal research (by academiaand industry) in each project and task, recognizing that the appropriate
balance will not be the same in al areas.

» Maintaining core competencies in areas consistent with (1) the highest-priority R& T challenges
from the Decadal Survey of Civil Aeronautics and (2) NASA’s role in the National Aeronautics
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Research and Devel opment Policy and the National Plan for Aeronautics Research and Develop-
ment and Related Infrastructure.

» Supporting the continuing education, training, and retention of necessary expertise in the NASA
civil servant workforce and, as appropriate, determining how to encourage and support the educa-
tion of the future aeronautics workforce in general.

» Developing, integrating, and applying foundational technology to meet NASA's internal require-
ments for aeronautics research.

» Defining and addressing issues related to research involving multidisciplinary capabilities and
system design (i.e., research at Levels 3 and 4, respectively, as defined by ARMD).

» Ensuring that research projects continue to make progress when NASA works with outside orga-
nizations to obtain some of the requisite expertise (when that expertiseis not resident in NASA's
civil servant workforce).

NASA should use the National Research Council report Building a Better NASA Workforce (NRC, 2007)
as a starting point in developing a comprehensive ARMD workforce plan.

AERONAUTICS FACILITY ISSUES
Aeronautics Test Program Facilities

ARMD’s Aeronautics Test Program (ATP) is responsible for providing corporate management of
NASA’'smajor aeronautical facilities. Thisincludesincreasing the probability of having theright facilities
in place at theright time over the long term, operating facilitiesin the most effective and efficient manner
possible, and ensuring intelligent investment in and divestment of NASA facilities. The ATP supports
operations (facility sustainment and rate stabilization), maintenance, investmentsin test technol ogy, and
university-related research. ATP facilities are located at Ames Research Center, Glenn Research Center,
Langley Research Center, and Dryden Flight Research Center. To beincluded in the ATP, facilities must
meet a size criterion and provide unique capabilities. ATP ground test facilities include the following:

e Ames Unitary Wind Tunnel

» Glenn Icing Research Tunnel

* Glenn 9- x 15-Foot Subsonic Tunnel

» Langley National Transonic Facility

» Langley Transonic Dynamics Tunnel

e Langley Hypersonic Complex

e Langley 8-Foot High Temperature Tunnel
e Langley 14- x 22-Foot Subsonic Tunnel

» Langley 20-Foot Vertical Spin Tunnel

* Glenn Propulsion Systems Laboratory 3 and 4
* Glenn 10- x 10-Foot Supersonic Tunnel

ATP flight research facilities include the following:

» Western Aeronautical Test Range

e Support Aircraft

o Test Bed Aircraft

e Simulation and Flight Loads L aboratory
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The ATP continually assesses the need for its facilities and, as appropriate, reduces the number of
active facilities, in part to eliminate duplicate facilities. The ATP currently has two mothballed facili-
ties: the Glenn Hypersonic Test Facility and the Ames 12-Foot Subsonic Pressure Tunnel. The Langley
Low Turbulence Pressure Tunnel is being considered for deactivation. Six facilities are scheduled for
demolition: the Ames 14-Foot Transonic Facility, the Langley 7- x 10-Foot High Speed Tunnel, the
Langley 16-Foot Transonic Tunnel, Langley’s two 8-Foot Transonic Tunnels, and the Langley 30- x
60-Foot Full Scale Tunnel. Although mothballing and demolishing facilities may seem drastic, NASA
has carefully considered how such actions would affect current and future aeronautics research, and the
process seems to be working well.

Over the past several years, the ATP annual budget has been approximately $175 million. About
$87 million has been recovered from users who reimburse NASA for direct costs associated with their
tests. About 68 percent of this amount has come from NASA users (of which 60 percent has come from
the Fundamental Aeronautics Program). The rest of ATP's annual budget (about $88 million) has come
from NASA's congressionally appropriated funds through the ATP. These funds have been allocated
as follows: $31 million for flight operations and test infrastructure and $57 million for aeronautics
ground test facilities ($39 million for operations and $18 million for maintenance and test technology,
including university-related research). In addition, Center Management and Operations funds have pro-
vided approximately $14 million per year of reactive and preventive maintenance for ATP facilities. In
other words, the total budget for the maintenance and improvement of ATP ground facilities has been
approximately $32 million per year ($18 million from the ATP budget and $14 million from the centers
budgets).

The ATP staff consists of a small program office, lead personnel at each NASA center with ATP
facilities, and remaining staff to accomplish the testing, maintenance, and investments funded by the
program.

The ATP collaborates closely with the Department of Defense (DoD) though the recently signed
National Partnership for Aeronautical Testing (NPAT). The NPAT is intended to increase communica-
tions between DoD, NASA, and industry in the area of aeronautical test facilities. It encourages NASA
and DoD to address the nation’s aeronautical test needs with less duplication by relying on each other
for certain capabilities.

Shared Capability Assets Program Facilities

The Shared Capabilities Assets Program (SCAP) within the NASA Headquarters Infrastructure
Office identifies, prioritizes, and supports key facilities that NASA deems essential to the future needs
of NASA and/or the nation. In some cases NASA provides funding to maintain critical capabilities
that are underutilized at present so they will still be available when they are needed. The SCAP hasin
its portfolio the kinds of facilities listed below. As shown, some are managed by SCAP, and some are
managed by NASA's mission directorates.?

» Aeronautics Test Program (managed by ARMD)

Arc jet test facilities (managed by SCAP)

Flight simulation facilities (managed by SCAP)

High-End Computing Capability (managed by the Science Mission Directorate)

3In general, facilities managed by individual directorates primarily support those directorates, whereas facilities managed by
SCAP are not as closely linked to any one directorate.
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» Rocket Propulsion Test Program (managed by the Space Operations Mission Directorate)
» Thermal-vacuum-acoustic test facilities (managed by SCAP)

All but the last two support aeronautics research and devel opment.
The ATP facilities budget is described in detail above. The approximate SCAP budget for the other
capabilities that support aeronautics is as follows:

o Arcjet: $14 million per year ($9 million for operations support and maintenance and $5 million
from customer reimbursement for the marginal costs of testing).

* Flight smulation: $15 million per year ($11 million is for operations support and maintenance
and $4 million from customer reimbursements).

» High-end computing: $39 million per year ($23 million for operations support, $6 million for
maintenance, and $10 million for capital improvements).

All customers currently pay the same rates for using the three SCAP-managed facilities, but this
policy is under review.

Other Laboratory Facilities

ARMD'’s aeronautics research also uses other small research |aboratories |ocated at various centers.
These laboratories are sustained and maintained by the individual centers (using center Management
and Operations funds), or they are directly funded by the ARMD program requiring their use. Examples
include combustor research facilities, fuel research facilities, and crash facilities. In addition, the projects
within the Fundamental Aeronautics Program invest in research to provide new and/or improved test
techniques and instrumentation, as necessary.

Requirements for NASA Research Facilities
NASA Aeronautics Program

NASA’s aeronautics research uses a wide variety of facilities. For example, ARMD’s Airspace
Systems Project uses SCAP-funded facilities such as the Crew Vehicle Systems Research Facility, the
Cockpit Motion Facility, and the Future Flight Central (Tower Cab). Both the Airspace and the Airportal
Projects use the North Texas Research Station, which is supported by NASA and the Federal Aviation
Administration (FAA). (Thisis asmall facility that supports field testing of automated air traffic man-
agement tools.)

The Integrated Resilient Aircraft Control Project uses flight simulation facilities, full-scale flight
vehicles, and subscale flight vehicles (such as the scale model transport testbed).

The Subsonic Rotary Wing Project utilizes the Langley 14- x 22-Foot Tunnel and the Langley
Transonic Dynamics tunnel.

The Supersonics Project utilizes the Glenn 10- x 10-Foot Tunnel, the Glenn 1- x 1-Foot Tunnel, the
Langley Unitary Plan Wind Tunnel, and the Ames Unitary Plan Wind Tunnel.

The Hypersonics Project uses the Langley hypersonic facilities.
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NASA Space Programs

The NASA Science Mission Directorate is developing the Mars Science Laboratory. This effort
includes two options for addressing issues associated with vehicle entry, descent, and landing. One
option, which would use aerodynamic drag deceleration, requires arc-jet facilities to test candidate heat
shields. The second option, which would use supersonic parachutes, requires access to NASA's large
supersonic wind tunnels.

NASA's Exploration Systems Mission Directorate is working on the Project Constellation, which
includes robotic and human exploration of the Moon and Mars. Constellation’s reentry vehicle, Orion,
will have more mass than previous reentry vehicles and will therefore require the development of
advanced entry, descent, and landing systems. Project Constellation will be responsible for funding
necessary improvements to existing arc-jet facilities in order to support this development. Supersonic
parachutes are also being considered for Orion and will need supersonic wind tunnel support. Project
Constellation will also use ATP wind tunnels to support development of the Ares launch vehicle, par-
ticularly with regard to launch vehicle stability and control, buffet response and loads, structures, stage
separation, heating, and the performance of the launch abort vehicle.

The Space Operations Mission Directorate utilizes NASA's aeronautics facilities to support the
space shuttle operations. Accident Investigation Boards use facilities to better understand failure mecha-
nisms, and program staff use facilities to test fixes and modifications during the process of returning
to flight.

DoD Programs

The National Defense Authorization Act for Fiscal Year 2005 requested that DoD identify and ana-
lyze NASA aeronautics facilities that are critical to defense missions. In response, DoD identified 11
NASA aeronautics facilities whose continued availability is necessary to avoid an unacceptable risk to
research, development, modernization, and sustainment of the weapon systems supporting the defense
mission (DoD, 2007). These facilities are as follows:

e Glenn Research Center 6- x 9-Foot |cing Research Tunnel

» Langley Research Center 20-Foot Vertical Spin Tunnel

* Ames Research Center Unitary 11-Foot Transonic Tunnel

» Langley Research Center National Transonic Facility

» Langley Research Center Transonic Dynamics Tunnel

e Langley Research Center 8-Foot High Temperature Tunnel

» Ames Research Center Vertical Motion Simulator

* Glenn Research Center Mechanical Drives Facility

* Glenn Research Center Turbine and Structural Seals Facilities
» Langley Research Center Impact Dynamics Research Facility
» Wallops Flight Facility Open Air Range

Some of these facilities are critical to DoD because they have unique capabilities. Others are critical
because the workload is so high that other, comparable facilities cannot meet the combined workload
of DoD, NASA, and the U.S. aerospace industry. And some of the above facilities are critical because
other comparable facilities may experience alengthy period of unplanned or planned downtime (due to
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failure, natural catastrophe, or modification), and asecond facility is necessary because the consequences
of deferring relevant research and testing are unacceptable.
The DoD study identified the following specific requirements for ATP facilities:

» The Icing Research Tunnel at Glenn is a core facility that is critical to manned and unmanned
aircraft and pilot survivability in severe icing conditions for all flight profiles. All of the military
services have a potential need for thisfacility to provide long-range support during system devel -
opment, conduct credible large-scale examinations of icing phenomenology and ice protection
systems, and generate tools needed for ice protection systems in future aircraft designs.

» TheVertical Spin Tunnel at Langley isthe largest spin tunnel in the world, it isthe only free-spin
tunnel in the United States, and it is essential to determining certain aerodynamic characteristics
of the highly maneuverable aircraft that are developed and modified by the DoD.

» The transonic regime is both complex and critical to weapon systems development. Due to the
high workload in this test regime, the DoD needs to maintain access to more than one large-scale
transonic wind tunnel. The combination of test article size, Mach number, and altitude range of
the Unitary 11-Foot Transonic Wind Tunnel at Ames makes it critical to DoD transonic testing
reguirements for aerodynamic simulation, especialy for long-range aircraft systems.

e The National Transonic Facility at Langley is vital to determining scaling effects for transport
aircraft, bombers, and other long-range vehicles. To assure that modeling and simulation tools
can accurately extrapolate Reynolds number effects far enough to accurately predict flight char-
acteristics, modeling and simulation tools must be calibrated using physical testing under high
Reynolds numbers. This testing is the primary purpose of the National Transonic Facility.

e The Transonic Dynamics Tunnel is essential for DoD testing for both flutter clearance and struc-
tural aeroelasticity. Thisfacility is necessary to support future heavy-lift rotorcraft designs.

» The High Temperature Tunnel at Langley provides DoD with hypersonic aerothermal and air-
breathing propulsion environments for Mach 4 to 7 systems while the DoD’s Aerodynamic and
Propulsion Test Unit facility is being upgraded. In addition, due to the high workload in this test
regime, the DoD needs to maintain access to more than one hypersonic aerothermal and aerody-
namic test environment.

FAA Programs

The Federal Aviation Administration has used several NASA facilities to support past research, and
this need will continue, especially with regard to NextGen research.

Future Flight Central, a SCAP-managed facility at Ames, is a national air traffic control/air traffic
management test facility dedicated to solving present and future capacity problemsat U.S. airports. This
facility has established a precedent for enabling stakeholders to achieve consensus through a common
vision of the future.

The Crew-Vehicle Systems Research Facility is another SCAP-managed facility at Ames. This
unique facility supports research by NASA, the FAA, and industry. This facility provides an environ-
ment where researchers can study how and why aviation errors occur, and it stands out in the area of
human factors research. In thisfacility, researchers use highly sophisticated flight and air traffic control
simulators to study the effects of automation and advanced instrumentation on human performance.

TheAir Traffic Operations Laboratory at Langley isacenter-managed facility that concentrates more
on the air traffic control issues than the Crew-Vehicle Systems Research Facility. This facility includes



78 NASA AERONAUTICS RESEARCH—AN ASSESSMENT

controller displays that depict data generated by either traffic generator software or by integrating flight
simulators from Langley or other facilities around the country.

The FAA has al'so made use of other facilities, such as the Cockpit Motion Facility and the Vertical
Motion Simulator (which are managed by SCAP) and the Landing Loads and Crash facility (which is
managed as a center laboratory).

None of the above facilities needs to be upgraded to meet the FAA's current research requirements.
The ability of these facilities to support future requirements is uncertain, given that the FAA research
requirements related to NextGen are still evolving.

Industry Programs

The American Institute of Aeronautics and Astronautics (AIAA) U.S. Industry Aeronautics Test
Facilities Working Group provides a forum for development of strategic recommendations on aero-
nautical wind tunnels required to support current and future aeronautics research and development.
Recently the working group devel oped a position statement addressing infrastructure recommendations
for implementation of anational aeronautics research and development policy (AIAA, 2007). This paper
addresses total aeronautical testing needs for industry, and it includes some requirements for NASA
facilities. The working group evaluated historical wind tunnel test usage trends and estimated industry
needs over the next 5 years. Due to the highly cyclical nature of wind tunnel testing (large peaks and
valleysin test requirements), the working group used an average industry usage over the past 5 yearsto
produce a baseline. The working group concluded that “wind tunnel testing needs will continue at rates
dightly above the five-year annualized baseline. Historical peaks and valleys, resulting from individual
program plans, will continue to impact actual requirements and schedules. The five-year forecast indi-
cates that subsonic and transonic testing will remain constant or possibly increase slightly; there will
likely be increased emphasis on supersonic and hypersonic testing” (AIAA, 2007).

The working group also evaluated longer-term trends to develop a vision of the future for wind
tunnel testing and concluded that “wind tunnel testing is anticipated to continue to provide a large
percentage of development and validation data needed in the pursuit of new technologies and systems
of aeronautic vehicles. Aeronautic development requires productive and capable tools, so wind tunnels
and computational methods will continue to provide the bulk of required data in the future. Aeronautic
vehicle development will continue to push the boundaries of our knowledge, increasing the need for
tools that can accurately (and efficiently) predict aeronautic effects.” The working group identified five
strategic investment areas in wind tunnel test capabilities that are required to enable continued progress
in aeronautics:

1. Development of aknowledgeable test workforceis critical for the national infrastructure. It is anticipated
that the industry-wide trend of losing expertise will particularly impact the test community. Investment, in the
form of stable research and development programs (federally funded) which use the test infrastructure, will
significantly enhance the ability of the operators to seek and retain new staff prior to the retirement of the
current aging workforce. Stable facility funding profiles (e.g. overheads, maintenance, and test technology
development), will also aid in developing and retaining knowledgeable staffs.

2. Improved test technology is crucial to enabling future system devel opment. Huge advances in the ability
to mine flow field and other data from wind tunnel tests are possible (through the advance in computational
capabilities and integration, instrumentation and non-intrusive flow field measurement techniques) with stra-
tegic and coordinated investment. Stable funding of test technique/technology research would also support the
development of the test workforce, as described in item 1 above.

3. Maintenance and improvement of key test assets is a vital component of enabling future test capabili-
ties. Key facilities include those that provide unique, or nearly unique, capabilities and may or may not have
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full utilization. Atrophy and decline in a robust Federal aerodynamic test infrastructure in the last twenty
years has been significant; only recent emphasis by the DOD and NASA has slowed the decline in our aging
infrastructure.

4. Divestment of redundant and non-essential test infrastructure is required to focus limited resources on
critical capabilities and new infrastructure requirements.

5. New high-speed test infrastructure is required to meet anticipated requirements for future systems. In-
creased need for simulation of hypersonic realm will likely require additional test capabilities not currently
available. (AIAA, 2007, p. 9)

NASA Research Facility Gaps

Principal investigatorsfor ARMD’s 10 research projects did not identify any serious capability gaps
in the NASA research facilities needed to support their research, except for one concern with NASA's
quiet supersonic tunnel capability. A quiet supersonic wind tunnel with maximum operating conditions
of about Mach 1.5t0 2.5 is needed to validate designs as flows transition between turbulent and laminar
boundary layers.

NASA's Exploration Systems, Space Operations, and Science Mission Directorates identified no
unmet facility needs other than improved arc-jet facilities.

The DaoD and FAA reported that the current NASA capabilities are doing an excellent job of meet-
ing relevant testing requirements.

Industry forecasts continued reliance on NASA aeronautical facilitiesto meet future research require-
ments, and it predicts that new high-speed infrastructure will be required to meet future requirements.

However, the question that all facility users are asking is whether NASA isinvesting in and main-
taining its facilities at a level that will ensure that the current status will be continued into the future.
The analysis below indicates that it is not.

In FY 2006 NASA performed itsfifth facilities condition assessment and deferred maintenance study
(NASA, 2006a). This assessment determined that the NA SA-wide facility condition index, which israted
on ascale from 5 (excellent) to 1 (bad), had decreased slightly from 3.7 in FY 2005 to 3.6 in FY 2006.
This means that NASA's facilities remain in fair condition, meaning they are “occasionally unable to
function asintended.” Center staff has been able to maintain this condition with consistent maintenance
and increased use of technology for tracking maintenance and repairs. However, NASA's stated goal is
to increase the facility condition index to 4.3. As described below, this is unlikely to happen with the
current level of maintenance funding. In particular, ATP facilities are likely to degrade over time unless
the inventory of ATP facilities is substantially reduced or funding for facilities is increased.

In 1989 the Institute for Defense Analyses (IDA) assessed the adequacy of DoD expenditures to
replenish the capital stock at the 22 principal test and evaluation (T&E) sites that constitute the DoD’s
Major Range and Test Facility Base (IDA, 1989). The capital stock of interest included buildings,
towers, test stands, range instrumentation, data processing equipment, and other structures and major
equipment. The capital stock at the sites examined by this study would be very similar to NASA’'s
current ATP facilities. The study compared the rate of capital renewal at the 22 DoD T&E sites with
the rate at major industries, nine principal aerospace firms, and nonmilitary federal departments and
agencies. The capital renewal period was obtained by dividing the value of capital stock by the level of
annual investment in existing and new facilities. The renewal period indicates how long it would take
to completely replace the capital stock at current levels of investment. The longer the renewal period,
the older the stock of buildings and equipment would become in the future. The IDA report found that
the DoD T&E sites had a renewal period of 64 years, which was much longer than the capital renewal
periodsfor non-DoD federal departments and agencies (22 years), aerospace firms (18 years), and major
industry as awhole (14 years).
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The IDA (1989) report caused the DoD to make significant changes to reduce the renewal period
of its T& E sites. In the mid-1990s the DoD established the Central Test and Evaluation Investment Pro-
gram, funded at $140 million per year to reduce the renewal period. Later, the Fiscal Year 2003 National
Defense Authorization Act directed the DoD and the military servicesto fully fund the institutional and
overhead costs (including maintenance) of its T& E sites and only charge users the direct costs associ-
ated with their tests. Also in 2003, the U.S. Air Force increased the maintenance budget at the Arnold
Engineering Development Center by $15 million per year to help reduce the backlog of maintenance
and repair projects at the center. These efforts have substantially reduced the renewal period for major
DoD T&E facilities.

The NASA Real Property Database indicates that the capital stock value of ATP ground test facili-
ties as of 2005 is $1.9 billion, based on the original construction cost, adjusted for inflation. This may
understate the true cost of replacing these assets, in part because substantial improvements have been
made over the years using civil servant labor, the cost of which is not reflected in the NASA Real Prop-
erty Database. Therefore, $1.9 billion is a conservative estimate of value of ATP facilities. Dividing that
number by the annual maintenance and investment budget for ATP facilities ($32 million), produces
arenewal period of 59 years. This indicates that NASA’s situation today is similar to DoD’s situation
in 1989, and NASA and Congress may need to take similar corrective action to prevent the status of
“occasionally unable to function as intended” from declining to “often being unable to function.” Such
an outcome would impede important research by NASA, DoD, FAA, and industry.

Conclusions

NASA has a unique set of aeronautics research facilities that provide key support to NASA, other
federal agencies, and industry. With very few exceptions, these facilities meet the rel evant needs of exist-
ing aeronautics research. NASA also has a dedicated effort to sustain large, key facilities and to shut
down low-priority facilities. However, some small facilities (particularly in the supersonic regime) are
just as important and may warrant more support than they currently receive. In addition, at the current
investment rate, widespread facility degradation will inevitably impact the ability of ARMD projects
and other important national aeronautics research and development to achieve their goals.

Recommendation. Absent a substantial increase in facility maintenance and investment funds, NASA
should reduce the impact of facility shortcomings by continuing to assess facilities and mothball or
decommission facilities of lesser importance so that the most important facilities can be properly
sustained.
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Bridging the Gaps

This chapter identifies key gapsthat must be eliminated for NASA’s aeronautics program to meet key
goalsin terms of the research and technology (R& T) challenges from the Decadal Survey of Civil Aero-
nautics (NRC, 2006) as well as internal NASA requirements for aeronautics research and the require-
ments that NASA is expected to satisfy in support of aeronautics research by other federal agencies.

One of the federal government’s goals for its aeronautics research and development (R&D) is to
“cultivate a research and devel opment environment that enables a globally competitive U.S. aeronautics
enterprise, and encourages industry investment and academic participation” (NSTC, 2006, p. 4). One
of NASA's objectivesisto preserve “the role of the United States as aleader in aeronautical and space
science and technology and in the application thereof to the conduct of peaceful activities within and
outside the atmosphere,” in part through “research into, and the solution of, problems of flight within
and outside the Earth’s atmosphere, the development, construction, testing, and operation for research
purposes of aeronautical and space vehicles’ (National Aeronautics and Space Act of 1958, Public Law
No. 85-568, as amended). Consistent with the above, the Decadal Survey of Civil Aeronautics recom-
mends that the federal government take action to ensure U.S. leadership in civil aeronautics.

The current approach used by NASA's Aeronautics Research Mission Directorate (ARMD) for
achieving agency goals related to aeronautics is embodied in the following principles (Porter, 2007,

p. 9):

*  We will dedicate ourselves to the mastery and intellectual stewardship of the core competencies of aero-
nautics for the nation in all flight regimes.

*  We will focus our research in areas that are appropriate to NASA's unique capabilities.

*  Wewill directly address the fundamental research needs of the Next Generation Air Transportation System
(NGATS/NextGen)! in partnership with the member agencies of the Joint Planning and Devel opment Office
(JPDO).

INext Generation Air Transportation System, formerly known by the abbreviation NGATS, is now more commonly referred
to as NextGen.

82
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Asnoted in the statement of task for this study, NASA usesthe term fundamental research to include
continued long-term, scientific study in areas such as physics, chemistry, materials, experimental tech-
niques, and computational techniques that leads to a furthering of the understanding of the underlying
principles that form the foundation of the core aeronautics disciplines, as well as that research that
integrates the knowledge gained in these core areas to significantly enhance NASA's capabilities, tools,
and technologies at the disciplinary (e.g., aerodynamics, combustion, trajectory prediction uncertainty)
and multidisciplinary (e.g., airframe design, engine design, airspace modeling and simulation) levels.

To effectively support U.S. efforts to maintain a position of aeronautics leadership and competitive-
ness, NASA research at al levels must be carefully structured in terms of work content, performance
expectations, and technology transfer to external and internal users of NASA aeronautics research,
whichinclude U.S. industry, the Federal Aviation Administration (FAA), Department of Defense (DoD),
academia, and the NASA space program. Foundational research that addresses underlying principles
will tend to be earlier in the technology maturity continuum, and it will be more scientific in nature,
which makes it more difficult to schedule meaningful milestones and to point thisresearch in adirection
that is sure to enhance U.S. competitiveness and meet user needs. On the other hand, more advanced
research with a clear path to application will likely have a heightened sense of urgency and purpose.
Theideal plan would have acombination of both foundational and applied research in appropriate areas,
with management systems appropriate for each. For example, integration of multidisciplinary research
related to the health of vehicle systems and vehicles as a whole (see R& T challenge D5) would be
more effective if managed through an overarching and formal organizational entity that relies on system
engineering disciplines.

Maintaining a position of leadership requires staying ahead of the pack, by being the first to bridge
each new gap into the future. This is a challenging task; were it not so, others would have overtaken
the leader to set a faster pace. The statement of task for this study directs the committee to consider
whether there are gaps, and “if gaps are found, what steps should be taken by the federal government to
eliminate them.” Looking to the future of NASA’s aeronautics research, the following gaps will require
special attention to ensure that the nation’s civil aeronautics research program, executed through NASA,
achievesits goals.

GAP BETWEEN RESEARCH RESULTSAND APPLICATION

The Decadal Survey of Civil Aeronautics evaluates R& T challenges based on their potential to
achieve six strategic objectives:

* Increase the capacity of the air transportation system.

» Improve the safety and reliability of the air transportation system.

* Increase the efficiency and performance of aircraft, facilities, and so on to maximize utilization
of the air transportation system.

» Reduce energy consumption and the negative environmental impact of air transportation.

» Take advantage of synergies when specific aeronautical research helps to achieve the first four
objectives while al'so helping to achieve the goals of the DoD and the Department of Homeland
Security.

 Support the space program.

Maintaining core competencies, especially in areas that resonate with NASA’s unique capabilities,
is an appropriate part of NASA’s strategy for maintaining a U.S. position of leadership in aeronau-
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tics. However, NASA does not manufacture, own, or operate the aircraft and ground systems that
comprise the air transportation system. Thus, for NASA research to provide value to its stakehold-
ers and/or achieve the performance-enhancing goals of the Decadal Survey of Civil Aeronautics, its
research results must ultimately be transferred to industry, the FAA, and the other organizations that
do manufacture, own, and operate key elements of the air transportation system. For example, the
projectsthat are working on R& T challenges related to the air transportation system should articul ate,
at some level, how research results are tied to capability improvements as well as a transition path
that will help guide researchers in planning and conducting research in such away that it is likely to
be of value to external users. Furthermore, projects that are developing modeling and analysis tools
should have a plan for validating the tools in particular applications of interest, such as investigating
the performance of one or more notional aircraft.

Technology transfer issues are especially critical given that NASA's current approach to aeronautics
research will not mature technology as far as in the past, and this will require users, such as the FAA
and industry, to adjust their expectations and processes accordingly.

NASA's|egidlative charter (the National Aeronauticsand Space Act of 1958, as amended) establishes
“the preservation of the role of the United States as aleader in aeronautical and space science and tech-
nology” as one of NASA's objectives. In addition, the National Aeronautics Research and Devel opment
Policy (NSTC, 2006) confirms that “a continued strong U.S. government role in aeronautics R&D is
needed to . . . create an environment in which U.S. industry remains innovative and competitive.” As
noted above, ARMD has dedicated itself to the mastery and intellectual stewardship of core competen-
ciesinal flight regimes. Yet thisis only ameansto an end, and the larger purposeis NASA's legislative
mandate to ensure continued U.S. leadership in aeronautics. NASA's ability to fulfill this mandate would
be jeopardized if NASA were to view itself as the ultimate beneficiary of its own aeronautics research.
This outcome will be avoided if NASA’s efforts to maintain core competencies are structured to achieve
the larger goals of (1) maintaining U.S. leadership and industrial competitiveness, (2) accomplishing the
strategic objectives of the Decadal Survey of Civil Aeronautics, and (3) fulfilling the principles described
in the National Aeronautics Research and Development Policy (NSTC, 2006) and the National Plan for
Aeronautics Research and Development and Related Infrastructure (NSTC, 2007). This difficult task
would befacilitated if the principal investigators (Pls) for NASA's aeronautics research projectsidentify
and connect with the organizations that will bridge the gap between NASA research results, user needs,
and implementation of the larger goals. In addition, for technology intended to enhance the competitive-
ness of U.S. industry, U.S. leadership would be enhanced by atechnology transfer process that does not
necessarily include immediate, public dissemination of results to potential foreign competitors, so that
the U.S. industrial base has a head start in absorbing the fruits of this research. This is not necessary
for noncompetitive research, such as investigating the impact that aviation plays on the environment, or
other research that NASA may conduct as part of international collaborations. In addition, the quality
of NASA's research would be enhanced by technology transfer processes designed to (1) accommodate
external peer review as much as possible and (2) avoid locking academia out of the NASA aeronautics
program (given academia’s understandable interest in open publication of results by its researchers).

A closer connection between NASA aeronautics Pls and some potential users of their research
would also facilitate the formation of a coordinated set of research goals and milestones that are timed
to anticipate user needs. A closer examination of NASA'sresearch into airspace issues servestoillustrate
this point. The mostly likely path for research by the NGATS Air Traffic Management (ATM)-Airportal
and ATM-Airspace Projects to have a real-world impact is by supporting the JPDO’s goals for Next-
Gen. Establishing a close link between the plans for these two projects and the needs of the JPDO was
complicated by the fact that a NextGen R& D requirements document was not available when NASA's
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project plans were being prepared. Even so, initial planning of the NGATS ATM-Airportal and ATM-
Airspace Projects represented a good-faith effort to meet the expected NextGen requirements in both
content and timing.

Key officiadsat the U.S. Air Force, the Defense Advanced Research Projects Agency, and the NASA
space program seem well connected with and satisfied that the Pls responsible for research related to
their areas of concern are aware of their interests and provide necessary and timely support. In addition,
the JPDO provides a multiagency forum for improving connections between researchers and users.

Finding. Maintaining technical expertise and core competence in appropriate areas is necessary to
maintaining leadership, but it is not sufficient. Close contact with potential users is a'so necessary, to
facilitate research planning and the transfer of research results from NASA to users.

Recommendation. The NASA Aeronautics Research Mission Directorate should bridge the gap between
research and application—and thereby increase the likelihood that this research will be of value to the
intended users—as follows:

» Foster closer connections between NASA principal investigators and the potential external and
internal users of their research, which include U.S. industry, the Federal Aviation Administration,
the Department of Defense, academia, and the NASA space program.

» Improve research planning to ensure that the results are likely to be available in time to meet the
future needs of the nation.

» Consistently articulate during the course of project planning and execution how research results
are tied to capability improvements and how results will be transferred to users.

e For technology intended to enhance the competitiveness of U.S. industry, establish a more
direct link between NASA and U.S. industry to provide for technology transfer in a way that
does not necessarily include the immediate, public dissemination of results to potential foreign
competitors.

Aspart of the effort to implement this recommendation, NASA should ensure that the NGATSATM-
Airportal and ATM-Airspace Projects meet the R& D needs defined by the NextGen JPDO for NASA.

GAP BETWEEN RESEARCH SCOPE AND RESOURCES

As noted in Chapter 2, NASA is doing a mixed job in responding to the R& T challenges from the
Decadal Survey. The committee found no significant shortcomingsin NASA's effortsto address 4 R& T
challenges, and 8 challenges were uniformly evaluated as demonstrating minor shortcomings. For 7 other
R&T challenges, NASA is making little or no progress or, even if planned research is successful, it is
highly unlikely to make asignificant differencein atime frame of interest to users of the research results.
For the 32 other R& T challenges, NASA is effectively addressing some areas, but not others, and the
overall assessment of these challengesis best described as“mixed.” Thisisnot surprising, given that the
Decadal Survey was not chartered to quantify the cost of achieving the highest-priority R& T challenges,
individually or as awhole, nor was it tasked with assessing how those costs might compare to NASA's
likely budget for aeronautics research. As aresult, NASA simply doesn’t have the resources to address
all of the 51 highest-priority R& T challenges simultaneously, and attempting to do so would reduce
the effectiveness of NASA's aeronautics research. Without additional resources, the value added by the
NASA aeronautics program would be enhanced by redefining the scope and priorities of the program,
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even if al of the 51 highest-priority R& T challenges from the Decadal Survey of Civil Aeronautics are
not addressed simultaneously. Decisions about which research tasks to pursue in the near term should be
guided by the ability of proposed research to meet specified metrics, such as those used in the Decadal
Survey to identify which challenges were most appropriate for NASA. Those metrics are as follows:

» Supporting infrastructure, which refers to whether NASA already possesses the necessary facili-
ties, resources, and expertise to conduct proposed research.

» Mission alignment, which refers to whether the proposed research falls under NASA's charter, as
defined in the National Aeronautics and Space Act of 1958 (as amended).

» Lack of aternative sponsors, which refers to whether other sponsors are able and willing to per-
form the necessary research. NASA should not be repeating research that is (or should be) done
by industry, other federal agencies, or other organizations.

» Appropriate level of risk, which refersto whether the level of risk associated with aresearch task
is appropriate for a NASA research project. For example, NASA should not pursue incremental
research that is of such low risk that industry could easily complete the research. Nor should
NASA pursue research of great theoretical promise if the scientific and technical hurdles are so
high that it has very little chance of success.

The NASA aeronautics program includes little in the way of substantial flight tests.2 Many research
tasks focus on tool development, and not on tool validation and/or the use of validated tools to develop
new system concepts. This is, in large part, an unavoidable consequence of trying to address a wide
range of R& T challenges with resources that are inadequate to the task. The current approach is very
broad, but it is not very deep. In addition, although NASA is conducting valuable aeronautics research,
in many cases comparable work and capabilities also exist elsewhere. As aresult, too much of NASA's
aeronautics research has limited potential to advance the state of the art far enough and with enough
urgency to make a substantial difference in meeting individual R& T challenges or the larger goa of
achieving the strategic objectives of the Decadal Survey of Civil Aeronautics.

Furthermore, aresearch strategy that focuses on maintai ning core competenciesin areas where exper-
tise already exists may be a reasonable approach to a tightly constrained fiscal environment. However,
this approach could also trap NASA into conducting some research that is obsol ete or low-priority simply
because the research makes use of current expertise and capabilities. This approach also limits NASA's
ability to take aleading position in new fields where it might be appropriate for the NASA of the future
to possess new core competencies and new unique capabilities. For example, unmanned air vehicles
(UAVs) are an emerging presence in civil aviation, and NASA should develop new capabilities related
to UAV operations, safety, and control in civil airspace (see R& T challenges D10, E2, and E3).

Finding. The NASA aeronautics program has the technical ability to address each of the highest-prior-
ity R&T challenges from the Decadal Survey of Civil Aeronautics individualy (via in-house research
and/or partnerships with external research organizations). However, a substantial increasein the ARMD
budget would be necessary to address all 51 challenges in a thorough and comprehensive manner. In
addition, NASA's aeronautics research program faces many constraints (in terms of overall budget, the
existing set of NASA centers, limitations on the ability to transfer staff positions among centers, and

2A notable exception concernswork related to R& T challenge A4a, Aerodynamic designs and flow-control schemes to reduce
aircraft and rotor noise. NASA is planning to initiate a new phase of the Quiet Technology Demonstrator Program that involved
NASA, manufacturers, and airlinesin flight testing of advanced noise control techniques for subsonic fixed-wing aircraft. This
is an important example of collaboration to facilitate technology transition to in-flight use.
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limitations on the ability to compete with the private sector in terms of financial compensation in some
critical fields), and attempting to address too many research objectives will severely limit the ability to
advance the state of the art or develop new core competencies and unique capabilities that may be vital
to the future of U.S. aeronautics.

Recommendation. The NASA Aeronautics Research Mission Directorate should ensure that itsresearch
program substantively advances the state of the art and makes a significant difference in atime frame of
interest to users of the research results by (1) making a concerted effort to identify the potential users
of ongoing research and how that research relates to those needs and (2) prioritizing potential research
opportunities according to an accepted set of metrics. In addition, absent a substantial increase in
funding and/or a substantial reduction in other constraints that NASA faces in conducting aeronautics
research (such as facilities, workforce composition, and federal policies), NASA, in consultation with
the aeronautics research community and others as appropriate, should redefine the scope and priorities
within the aeronautics research program to be consistent with available resources and the priorities
identified in (2) above (evenif al 51 highest-priority R& T challenges from the Decadal Survey of Civil
Aeronautics are not addressed simultaneously). This would improve the value of the research that the
aeronautics program is able to perform, and it would make resources available to facilitate the devel op-
ment of new core competencies and unique capabilities that may be essential to the nation and to the
NASA aeronautics program of the future.

GAP BETWEEN PROJECT REFERENCE DOCUMENTSAND PROJECT STRUCTURE

NASA has developed a reference document for each of its 10 aeronautics research projects. The
reference documents are intended to define the rationale, scope, and detailed content of a comprehen-
sive research effort to address each project area, but NASA does not consider them to be completed
research plans.

The reference documents diagram projects in terms of afour-level hierarchy, as follows:

Level 1. Foundational physics and modeling.
Level 2. Discipline-level capabilities.

Level 3. Multidisciplinary capabilities.

Level 4. System design.

For example, the diagrams for the Subsonic Fixed Wing Project and Supersonics Project appear in
Figures 4-1 and 4-2, respectively. Knowledge and capabilities are expected to flow up, from Level 1to
Level 4 (as shown), while requirements and needs are expected to flow down, from Level 4 to Level
1 (not shown). The four-level diagrams and the reference documents as a whole provide a conceptual
description of the projects, but in some cases they are difficult to correlate to the manner in which the
projects are being implemented. In most cases, each project is divided into research task areas, each of
which is managed by an associate principal investigator (API). In some cases, thereisagood correlation
between the project management structure and the project level diagram. For example, the Subsonic
Fixed Wing Project has 10 Level 2 areas, and an API has been appointed for each of these areas (except
for power, because work in that area has been deferred), as shown in Table 4-1.

In many cases, however, it is difficult to map significant areas of research (as indicated by the API
areas of responsibility) into the level diagram for the corresponding project. For example, the Superson-
ics Project has 7 Level 2 areas and 10 APIs (see Table 4-2). The areas of responsibility for many APIs
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FIGURE 4-1 Subsonic Fixed Wing Project Level 1 to Level 4 integration diagram (topics shown with black back-
ground are currently deferred). Note: MDAO, Multidisciplinary Design, Analysis, and Optimization; CFD, computa-
tional fluid dynamics. SOURCE: NASA (2006a).

TABLE 4-1 Associate Principal Investigator (API) Areas of Responsibility for Level 2 Research Areas for the
Subsonic Fixed Wing Project

Subsonic Fixed Wing Project: API Areas of Responsibility Level 2 Areas

Materials and Structures Materials and Structures/Mechanical Components
Combustion Combustion

Controls and Dynamics Controls and Dynamics

Acoustics Acoustics

Aeroelasticity Aeroelasticity

Aerodynamics Aerodynamics

Aerothermodynamics Aerothermodynamics

Systems Analysis, Design, and Optimization System Analysis, Design, and Optimization
Experimental Capabilities Experimental Capabilities

N/A Power
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FIGURE 4-2 Supersonics Project Level 1 to Level 4 integration diagram. SOURCE: NASA (2006b).

TABLE 4-2 Associate Principal Investigator (API) Areas of Responsibility for Level 2 Research Areas for the
Supersonics Project

Supersonics Project: API Areas of Responsibility Level 2 Areas

Cruise Efficiency—Propulsion Propulsion and Power Aerothermodynamics
Cruise Efficiency—Airframe Aerodynamics

Airport Noise Acoustics

Sonic Boom Modeling Sonic Boom

Lightweight and Durability at High Temperature Materials and Structures
Aero-propulso-servo-elasticity (APSE) Airframe and Propulsion APSE
Experimental Validations and Capabilities Experimental Capabilities

Systems Integration and Assessment N/A

High-Altitude Emissions N/A

Entry, Descent, and Landing (of spacecraft) N/A
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do not seem to cleanly map into the level diagram, and in many cases the scope of many Level 2 areas
is broader than that of the closest matching API areas of responsibility.

Recommendation. As reference documents and project plans are revised and updated, NASA should
continue to improve the correlation between (1) the reference documents that describe project rationale
and scope and (2) the project plans and actual implementation of each project.

LOOKING FORWARD

NASA hasacritical part to play in preserving therole of the United States as aleader in aeronautics.
NASA research facilities and expertise support research by other federal agencies and industry, and the
results of research conducted and/or sponsored by NASA are embodied in key elements of the U.S. air
transportation system, military aviation, and space program. NASA aeronautics research will carry on
this tradition as long as its research is properly prioritized and research tasks are executed with enough
depth and vigor to produce meaningful resultsin atimely fashion.
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Appendix A

Statement of Task

The Committee for the Assessment of NASA’'s Aeronautics Research Program was tasked with
executing the following statement of task.

The National Research Council will assemble a committee of approximately 15 technical experts
to conduct an independent assessment of NASA's fundamental aeronautics research. This assessment
will include a comparison of the current NASA Aeronautics Research Mission Directorate (ARMD)
research program with the future fundamental research needs identified in the recently completed
Decadal Survey of Civil Aeronautics. Fundamental aeronautics research not addressed or highlighted
by the Decadal Survey but considered part of the ARMD research mission will also be assessed. The
scope of this assessment will include the fundamental research being conducted in the entire ARMD
program portfolio, including the Fundamental Aeronautics Program, the Aviation Safety Program, and
the Airspace Systems Program. For purposes of clarity, NASA uses the term “fundamental research” to
include continued long-term, scientific study in areas such as physics, chemistry, material's, experimental
techniques, and computational techniques that leadsto afurthering of our understanding of the underly-
ing principles that form the foundation of the core aeronautics disciplines, as well as that research that
integrates the knowledge gained in these core areas to significantly enhance our capabilities, tools, and
technologies at the disciplinary (e.g., aerodynamics, combustion, trgjectory prediction uncertainty) and
multidisciplinary (e.g., airframe design, engine design, airspace modeling and simulation) levels.

The committee will focus its assessment around the following questions:

1. How well does NASA's research portfolio implement appropriate recommendations and address
relevant high-priority research and technology challengesidentified in the Decadal Survey of Civil Aero-
nautics? If gaps are found, what steps should be taken by the federal government to eliminate them?

2. How well does NASA's aeronautics research portfolio address the aeronautics research require-
ments of NASA, particularly for robotic and human space exploration? How well does NASA's aero-
nautics research portfolio address other federal government department/agency non-civil aeronautics
research needs? If gaps are found, what steps should be taken by NASA and/or other parts of the federal
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government to eliminate them? In order to answer this question the committee will identify and prioritize
requirements for such research that fall within the scope of NASA’s Aeronautics Research Program. To
assist in the identification of such research requirements, NASA will provide the NRC with alist of its
current research activities that contribute to these areas no later than March 12, 2007. It is likely that
much of this research will be “dual use” or even “triple use,” meaning that the research may provide
benefit to the civil aeronautics community, and/or the space exploration community, and/or departments
and agencies with non-civil aeronautics research needs.

3. Will the nation have a skilled research workforce and research facilities commensurate with the
requirementsin (1) and (2) above? What critical improvementsin workforce expertise and research facili-
ties, if any, should NASA and the nation make to achieve the goals of NASA's research program?
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Biographies of Committee Members

CARL J. MEADE, Co-chair, is director of the Lunar Lander Program and director of Space Systems
at Northrop Grumman Integrated Systems. He and his team are responsible for both government and
civil projectsrelating to crewed spaceflight and nonpayload military space vehicles. He was previously
employed at Lockheed Martin Aeronautics Company (a.k.a. the Skunk Works) in Palmdale, California,
where he directed the development of various advanced aerospace vehicles, including the X-33. Mr.
Meade is aformer Air Force fighter and experimental test pilot and NASA astronaut, having complete
three space shuttle flights. He has particular expertise in risk/benefit analysis and decision making,
modeling and simulation, signal processing, flying qualities, human factors, and avionics.

DONALD W. RICHARDSON, Co-chair, retired in 2005 as the vice president of Science Applications
International Corporation responsible for all Federal Aviation Administration (FAA) and civil aviation
corporate activities. Heisafellow and past president of the American Institute of Aeronautics and Astro-
nautics (AIAA), of which he has been amember for 58 years. Heis also afellow of the Royal Aeronau-
tical Society and served on its Engineering Council. He was awarded the NASA Public Service Medal
in 2002 for his work in reinvigorating U.S. federal funding for aeronautics research and development
(R&D). He holds bachelor’s, master’s and Ph.D. degrees in aeronautical and mechanical engineering.
A commercia instrument pilot with multiengine land and seaplane ratings, Dr. Richardson has been
an active pilot for 59 years. His engineering career has included assignments as an aerodynamics and
flight-test engineer, research pilot, and engineering manager.

RICHARD ABBOTT is a technical fellow emeritus at Lockheed Martin Aeronautics Company in
Palmdale, California. He received a Ph.D. in chemical physics from Northern Illinois University, where
his research concentrated on cooperative phenomena in molecular systems. He continued studies as a
research associate in statistical mechanics at the University of Chicago’'s James Franck Institute, where
he contributed to theories of energy relaxation in condensed media using Monte Carlo and molecular
dynamics techniques. Dr. Abbott’s aerospace career includes more than 25 years of experience in the
areas of guidance, navigation, and control systems design and analysis; sensor data fusion design; and
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sensor system simulation and modeling for both manned and unmanned aircraft. He has supervised the
development and execution of large-scale simulations of complex air vehicles, led the development of
the avionics functional architecture for the demonstration and validation phase of the Y F-22 program,
and devel oped fault-detection and redundancy-management algorithmsfor navigation systems aboard the
X-33 single-stage-to-orbit vehicle. He also has served as principal investigator for the Defense Advanced
Research Projects Agency (DARPA) software-enabled control technologies for reliable autonomous
control project and has been the co-chair for the Technologies for Autonomous Control session of the
|EEE Aerospace Conferences.

MEYER J. (MIKE) BENZAKEIN (NAE) isthe chair of the Aerospace Engineering Department at Ohio
State University. Dr. Benzakein began his professional career at General Electric in 1967, where he sub-
sequently served in anumber of positionsin advanced technology and project and product engineering.
He led the CFM56 Engineering Program from 1984 to 1993 and the GE90 Engineering Program from
1993 to February 1995. Dr. Benzakein in February 1995 became general manager for engine systems
design and integration, and in this capacity he had the responsibility for engineering leadership and
technical oversight of GE Evendale Commercial and Military Aircraft Engines. In January 1996, Dr.
Benzakein took over the position of general manager, advanced engineering. He was responsible for
leading technology development and certification/qualification of new engine products. His charter is
to ensure that the customer expectations as well as the needs of GE Aircraft Engines (GEAE) Multi-
generation Product Plans are met. Dr. Benzakein isresponsiblefor GEAE front-end initiativesin driving
technology maturation, strengthening the linkage between preliminary design, engine systems design,
and production hardware design. He was elected a member of the National Academy of Engineering
in 2001. That year he received the Gold Medal Award from the Royal Aeronautical Society. He is a
fellow of the Royal Aeronautical Society and the American Society of Mechanical Engineers, and he
isthe 2007 recipient of the AIAA’s Reed Aeronautics Award, which is the highest honor that the AIAA
bestows for achievements in aeronautical science and engineering.

JOHN T. (TOM) BEST isthedirector of the Capabilities Integration Directorate at the Air Force’sArnold
Engineering Development Center (AEDC), which contains the largest complex of ground aerospace
test facilities in the world. AEDC provides developmental testing of propulsion, aircraft, missile, and
space systems for the U.S. government, industry, and foreign governments. Mr. Best is responsible for
capabilities assessment and planning, technology development and transfer, and intelligence integration.
Mr. Best also acts asthe AEDC leader for NASA/Department of Defense (DoD) collaboration under the
National Partnership for Aeronautical Testing (NPAT). Mr. Best served in the past as head of the Long
Range Requirements and Facility Planning Branch, the chief of the Applied Technology Division, and
deputy director of the 704th Test Group. He also served for one-and-a-half years as a staff specialist in
the Office of the Deputy Director for Defense Research and Engineering (Test and Evaluation) in Wash-
ington D.C., overseeing the work of the DoD’s Major Range and Test Facility Base. Currently, he also
serves as the technical project officer for a data exchange agreement on wind tunnels with Germany.

IAIN D. BOYD is a professor of aerospace engineering at the University of Michigan. He leads a
research group that develops and applies physical models and numerical methods for the simulation
of nonequilibrium gas flows and plasmas. Current application areas include electric propulsion for
spacecraft, hypersonic aerothermodynamics, and flows involving microel ectromechanical systems, and
deposition of thin films for advanced materials. After receiving a Ph.D. in aeronautics and astronau-
tics from the University of Southampton, England, Dr. Boyd was a research scientist at NASA Ames
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Research Center for 4 years. He was subsequently an associate professor of mechanical and aerospace
engineering at Cornell University, before joining the faculty of the University of Michigan in 1999. Dr.
Boyd received the AIAA Lawrence Sperry Award in 1998, and he is an associate editor of the AIAA
Journal of Spacecraft and Rockets. He has authored more than 300 research papers.

AMY L. BUHRIG is director of technology for Boeing Commercia Airplanes. She is responsible for
leading the definition of technology required to enable future products and services, while ensuring that
the company’s investments are aligned with business unit strategy and industry economics. Integral to
these responsibilitiesis working with organizations to devel op the skills, processes, and tools necessary
to enable the application of future technologies. Ms. Buhrig isalso the primary interface between Boeing
Commercial Airplanes and Phantom Works, the company’s R&D organization, to maximize the value
derived from the company’s R&D activities. Ms. Buhrig has also worked at the Phantom Works, most
recently leading ateam to define the strategy for the Structural Technologies, Prototyping, and Quality
organization. Other Phantom Works assignments included understanding enterprise-wide technology
needsin order to leverage venture capital investments, and pursuing R& D contracts for the Mathematics
and Computing Technology organization. Thefirst 20 years of her career were spent in Boeing I ntegrated
Defense Systems. She performed studies to quantify the benefit of investing in novel design methods for
the Boeing 777 and F-22 aircraft and assessed company strengths applicable to the commercial space
market, and she was vice president of marketing and sales for Boeing's Sea Launch Company.

DAVID E. (ED) CROW (NAE) joined the Department of Mechanical Engineering at the University
of Connecticut as a distinguished professor-in-residence in 2002, following a long career with Pratt &
Whitney, where he roseto the position of senior vice president for the Engineering organization. Assuch,
he was responsible for the design, development, validation, and certification of all Pratt & Whitney large
commercia engines, military engines, and rocket products. He also led the research and development
of advanced technologies systems to meet future aircraft requirements. Dr. Crow also served as senior
vice president for the Large Commercial Engines organization, which included the PW4000 and JT9D
high-thrust family of products. He was elected a member of the National Academy of Engineering for
his leadership in the engineering design of high-bypass-ratio gas turbine aircraft engines.

FRANK L. FRISBIE is vice president of strategic planning at Apptis, Inc. He was a longtime former
senior executive with the Department of Defense and the Federal Aviation Administration and more
recently vice president and senior client executive for civil aviation with Northrop Grumman Informa-
tion Technology. He joined the FAA in 1958, where he held a variety of positions. In his last two FAA
posts, he was directly responsible for research, development, system engineering, acquisition, deploy-
ment, and maintenance of all 20,000 air traffic control facilities in the United States. Mr. Frisbie was
awarded the prestigious Glen A. Gilbert Memorial Award in 2002 by the Air Traffic Control Associa-
tion for his longstanding contributions to the air traffic control and civil aviation communities. He has
been involved with the devel opment, deployment, maintenance, and operation of virtually every system
employed in the U.S. civil aviation infrastructure. He is currently a member of the board of governors
for the Center for Unmanned Air Systems Integration in the National Airspace System. He earned his
B.E.E. degree from Manhattan College and hisM.B.A. degree from American University. Heisamember
of the Russian Academy of Navigation and Motion Control, holds a professional engineer’slicense, and
is afrequent contributor to the Journal of Air Traffic Control, for which he writes on contemporary air
traffic management technical and policy issues.
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EPHRAHIM GARCIA is an associate professor of mechanical and aerospace engineering at Cornell
University, where hisinterests lie in the development of new types of actuation systems utilizing smart-
material transducers, system-level demonstrations of smart structures applied to defense platforms, mor-
phing aircraft systems, and bio-inspired intelligent machines. Dr. Garcia served as a program manager
in the Defense Sciences Office at DARPA from 1998 to 2002. From 1991 to 1998, he was an assistant
and associate professor of mechanical engineering at Vanderbilt University, where he was director of
the Center for Intelligent Mechatronics and the Smart Structures Laboratory. In this capacity he directed
research in the areas of smart structures, control structure interaction, and bioinspired robotics. From
1991 to 1997, he owned and operated Garman Systems, Inc. (now Dynamic Structures and Materials,
LLC), asmall engineering corporation that designed and fabricated devices in adaptive structural sys-
tems utilizing piezoelectric, electrostrictive, and shape memory aloy materials. Dr. Garcia was named
an Office of Naval Research Young Investigator, appointed a 1993 Presidential Faculty Fellow by
President Clinton, and received Summer Faculty Fellowship awards from the Air Force on four occa-
sions. In 1995, he was named Most Promising Scientist by Hispanic Engineer magazine. In 2002, Dr.
Garcia received the American Society of Mechanical Engineers (ASME’s) Adaptive Structures Prize
for “significant contributions to the sciences and technol ogies associated with adaptive structures and/or
materials systems.” Dr. Garciais author of more than 175 articles, book chapters, edited volumes, and
a textbook entitled Mechanics of Microelectromechanical Systems. He is the chair of the ASME Aero-
space Division's Executive Committee and was recently appointed editor-in-chief of Smart Materials
and Structures.

PRABHAT HAJELA is a professor of mechanical, aerospace, and nuclear engineering at Renssel aer
Polytechnic Institute (RPI). His current research interestsinclude the analysis and design optimization of
structural and multidisciplinary systems, system reliability, emergent computing paradigms for design,
artificial intelligence, and machine learning in multidisciplinary analysis and design. Dr. Hajelarecently
completed ayear as an ASME congressional fellow in the office of Senator Conrad Burns, advising on
technology policy. Before joining RPI, he was on the faculty at the University of Floridafor 7 years. Dr.
Hajelaisafellow of the AIAA, the Aeronautical Society of India, and the ASME, and heis vice presi-
dent of the International Society of Structural and Multidisciplinary Optimization. He has served on the
Multidisciplinary Design Optimization Technical Committee of the AIAA and the executive committee
for the ASME Aerospace Division (chair, 2001-2002) and was chair of the Division's Technical Com-
mittee on Structures and Materials (1999-2002). He has served as editor of Evolutionary Optimization
and as associate editor of the AIAA Journal, and he is on the editorial board of six other international
journals. He has published more than 260 papers and articles in the areas of structural and multidisci-
plinary optimization and is an author or coauthor of four books in these areas. Dr. Hgjela has an M.S.
in mechanical engineering and a Ph.D. in aeronautics and astronautics from Stanford University and a
B.Tech. in aeronautical engineering from the Indian Institute of Technology in Kanpur, India.

JOHN B. HAYHURST retired in 2004 as senior vice president of The Boeing Company and president
of Boeing Air Traffic Management after 33 years at Boeing and 3%z yearsin these positions. Previously,
Mr. Hayhurst was vice president of business development for the Commercial Airplane Services busi-
ness unit of Boeing Commercia Airplanes Group (BCAG). Prior to this assignment, he served as vice
president and general manager of 737 programs. In addition, he was general manager of the BCAG
production site in Renton, Washington. Before that, he served as vice president for the Americas and
was responsiblefor the Boeing business relationships with airline customersin North Americaand Latin
America and for the sale of Boeing commercial airplanes to customers in those regions. Mr. Hayhurst
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joined Boeing in 1969 as a customer support engineer. He held positions of increasing responsibility
related to commercial airplanes and in 1987 was promoted to vice president of marketing. In this posi-
tion, he played a significant role in the launch of the Boeing 777. Subsequently, he was responsible for
leading teams planning the design, devel opment, and manufacture of aircraft larger than the Boeing 747.
Hethen served as vice president-general manager of the Boeing 747-500X/600X program. Mr. Hayhurst
isafellow of the Royal Aeronautical Society and holds a bachelor’s degree in aeronautical engineering
from Purdue University. He received a master’s degree in business administration from the University
of Washington in 1971. In 1998, Mr. Hayhurst was awarded an honorary doctorate in engineering by
Purdue University.

NANCY G.LEVESON (NAE) is professor of aeronautics and astronautics and professor of engineering
systems at the Massachusetts Institute of Technology. Dr. Leveson conducts research on system safety,
software engineering, system engineering, and human—computer interaction. In 1999, she received the
Association for Computing Machinery’s (ACM’s) Allen Newell Award for outstanding computer science
research and in 1995 the AIAA Information Systems Award for “developing the field of software safety
and for promoting responsible software and system engineering practices where life and property are at
stake.” 1n 2004 Dr. Leveson received the ACM Sigsoft Outstanding Research Award. She has published
more than 200 research papers and is author of a book, Safeware: System Safety and Computers (Addi-
son-Wesley). She has served on numerous National Research Council committees.?

ELI RESHOTKO (NAE) graduated from the California Institute of Technology with a Ph.D. in aero-
nautics and physics. Dr. Reshotko is currently the Kent H. Smith Professor Emeritus of Engineering at
Case Western Reserve University. He was elected to the National Academy of Engineering in 1984 and
isafellow of the following societies: AIAA, ASME, the American Physical Society, and the American
Academy of Mechanics, which he served as president. He is coauthor of more than 100 publications and
is affiliated with many task forces, committees, and governing boards, on several of which he served
as chair. His area of expertise is viscous effects in external and internal aerodynamics; two- and three-
dimensional compressible boundary layers and heat transfer; stability and transition of viscous flows,
both incompressible and compressible; and low-drag technology for aircraft and underwater vehicles.
He has expertise in propulsion engineering, thermodynamics, aerodynamics, and aircraft propulsion.

RAYMOND (RAY) VALEIKA retired from Deltaas senior vice president—techni cal operations(TechOps).
He directed aworl dwide maintenance and engineering staff of more than 10,000 professional s, maintain-
ing afleet of nearly 600 aircraft. Currently, he is an independent consultant advising major companies
on aviation matters and an internationally recognized senior airline operations executive with more than
40 years of managing the maintenance operations of large airlines. Through Mr. Valeika s leadership and
focus on the continuous improvement of the human processes in aviation maintenance, Delta TechOps
consistently rated at the top of the industry for performance benchmarks in the areas of safety, quality,
productivity, and reliability. Mr. Valeika was honored with the Air Transport Association’s Nuts and
Boltsaward, recognizing hisleadership in the aviation industry. Finally, hisleadership of the human side
has been recognized over the years with a Humanitarian Award from the Community Mayors of New
York, New Jersey, and Connecticut, and a Laurel award from Aviation Week and Space Technology for
his role with human factors training at Continental. In October 1999, Mr. Valeika received the Marvin
Whitlock Award from the Society of Automative Engineers. Most recently, the Aviation Week Group

1Dr. Leveson resigned from the committee in May 2007.
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honored him with a lifetime achievement award. He is currently a member of the National Research
Council’sAeronautics and Space Engineering Board. Previously, he held senior executive positions with
Pan Am and Continental Airlinesaswell as Delta. He graduated from St. Louis University with a degree
in aeronautical engineering in 1964.



Appendix C

Validating the Ranking of the Research and Technology
Challenges from the Decadal Survey

This appendix investigates whether the selection of the 51 highest-priority research and technology
(R&T) challenges in the Decadal Survey of Civil Aeronautics (NRC, 2006) remains valid in light of
the National Aeronautics Research and Development Policy (NSTC, 2006) and the National Plan for
Aeronautics Research and Development and Related Infrastructure (NSTC, 2007).

The Decadal Survey ranks 89 R& T challenges according to their ability to accomplish strategic
objectives for U.S. aeronautics research. At the time that study was conducted, the federal government
had yet to define what those strategic objectives should be. Therefore, in order to conduct the ranking, the
steering committee that oversaw the Decadal Survey identified and defined six strategic objectives that,
in its estimation, should motivate and guide the next decade of civil aeronautics research in the United
States, pending the release of a national research and development (R& D) plan for aeronautics.

After the National Research Council published the Decadal Survey of Civil Aeronautics, the National
Science and Technology Council released the National Aeronautics Research and Development Policy
and the more detailed National Plan. As shown in Table C-1, there is excellent correlation between the
strategic objectives of the Decadal Survey and the key principles of the National Policy and the National
Plan. The only exceptions are “support for the space program” (which appears in the Decadal Survey)
and “world-class aeronautics workforce” (which appears in the National Policy and the National Plan,
although the National Plan includes no research goals or objectives related to this principle).t

To assess how the list of the top 51 R& T challenges might have looked if the National Policy and
the National Plan had predated the Decadal Survey of Civil Aeronautics, the committee for the present
study considered the following factors:

1. Inthe process of ranking the R& T challenges, the Decadal Survey of Civil Aeronautics uses dif-
ferent weightings for different strategic objectives. A weighting of 5 was given to capacity and to

1The National Plan for Aeronautics Research and Development and Related I nfrastructure notes that “ aerospace workforce
issues are being explored by the Aerospace Revitalization Task Force led by the Department of Labor pursuant to Public Law
109-420" (NSTC, 2007, p. 2).
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TABLE C-1 Comparison of the Strategic Objectives from the Decadal Survey of Civil Aeronautics with
the Principles from the National Aeronautics Research and Development Policy and the National Plan for
Aeronautics Research and Development and Related Infrastructure

Strategic Objectives: Decadal Survey? Principles: National Policy® and National Plan¢

e Increase capacity. e Mobility through the air is vital to economic stability, growth, and security
as a nation.

e Improve safety and reliability. e Aviation safety is paramount.

e Increase efficiency and performance. e Assuring energy availability and efficiency is central to the growth of the
aeronautics enterprise.

e Reduce energy consumption and e The environment must be protected while sustaining growth in air
environmental impact. transportation.
e Take advantage of synergies with e Auviation is vital to national security and homeland defense.

national and homeland security.

Security of and within the aeronautics enterprise must be maintained.
e Support the space program.

e The United States should continue to possess, rely on, and develop its
world-class aeronautics workforce.

aNRC (2006), p. 1.
bNSTC (2006), pp. 7-8.
°NSTC (2007), pp. 1-2.

safety and reliability, 3 was given to efficiency and performance and to energy consumption and
environmental impact, and 1 was given to synergies with national and homeland security and to
support for the space program. The National Policy and the National Plan, however, treat al the
principles as equally important.

2. Inthe National Plan, the principles concerning (a) energy availability and efficiency and (b) the
environment have been combined.

3. Support to the space program is not included as a principle of the National Policy, and the National
Plan includes no R& D goals or abjectivesrelated to space except with regard to the demonstration
of sustained, controlled hypersonic flight in support of national defense and homeland security
(including space launch applications).

4. NASA isdirected elsewhere in the National Policy to maintain its core competencies, including
core competencies “that support NASA's human and robotic space activities’ (NSTC, 20086, p.
9).

Accordingly, the committee for this study reranked the R& T challenges of the Decadal Survey by
changing the weightings as follows:

1. Asaresult of factor 1, above, al strategic objectives were assigned the same value (1.0), except
that:

2. Asaresult of factor 2, the strategic objectives corresponding to (1) energy availability and effi-
ciency and (2) the environment were combined by giving them combined weighting of 1.0 (i.e.,
aweighting of 0.5 each), and
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3. Asaresult of factors 3 and 4, the strategic objective for support to space was aso given asmaller
weighting (0.5). Factor 3 implied the value should be smaller than the value assigned to the other
strategic objectives, and factor 4 implied the value should be greater than zero.

In other words, the priorities of the 89 R& T challenges from the Decadal Survey of Civil Aeronautics
were recal culated using the following weightings:

Weighting ~ Strategic Objective

1.0 Increase capacity

1.0 Improve safety and reliability

0.5 Increase efficiency and performance

0.5 Reduce energy consumption and environmental impact

1.0 Take advantage of synergies with national and homeland security
0.5 Support the space program

Using this different weighting scheme, only four R& T challenges not previously ranked among the
top 51 moved into the top 51. Those challenges are as follows:

e A12. Accurate predictions of thermal balance and techniques for the reduction of heat transfer to
hypersonic vehicles

» Al4. Efficient control authority of advanced configurations to permit robust operations at hyper-
sonic speeds and for access-to-space vehicles

» B12. Hypersonic hydrocarbon-fueled scramjet

 E12. Autonomous flight monitoring of manned and unmanned aircraft?

The committee for this study does not assert that these four R& T challenges should be considered
among NASA's highest-priority challenges, in part because the ranking of challenges by the Decadal
Survey was much more than a mathematical exercise. Rather, the committee concludes that this exercise
confirms the validity of rankings in the Decadal Survey, because it seems clear that even if the National
Policy and the National Plan had been issued prior to the Decadal Survey, the rankings in the Decadal
Survey would be essentially the same, with perhaps just a few R& T challenges near the cut-off point
changing sides.

This study determined how effectively NASA isaddressing the four R& T challengesidentified above.
Thisinformation is provided with the caveat that shortcomingsin addressing these challenges are not nec-
essarily shortcomingsin NASA's aeronautics research program, given that, unlike the challenges discussed
in Chapter 2, these challenges do not appear among the highest-priority R& T challenges in the Decadal
urvey of Civil Aeronautics.

The assessment of these four challenges uses the same color-coded grading scheme that is described
in detail at the beginning of Chapter 2. Briefly stated, a green grade means that the project will sub-
stantively advance the state of the art with no significant shortcomings. A yellow grade means that the

2This reranking would displace the following R&T challenges out of the top 51:

ATh. Accuracy of wake vortex prediction, and vortex detection and mitigation techniques

A11. Robust and efficient multidisciplinary design tools

B9. High-reliability, high-performance, and high-power-density aircraft electric power systems

E7. Adaptive ATM techniques to minimize the impact of weather by taking better advantage of improved probabilistic
forecasts
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project contains minor shortcomings, which are recoverable within the current overall project concept.
A black grade means that the project contains major shortcomings, which would be difficult to recover
from within the current overall project concept. White means that the challenge is not relevant.

A12 Accurate predictions of thermal balance and techniques for the reduction of heat transfer to
hypersonic vehicles

SFW SRW Supersonics Hypersonics Airportal Airspace IVHM IIFD IRAC Aging A/IC

This R& T challenge has the following milestones:3

» Improve models for predicting the effects of ablation on heat transfer.
» Develop a high-fidelity model for radiating shock layers.
» Develop turbulence models validated against experimental data for highly cooled walls.

The Aerodynamics, Aerothermodynamics, and Plasmadynamics element of the Hypersonics Project
includes tasks for developing high-fidelity thermal radiation models. The same element also includes
a small activity on ablation modeling. The Hypersonics Project does not address turbulence modeling
for highly cooled walls.

Al4 Efficient control authority of advanced configurations to permit robust operations at hypersonic
speeds and for access-to-space vehicles

SFW SRW Supersonics Hypersonics Airportal Airspace IVHM IIFD IRAC Aging A/IC

This R& T challenge has the following milestones:

» Develop techniques to accurately predict flow-control authority in shock-dominated flows and in
trangitiona flows.

» Demonstrate novel flow-control techniques applicable to hypersonic vehicles.

» Develop novel ground- and flight-test instrumentation techniques for validation of analytical and
computational models.

The Hypersonics Project includes little substantive work related to the above milestones. Only one
task in the Aerodynamics, Aerothermodynamics, and Plasmadynamics element mentions flow-control
demonstration—and it is mentioned as just one of several milestones associated with that task.

3Milestones for each R& T challenge are defined in Appendixes A through E of the Decadal Survey of Civil Aeronautics
(NRC, 2006).
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B12 Hypersonic hydrocarbon-fueled scramjet

SFW SRW Supersonics Hypersonics Airportal Airspace IVHM IIFD IRAC Aging A/IC

This R& T challenge has the following milestones:

» Develop advanced instrumentation capable of measuring time-averaged and time-resolved flow
parameters to validate design tools.

» Complete unit experiments based on generic inlets, isolators, combustors, and nozzles to provide
to provide benchmark data sets for model validation.

» Conduct experiments on mode transition for validation of unsteady models.

e Assist DoD flight demonstration programs that are currently in progress.

The Propulsion and Experimental Capabilities elements of the Hypersonics Project include several
tasks devoted to supporting the DoD’s X-51 Program, which is developing and testing hydrocarbon
scramjet technol ogy. The Hypersonics Project also includes diagnostics research related to this challenge
that is being conducted alongside the X-51 tests.

E12 Autonomous flight monitoring of manned and unmanned aircraft

SFW | SRW Supersonics Hypersonics Airportal Airspace IVHM IIFD IRAC Aging A/C

ThisR&T challenge has the following milestones:

» Produce a detailed set of requirements and design specification for flight monitoring systems
deployed on manned and unmanned aircraft.

» Demonstrate algorithms and knowledge to enable a flight monitoring system that accurately
anticipates, detects, and diagnoses flight plan deviations.

» Demonstrate the ability to more accurately project the near-term results of manipulating aircraft
controls and inform pilots of likely consequencesin terms of aircraft motion, potential collisions,
airspace violations, €etc.

» Design protocols for disseminating information from flight monitoring systems localy and
throughout the air transportation system.

» Specify corrective actions appropriate for manned and unmanned aircraft in response to unplanned
deviations detected by a flight monitoring system.

The Integrated Intelligent Flight Deck Project is supporting substantial research related to manned
aircraft, but it is not dealing with unmanned aircraft.
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3D
4-D

AP
APSE
ARMD
ATM
ATP

BWB

CFD
CP

DARPA
DoD

ESTOL

FAA

HMMES
HRRLS

IDA
IHFD
IRAC

Appendix D

Acronyms

three-dimensiona
four-dimensional

associate principal investigator
aero-propul so-servo-elasticity
Aeronautics Research Mission Directorate
air traffic management

Aeronautics Test Program

blended wing body

computational fluid dynamics
challenge problem

Defense Advanced Research Projects Agency
Department of Defense

extremely short takeoff and landing
Federal Aviation Administration

High Mass Mars Entry Systems
Highly Reliable Reusable Launch Systems

Institute for Defense Analyses

Integrated Intelligent Flight Deck
Integrated Resilient Aircraft Control
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IVHM
JPDO
MDAO
NASA
NextGen
NGATS
NO,
NPAT
NRA
NRC
NSTC
Pl

QFD

R&D
R&T

SCAP
SFW
SRW
T&E
UAV

V/STOL
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Integrated Vehicle Health Management

Joint Planning and Development Office

Multidisciplinary Design, Analysis, and Optimization

National Aeronautics and Space Administration

Next Generation Air Transportation System (formerly abbreviated NGATS)
Next Generation Air Transportation System (now commonly abbreviated as NextGen)
oxides of nitrogen

National Partnership for Aeronautical Testing

NASA Research Announcement

National Research Council

National Science and Technology Council

principal investigator

quality function deployment

research and development
research and technology

Shared Capabilities Assets Program
Subsonic Fixed Wing

Subsonic Rotary Wing

testing and evaluation

unmanned air vehicle

vertical and short takeoff and landing
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