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Preface

Affordable, reliable, and safe air transportation is impor-
tant to quality of life and economic growth. Civil aviation
has become an essential mode of transportation nationally
and globally. If the United States intends to maintain su-
premacy in the commercial aerospace sector, it has to take a
long-term perspective and channel adequate resources into
research and technology development. In fact, this task is
one of the legislatively established objectives of the National
Aeronautics and Space Administration (NASA), but it will
not be achieved without a vigorous aeronautics program that
is relevant to the development of advanced commercial air-
craft, including supersonic aircraft.

NASA’s Aerospace Technology Enterprise has estab-
lished 10 technology goals, one of which is to cut in half the
time it takes to travel from the United States to the Far East
and Europe. Achieving this objective will require new tech-
nology to improve the performance and affordability of su-
personic aircraft while meeting public expectations related
to safety, noise, and engine emissions. Advanced research
and technology are also needed to establish the feasibility of
reducing sonic boom sufficiently to allow sustained super-
sonic commercial flight over land—a capability that would
greatly enhance the utility and economic viability of super-
sonic aircraft.

The National Research Council (NRC) was commis-
sioned by NASA to conduct an 18-month study to identify
breakthrough technologies for overcoming key barriers to
the development of an environmentally acceptable and eco-
nomically viable commercial supersonic aircraft. The NRC
subsequently established the Committee on Breakthrough
Technology for Commercial Supersonic Aircraft. The study
committee met four times between October 2000 and March
2001 and also had other ancillary visits and teleconferences
to collect relevant information, identify and assess alterna-
tive technologies, and generate a list of appropriate findings,
conclusions, and recommendations. As detailed herein, the

Vii

committee concluded that an economically viable supersonic
aircraft will require new focused efforts in several areas, as
well as continued development of technology on a broad
front. Furthermore, NASA must advance key technologies
to a technology readiness level (TRL) high enough (i.e., a
TRL of 6, as defined by NASA) to facilitate the handoff of
research results to the aerospace industry for commercial de-
velopment. The committee concluded that maturation of key
technologies could enable operational deployment of an
environmentally acceptable, economically viable commer-
cial supersonic aircraft with a cruise speed of less than
approximately Mach 2 in 25 years or less—perhaps a lot
less, with an aggressive technology development program
focused on smaller supersonic aircraft, because goals in
many critical areas would be easier to achieve with smaller
aircraft. However, it may take longer to overcome the more
difficult technological and environmental challenges associ-
ated with building a large commercial supersonic aircraft
with a cruise speed in excess of approximately Mach 2.

This study benefited from a high level of public interest.
Many individuals from interested organizations attended the
committee’s information-gathering meetings, which in-
cluded opportunities for public input. This broad participa-
tion made an important contribution to the committee’s de-
liberations, and the committee is indebted to everyone who
gave of their time and talent at the meetings.

This report has been reviewed in draft form by individu-
als chosen for their diverse perspectives and technical exper-
tise, in accordance with procedures approved by the NRC’s
Report Review Committee. The purpose of this independent
review is to provide candid and critical comments that will
assist the institution in making its published report as sound
as possible and to ensure that the report meets institutional
standards for objectivity, evidence, and responsiveness to
the study charge. The review comments and draft manuscript
remain confidential to protect the integrity of the delibera-
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tive process. We wish to thank the following individuals for
their review of this report:

Linden Blue, General Atomics,

Michael Hudson, Rolls-Royce North America,
Antony Jameson, Stanford University,

Ira Kuhn, Directed Technologies, Inc.,

Kenneth Plotkin, Wyle Laboratories, and

William Sirignano, University of California, Irvine

Although the reviewers listed above have provided many
constructive comments and suggestions, they were not asked
to endorse the conclusions or recommendations nor did they

PREFACE

see the final draft of the report before its release. The review
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RC Space Enterprises, Inc. Appointed by the National
Research Council, he was responsible for making certain that
an independent examination of this report was carried out in
accordance with institutional procedures and that all review
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final content of this report rests entirely with the authoring
committee and the institution.
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Committee on Breakthrough Technology
for Commercial Supersonic Aircraft
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WORKING TOGETHER

We shape our self
to fit this world

and by the world
are shaped again.

The visible
and the invisible

working together
in common cause,

to produce
the miraculous.

I am thinking of the way
the intangible air

passed at speed
round a shaped wing

easily
holds our weight.

So may we, in this life
trust

to those elements
we have yet to see

or imagine,
and look for the true

shape of our own self
by forming it well

to the great

intangibles about us.

—David Whyte

Written for the presentation of the Collier Trophy to
the Boeing Company, 1996. Copyright © 1996, 1998 by
David Whyte. From The House of Belonging, by
David Whyte. Reprinted by permission of the author and
Many Rivers Press, Langley, Washington.
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Executive Summary

High-speed flight is a major technological challenge for
both commercial and business aviation. As a first step in
revitalizing efforts by the National Aeronautics and Space
Administration (NASA) to achieve the technology objective
of high-speed air travel, NASA requested the National Re-
search Council (NRC) to conduct a study that would identify
approaches for achieving breakthroughs in research and tech-
nology for commercial supersonic aircraft. This report docu-
ments the results of that effort. It describes technical areas
where ongoing work should be continued and new focused
research initiated to enable operational deployment of an
environmentally acceptable, economically viable commer-
cial aircraft capable of sustained supersonic flight, including
flight over land, at speeds up to approximately Mach 2 in the
next 25 years or less. In particular, sonic boom is the major
barrier to development of supersonic business jets (SBJs)
and a major, but not the only, barrier to the development of
supersonic transports with overland capability. While NASA
should have its eye on the grand prize—supersonic commer-
cial transports—it is still quite appropriate for NASA to con-
duct sonic boom research, even when related to SBJs. The
report also identifies other critical areas where technology
development is needed to support the development of com-
mercial supersonic aircraft with cruise speeds beyond
Mach 2.

STUDY OBJECTIVE AND APPROACH

The objective of this study was to leverage the results of
NASA’s High Speed Research (HSR) Program, other re-
search, and related studies to identify breakthrough technolo-
gies for overcoming key barriers to the development of an
environmentally acceptable, economically viable commer-
cial supersonic aircraft with minimal sonic boom (to enable
supersonic flight over land). The scope of the study included
both small aircraft (that is, SBJs) and large transports. The
focus of the study was on high-risk, high-payoff technolo-

gies where NASA-supported research could make a differ-
ence over the next 25 years. The committee did not focus on
any specific vehicle configuration, market segment, or tech-
nology readiness level (TRL), although it believes that, to
have practical value, government-funded research should
advance to a TRL of at least 6 before industry can be
expected to incorporate new technologies into commercial
aviation products.!

The committee considered which of two options it would
focus on:

1. revolutionary new types of aircraft that are fundamen-
tally different from existing aircraft
2. vehicles that more closely resemble existing aircraft

Both options require breakthrough technologies, but devel-
oping a new vehicle concept into an operational commercial
supersonic aircraft would take decades of research and de-
velopment to satisfy aircraft performance, economic, safety,
certification, and environmental requirements. Focusing on
revolutionary vehicle concepts to develop commercial su-
personic aircraft would probably give NASA a research pro-
gram that does little or nothing to enable operational deploy-
ment of commercial supersonic aircraft within the next 25
years. Because that is the time frame of interest for this study,
the committee concentrated on identifying areas where
breakthroughs and focused investments are most likely to
achieve the ultimate objective of sustained commercial su-
personic flight, including flight over land, in a more timely
fashion.

As the study proceeded it became clear that the statement
of task presented procedural challenges. Breakthrough tech-

INASA rates the level of technology readiness on a scale of 1 to 9. TRL
6 has been achieved when a system or subsystem model or prototype has
been demonstrated in a relevant environment.

Copyright © National Academy of Sciences. All rights reserved.
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nologies are likely to be guarded as proprietary and compe-
tition-sensitive and are not available to groups such as NRC
committees, which work in a public forum. This was true for
much of the results of the HSR Program, which is not yet
public information, as well as details of ongoing work, such
as the Quiet Supersonic Platform Program funded by the
Defense Advanced Research Projects Agency (DARPA).
Because of its limited access to detailed technical data, the
committee was reluctant to accept the role of recommending
which individual technical concepts and approaches, many
of them in the early stages of development, should be funded.
Fortunately, it was not necessary for the committee to do so.
As demonstrated by the Quiet Supersonic Platform Program,
once the government identifies specific areas of interest and
allocates development funding, industry and other research
organizations are able and willing to provide detailed, inno-
vative research proposals within the framework of a com-
petitive government acquisition program, where competi-
tion-sensitive information is more likely to be protected.
Therefore, with the concurrence of the study sponsor, the
committee carried out the intent of the statement of task us-
ing the following approach:

1. Identify the technical barriers to sustained commercial
supersonic flight, including flight over land.

2. Characterize the gap between the state of the art and
the technology required to overcome each barrier.

3. Establish the feasibility of closing each gap by consid-
ering if at least one promising approach is available.

4. Identify what would have to be demonstrated to show
that the gap has been closed.

TECHNOLOGY CHALLENGES

To provide a framework for analyzing the technology
needs for commercial supersonic flight over the next 25
years, the committee defined a set of three notional super-
sonic vehicles:

e Small. An SBJ with about 8 to 15 passengers, a range
of 4,000 to 5,000 nautical miles (NM), a cruise speed
of about Mach 1.6 to 1.8, and sonic boom low enough
to enable supersonic flights over both land and water.

e Medium. An overland supersonic commercial trans-
port with about 100 to 200 passengers, a range of 4,000
to 5,000 NM, a cruise speed of about Mach 1.8 to 2.2,
and sonic boom low enough to enable operations over
both land and water.

e Large. A high-speed civil transport (HSCT) with about
300 passengers, a range of 5,000 to 6,000 NM, and a
cruise speed of about Mach 2.0 to 2.4.

The committee also compared the technical challenges
for commercial supersonic aircraft with the likely challenges
for a military supersonic strike aircraft. A strike aircraft
would have to overcome many of the same challenges as a

COMMERCIAL SUPERSONIC TECHNOLOGY: THE WAY AHEAD

commercial aircraft—for example, a high lift-to-drag ratio
and acceptable takeoff and landing characteristics; efficient
and durable engines; and advanced airframe materials and
structures. A strike aircraft would need to meet these chal-
lenges while also meeting military requirements for stealth
and weapons integration, but without necessarily meeting all
the same environmental constraints.

For each class of aircraft, the committee used a combina-
tion of engineering judgment, historical trends, and simpli-
fied equations to identify key challenges and the research
areas required to overcome those challenges. While noise
and emissions are certainly major barriers to the develop-
ment of an HSCT, significant advances in the traditional
aeronautics engineering disciplines, such as structures, pro-
pulsion, and aerodynamics, are still required to close the
business case and certificate new systems. Supersonic trans-
ports with overland capability (and military strike aircraft of
comparable size) will require improvements in the four ma-
jor factors related to economics (lift-to-drag ratio, air ve-
hicle empty weight fraction, specific fuel consumption, and
thrust-to-weight ratio) equivalent to about 10 percent over
the present state of the art in each parameter, as well as addi-
tional advances related to the environment and certification.
For SBJs, most parameters are already within the state of the
art. HSCTs, on the other hand, will require significant ad-
vances, equivalent to about 15 percent for each of the four
major economic parameters. Affordable supersonic flight is
an exercise in integration: A viable commercial supersonic
aircraft cannot be achieved until solutions to the individual
technology challenges are brought together in one integrated
airframe-engine design.

The committee also validated the importance of cruise
speed as a key factor in determining the technological diffi-
culty associated with development of a commercial super-
sonic aircraft. NASA’s HSR Program, which ran from 1985
to 1999, envisioned an HSCT with 300 passengers and a
cruise speed of Mach 2.4. In 1997 the NRC concluded that
the focus on Mach 2.4 was too aggressive and probably not
justified by the business analysis. The study concluded that
an aircraft with a cruise speed of Mach 2.0 might have a net
productivity similar to that of a Mach 2.4 aircraft and would
have an easier time overcoming some of the most difficult
economic, technological, and environmental challenges.

As cruise speed increases, the most efficient cruise alti-
tude increases also, and the technical challenges to develop-
ing an economically viable and environmentally acceptable
commercial supersonic aircraft increase significantly above
approximately Mach 2. For aircraft with cruise speeds less
than Mach 2, an NO_ emission index of 15 appears satisfac-
tory, and water vapor emissions are unlikely to pose difficul-
ties at the associated altitudes. Aircraft with cruise speeds in
excess of Mach 2 will normally cruise in the stratosphere,
where engine emissions have a greater potential to cause cli-
mate change and depletion of atmospheric ozone. At higher
speeds, the NO, emissions index may need to be as low as 5.

Copyright © National Academy of Sciences. All rights reserved.
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EXECUTIVE SUMMARY

In addition, water vapor, which is benign in the lower atmo-
sphere, may have significant, long-lasting effects in the
stratosphere. Also, at higher speeds air friction creates higher
temperatures. For cruise speeds above approximately Mach
2.2, new structural materials are needed to meet requirements
for strength, weight, and affordability. The noise suppres-
sion problem also becomes more challenging as speed in-
creases, because cruise efficiency requirements mandate the
use of engines with lower bypass ratios and, accordingly,
higher jet exhaust velocities and more noise. As a result,
larger nozzles are required to meet community noise stan-
dards. Without advanced technology, the nozzles of aircraft
with cruise speeds above Mach 2.2 will probably be too large
and heavy to be economical.

The intensity of sonic booms increases with vehicle size,
weight, and speed; developing a low-boom design suitable
for supersonic cruise over land will be much harder for an
HSCT than for smaller transports or an SBJ. Even so, the
development of any economically viable commercial super-
sonic aircraft is far from trivial. High-risk investments are
still required to develop and validate the design of a small
supersonic aircraft with low sonic booms. Success in this
endeavor, however, could support the eventual development
of an HSCT with a low sonic boom by performing critical

TABLE ES-1

noise suppression experiments, testing public acceptance of
sonic boom noise levels, and gathering critical data.

RECOMMENDATIONS FOR RESEARCH

The technology advances necessary to attain the eco-
nomic and environmental goals will be easiest to achieve for
an SBJ and most difficult for an HSCT. Surmounting the
special technology challenges associated with cruise speeds
greater than approximately Mach 2 will require long-term
research. To achieve commercial supersonic flight by 2025,
NASA’s primary focus should be to support (1) new initia-
tives and (2) ongoing research that would enable supersonic
flight at cruise speeds less than approximately Mach 2, where
the technology challenges are more tractable in the near- to
midterm. Specific areas of research identified by the com-
mittee appear in the findings and recommendations below
and are also shown in Table ES-1.

Finding 1. An economically viable, environmentally accept-
able supersonic commercial aircraft with a cruise speed of
less than approximately Mach 2 requires continued develop-
ment of technology on a broad front (see Finding 2). In addi-
tion, research in the following five areas of critical impor-

Key Challenges to Developing a Commercial Supersonic Aircraft and Related Research Areas

~
&
o & \V? &
RO N Y
& & @ X & 2
N >N P 2 S &
& 7 ° O Q Y
& o N & O 5
& SRS 3° @ o o
O (OF N & R
S @ L & » 4 A
NN & © ) & o & &
@ @ S E ® ESAENS
@,5& & @ W & o &5 &
Related Research Areas e o Q@b & & 6@‘\ \i Q’oo‘Q o\\%q}@eov
RS & O NS 5@ > &
L S £ PSRN & o
Y e SO P& GO S ¥ Ry
X N @ @ S o P 9
&é\é\‘\q’(\& \Q‘;\\o § YQ’&‘ rf’éo 6\& 6@@\0\\0 o‘\?'% S (\Q\Qz Q,%Q?\Q'Qo&\
F &S X & 0P SN L N
S @0 0 S’ OF F L@ S8
@@ o0 R o KA RS RO X @ O
- . NN FIO XN TS L S F N
Characteristics of Supersonic Aircraft: S8 ,&'5‘(\ @\°,<§‘ & &R O e&’\\)\‘\ £ \\,@’Z’@Q" & é\‘éo@ {\QP‘
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Economics—range, payload, fuel burn, etc.
Low weight and low empty weight fraction 2 2 1
Improved aerodynamic performance 111 2
Highly integrated airframe/propulsion system 1
Low thrust-specific fuel consumption 1
Long life 213 2
Environment
Benign effect on climate and atmospheric ozone 3

Low noise during takeoff and landing?

Low sonic boom

Certification for commercial operations

Acceptable handling and ride qualities 1

1

1

Passenger and crew safety at high alti_tudes

2|2

Airframe 4+——»

In

tegrated Aircraft 4——  Propulsion System

NOTE: 1, research area recommended by Finding 1; 2, research area recommended by Finding 2; 3, research area recommended by Finding 3.
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tance could lead to important breakthroughs, but only if cur-
rent research is augmented by new, focused efforts (or sig-
nificant expansions of existing efforts):

 airframe configurations to reduce sonic boom inten-
sity, especially with regard to the formation of shaped
waves and the human response to shaped waves (to
allow developing an acceptable regulatory standard)

e improved aerodynamic performance, which can be
achieved through laminar flow and advanced airframe
configurations (both conventional and unconven-
tional)

« techniques for predicting and controlling aero-propul-
sive servo-elastic and aircraft-pilot servo-elastic
(APSE) characteristics, including high-authority
flight- and structural-mode control systems for limit-
ing both types of APSE effects in flight and tools for
defining acceptable handling and ride qualities

« automated, high-fidelity, multidisciplinary optimiza-
tion tools and methods for design, integration, analy-
sis, and testing of a highly integrated, actively con-
trolled airframe-propulsion system

 variable cycle engines for low thrust-specific fuel con-
sumption, high thrust-to-weight ratio, and low noise

Recommendation 1. NASA should focus new initiatives in
supersonic technology development in the areas identified
in Finding 1 as they apply to aircraft with cruise speeds of
less than approximately Mach 2. Such initiatives should be
coordinated with similar efforts supported by other federal
agencies (e.g., the DARPA Quiet Supersonic Platform Pro-
gram).

In addition to focused research initiatives on the tech-
nologies listed in Finding 1, the development of economi-
cally viable, environmentally acceptable commercial super-
sonic aircraft also requires continued advances in other areas.
A broad range of technical activity must be supported to
ensure that other key technologies are mature enough to con-
vince industry to take on development and to meet designer’s
needs at the time a supersonic transport is laid down. Al-
though advances in these additional technologies (see Find-
ing 2) may not be necessary to develop an SBJ, they are
critical to the ultimate goal of developing a large commer-
cial supersonic transport.

Finding 2. An economically viable, environmentally accept-
able commercial supersonic transport with a cruise speed of
less than approximately Mach 2 requires continued advances
in many areas, particularly the following:

 airframe materials and structures for lower empty
weight fractions and long life, including accelerated
methods for collecting long-term aging data and the
effects of scaling on the validity of thermomechanical
tests

COMMERCIAL SUPERSONIC TECHNOLOGY: THE WAY AHEAD

 engine materials for long life at high temperatures, in-
cluding combustor liner materials and coatings, tur-
bine airfoil alloys and coatings, high-temperature al-
loys for compressor and turbine disks, and turbine and
compressor seals

« aerodynamic and propulsion systems with low noise
during takeoff and landing

 cockpit displays that incorporate enhanced vision sys-
tems

 flight control systems and operational procedures for
noise abatement during takeoff and landing

« certification standards that encompass all new tech-
nologies and operational procedures to be used with
commercial supersonic aircraft

» approaches for mitigating safety hazards associated
with cabin depressurization at altitudes above about
40,000 ft

 approaches for mitigating safety hazards that may be
associated with long-term exposure to radiation at alti-
tudes above about 45,000 ft (updating the Federal
Aviation Administration’s advisory circular on radia-
tion exposure, AC 120-52, to address supersonic air-
craft would be a worthwhile first step)

Recommendation 2. For the technologies listed in Finding
2, NASA should allocate most of the available resources on
goals and objectives relevant to aircraft with cruise speeds of
less than approximately Mach 2. NASA should focus re-
maining resources on the areas listed in Finding 3 (i.e., the
highest risk areas for cruise speeds greater than approxi-
mately Mach 2). Again, NASA activities should be coordi-
nated with similar efforts supported by other federal agen-
cies.

Conclusion 1. Research and technology development in the
areas listed in Findings 1 and 2 could probably enable opera-
tional deployment of environmentally acceptable, economi-
cally viable commercial supersonic aircraft in 25 years or
less—perhaps a lot less, with an aggressive technology de-
velopment program for aircraft with cruise speeds less than
approximately Mach 2.

Finding 3. An economically viable supersonic commercial
aircraft with a cruise speed in excess of approximately Mach
2 would require research and technology development in all
of the areas cited in Findings 1 and 2. In addition, significant
technology development would be needed to overcome the
following barriers:

» climate effects and depletion of atmospheric ozone
caused by emissions of water vapor and other combus-
tion by-products in the stratosphere

 high temperatures experienced for extended periods of
time by airframe materials, including resins, adhesives,
coatings, and fuel tank sealants
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EXECUTIVE SUMMARY

e noise suppression at acceptable propulsion system
weight

Conclusion 2. Candidate technologies for overcoming envi-
ronmental barriers to a commercial supersonic aircraft with
a cruise speed in excess of approximately Mach 2 are un-
likely to mature enough to enable operational deployment of
an environmentally acceptable, economically viable Mach 2+
commercial supersonic aircraft during the next 25 years.

The ultimate importance of the commercial supersonic
aircraft to the U.S. air transportation system is expounded in
the long-range technology plans and visions of NASA, the
Department of Transportation, and the National Science and
Technology Council. Fulfilling these visions of the future
will require a long-term investment strategy that looks be-
yond the short-term economic factors that drive much indus-
try-funded research. The importance of a long-term view is
especially important with breakthrough technologies. Unfor-
tunately, both government and industry are reluctant to make
the long-term investments necessary to mature expensive,
high-risk technologies. In particular, at a time when manu-
facturers require TRLs of 6 or higher to embrace complex
new technologies in safety-critical aeronautics applications,
NASA appears to be changing its technology investment
strategy so that it reaches TRLs of only 3 or 4. The likely
result is a technology maturation gap that could jeopardize
U.S. leadership in aerospace technology. To avoid this re-
sult—that is, to allow promising technologies to make the
transition from the laboratory to the marketplace—NASA
must invest enough to achieve TRL 6. With past programs,

such as the HSR Program, NASA adopted TRL 6 as the ap-
propriate goal for commercial supersonic research, and the
committee is concerned that NASA’s less ambitious goals
for much of its ongoing aeronautics research is driven more
by the need to curtail aeronautics research because of re-
duced funding than by an objective assessment of what it
will take to achieve the government’s programmatic goals.

Recommendation 3. NASA and other federal agencies
should advance the technologies listed in Findings 1 and 2
and Recommendations 1 and 2 to technology readiness level
6 to make it reasonably likely that they will lead to the devel-
opment of a commercial product.

In summary, the committee identified no insurmountable
obstacles to the development of commercial supersonic air-
craft and believes that a properly focused research effort by
NASA could develop technological solutions to the key
problems identified in Finding 1, thereby enabling a suc-
cessful commercial development program by industry in the
relatively near term, especially for aircraft with a cruise
speed of less than Mach 2.0. Without continued effort, how-
ever, an economically viable, environmentally acceptable
commercial supersonic aircraft is likely to languish. National
indifference to supersonic technology development would
jeopardize longstanding U.S. supremacy in the aviation busi-
ness segment and significantly harm the nation’s economy.
The United States is not the only sponsor of supersonic tech-
nology development, and once a commercial supersonic air-
craft is developed, users in the United States and other coun-
tries will purchase it, regardless of where it is manufactured.
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Introduction

High-speed flight is a major technological challenge for
commercial and business aviation. To help meet this chal-
lenge, the National Aeronautics and Space Administration
(NASA) asked the National Research Council (NRC) to con-
duct a study that would identify approaches for achieving
breakthroughs in supersonic research and technology (R&T).
This report documents the results of that effort.

The report is organized into five chapters. This introduc-
tion describes the study process and the committee’s under-
standing of NASA’s expectations for the study. It also pro-
vides background information to set the context for the
report’s key findings, conclusions, and recommendations.
Chapter 2 briefly reviews how the business case for com-
mercial supersonic aircraft has changed since NASA’s High
Speed Research (HSR) Program was cancelled in 1999 and
discusses notional vehicles around which technology chal-
lenges and research time frames may be grouped. Chapter 3
describes five areas for new focused research to enable in-
dustry production by the year 2025 of an environmentally
acceptable, economically viable commercial aircraft capable
of sustained supersonic flight, including flight over land, at
speeds less than approximately Mach 2. Chapter 4 identifies
additional critical areas where continued technology devel-
opment is needed. Chapter 5 presents findings, conclusions,
and recommendations that follow from and summarize the
earlier discussions. Biographies of committee members are
presented in Appendix A. Participants in meetings of the full
committee and key subcommittee meetings are listed in Ap-
pendix B. Acronyms and abbreviations used in the report are
listed in Appendix C.

STATEMENT OF TASK AND STUDY APPROACH

The statement of task for the study was as follows:

» Based on the results of NASA’s HSR Program, other
research, and related studies, identify key customer and

design requirements that cannot be satisfied by currently
available technology or by adapting technology that is
likely to be developed for other applications.

 Identify breakthrough technologies that may be able to
satisfy the high-risk requirements identified above.

» Prepare a report that qualitatively assesses the most prom-
ising breakthrough technologies in terms of their potential
value and risk.

The scope of the study included both small aircraft (i.e.,
supersonic business jets [SBJs]) and large transports. How-
ever, the committee was directed not to develop a compre-
hensive plan addressing all of the R&T needs for a commer-
cial supersonic aircraft. Therefore, this report does not
address many important aircraft systems, such as onboard
power systems, where government research is not critical to
the development of future commercial supersonic aircraft.

The study focused on high-risk, high-payoff technologies
where NASA-supported research could make a difference
over the next 25 years. It did not focus on any specific ve-
hicle configuration, market segment, or technology readi-
ness level (TRL), although the committee believes that, to
have practical value, government-funded research should
achieve a TRL range of at least 6 before industry can be
expected to incorporate new technologies into commercial
aviation products (see Figure 1-1).

The committee conducted hearings and fact-finding meet-
ings to identify technical barriers and promising break-
through technologies. However, as the study proceeded it
became clear that the statement of task presented difficulties
with respect to its use of the phrase “breakthrough technol-
ogy.” Truly breakthrough technologies are likely to be
guarded as proprietary and competition sensitive and, as
such, are not available to groups such as the NRC commit-
tees, which work in a public forum. Thus, even though many
committee members knew about potential breakthrough

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/10283.html

INTRODUCTION

Basic Technology Research level 1
Research to Prove Feasibility level 2
level 3

Technology Development
level 4
level 5

Technology Demonstration
level 6

System/Subsystem Development
level 7
level 8

System Test, Launch, and Operations
level 9

FIGURE 1-1

technologies, the arrangements under which such knowledge
was obtained prevented it from being disclosed or included
in this report. This included much of the results of the HSR
Program, which are classified as limited exclusive rights data
(LERD), details of ongoing work supported by the Defense
Advanced Research Projects Agency (DARPA) Quiet Su-
personic Platform (QSP) Program, and information collected
through work as employees of or consultants to private com-
panies.

Because of its limited insight into specific technological
solutions to the problems of commercial supersonic flight,
the committee was reluctant to accept the role of recom-
mending which individual technical concepts and ap-
proaches, many of them in early stages of development,
should be funded. For example, one possible breakthrough
approach would be the application of “lightcraft technolo-
gies,” which are being developed by Lightcraft Technolo-
gies, Inc., and Rensselaer Polytechnic University, supported
in part by the U.S. Air Force and NASA (David, 2000). This
technology suite transcends the conventional notion of a su-
personic aircraft by conceptualizing aircraft powered by
ground-based lasers. Even if the remaining technical issues
are ultimately resolved, however, commercialization as a
passenger vehicle will not be achieved in the 25-year time
frame that is the focus of this report. Another interesting
technology would inject water or other fluid in the engine
exhaust to mitigate takeoff noise, allowing the use of smaller
exhaust nozzles. The committee also became aware of a pro-
posal for boomless supersonic flight, but the concept has yet

NASA technology readiness levels. SOURCE: NASA.

Basic principles observed and reported
Technology concept and/or application formulated

Analytical and experimental critical function and/or
characteristic proof of concept

Component and/or breadboard validation in
laboratory environment

Component and/or breadboard validation in
relevant environment

System/subsystem model or prototype
demonstration in a relevant environment
(ground or space)

System prototype demonstration in a space
environment

Actual system completed and flight qualified
through test and demonstration (ground or space)

Actual system flight proven through successful
mission operations

to be submitted to peer review and available data are insuffi-
cient to allow judging its viability.

Rather than attempt to identify, evaluate, and compare
the merits of individual breakthrough technologies, the com-
mittee concentrated instead on identifying problems and ar-
eas where breakthroughs and focused investment are needed
to achieve the ultimate objective of sustained commercial
supersonic flight, including flight over land. As demon-
strated by DARPA’s QSP Program, if the government de-
cides to address a particular problem—such as the challenge
of supersonic flight with very low (or no) sonic boom—R&T
solicitations would attract proposals for many diverse solu-
tions, which can then be evaluated as part of the solicitation
process. Furthermore, NASA has especially good insight into
the work of the QSP Program because the program manager
is a NASA civil servant on temporary assignment at
DARPA. In light of the concerns expressed above, and with
the concurrence of the study sponsor, the committee used
the following approach to guide it in carrying out the intent
of the statement of task:

1. Identify the technical barriers to sustained commercial
supersonic flight, including flight over land.

2. Characterize the gap between the state of the art and
the technology required to overcome each barrier.

3. Establish the feasibility of closing each gap by consid-
ering if at least one promising approach is available.

4. Identify what would have to be demonstrated to show
that the gap has been closed.
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BACKGROUND

Commercial supersonic aircraft have been the object of
many development programs. The first major effort by the
United States, the Supersonic Transport (SST) Program, was
terminated in the early 1970s prior to completion. France
and Great Britain, however, were able to complete develop-
ment of the Concorde, which has shown both the possibili-
ties and problems of commercial supersonic aircraft.
NASA’s HSR Program began in 1985 with the objective “to
establish the technology foundation by 2002 to support the
U.S. transport industry’s decision for a 2006 production of
an environmentally acceptable, economically viable, 300-
passenger, 5,000 nautical mile, Mach 2.4 aircraft” (NRC,
1997). The first flight of a commercial supersonic aircraft
was envisioned around 2010, with the first production air-
craft to be operational around 2013. As shown in Table 1-1,
NASA expected that program goals would require a large
investment.

The HSR Program was conducted in two phases. Phase 1,
from 1985 to 1990, focused on environmental compatibility
issues. Phase 2, from 1990 until 1999, focused on develop-
ment of airframe and propulsion technologies. A proposed
but never implemented Phase 2A would have focused on
affordable manufacturing technologies starting in 1997. The
HSR Program was canceled in 1999, largely because NASA
was unwilling to continue the program without a stronger
commitment from industry to the commercial development
of a 300-passenger, Mach-2.4 aircraft. As a result, NASA’s
supersonic R&T efforts were greatly curtailed.

Regulatory standards are a key factor in determining the
viability of commercial supersonic aircraft. Because envi-
ronmental standards are becoming more strict, delays in de-
veloping a supersonic commercial aircraft mean that when
one is built, it might have to meet more stringent standards
than originally anticipated by the HSR Program. Just before
the program was closed out, HSR managers solicited new
ideas on how to meet more stringent environmental stan-
dards. This admittedly hasty exercise was intended to pro-

TABLE 1-1
Completion in FY 2002 (millions of dollars)
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vide a technology development roadmap in anticipation of
future efforts to develop supersonic technology.

The 1997 NRC report that assessed NASA’s HSR Pro-
gram emphasized the importance of relating aircraft perfor-
mance requirements to the needs of customers—that is, pas-
sengers, airlines, manufacturers, and society. It concluded
that the focus on Mach 2.4 was too aggressive and probably
not justified by the business analysis. The report prioritized
aircraft performance requirements based, in part, on their
contribution to meeting customer needs and the level of risk
and concluded that more advanced R&T is needed to estab-
lish the feasibility of sustained supersonic commercial flight.
It presented a plan to achieve a flight demonstration aircraft
that would fully validate aerodynamic, propulsion, and flight
control technologies.

The United States is not the only sponsor of supersonic
technology. The governments of France, Japan, Russia, and
the United Kingdom are also sponsoring development of su-
personic technology with commercial applications, although
none has embarked on a formal program to produce a new
commercial supersonic aircraft. The development of a com-
mercial supersonic transport that can meet international en-
vironment standards and compete successfully with subsonic
transports may be a larger effort than the industry of any
single nation, including the United States, might wish to
undertake. As with many such innovations, the first manu-
facturer to market will have the potential to dominate the
market. If only one commercial supersonic transport is avail-
able, airlines from the United States and other countries will
purchase it regardless of where it is manufactured. A small
supersonic jet could be developed by a single aircraft manu-
facturer and might lead to important technological innova-
tions.

The ultimate importance of commercial supersonic air-
craft to the U.S. air transportation system is set forth in long-
range technology plans and visions promulgated by NASA
(NASA, 1998), the Department of Transportation (DOT,
1999), and the National Science and Technology Council
(NSTC, 2000). Fulfilling these visions of the future will re-

Total NASA Funding for the HSR Program from Program Inception in FY 1990 Through Planned

Program Element FY 1990-1996 FY 1997 FY 1998-2002 Total
Propulsion 459.3 114.1 3125 885.9
Airframe 322.6 110.5 286.8 719.9
Systems Integration 144.0 29.7 107.0 280.7
Total 925.9 254.3 706.3 1,886.5

SOURCE: NRC (1997).
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quire a long-term investment strategy that looks beyond the
shorter-term economic factors that drive much industry-
funded research. A long-term view is especially important
when it comes to breakthrough technologies. By nature,
these technologies require long-term investments to increase
their maturity and reduce their risk enough to convince the
aerospace manufacturing industry to turn them into commer-
cial products that the Federal Aviation Administration (FAA)
will certify and airlines (or other users) will buy. Unfortu-
nately, both government and industry are reluctant to make
the long-term investments necessary to advance expensive,
high-risk technologies. In particular, at a time when manu-
facturers require a TRL 6 or higher to embrace complex new
technologies in safety-critical aeronautics applications,
NASA appears to be redirecting its technology investment
strategy to achieve an end point of TRL 3 or 4. The likely
result is a technology maturation gap that could jeopardize
U.S. leadership in aerospace technology. To avoid this con-
sequence—that is, to allow promising technologies to make
the transition from the laboratory to the marketplace—
NASA must accept the challenge of investing enough to
achieve TRL 6.
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Technology Challenges

To identify the barriers to developing supersonic aircraft
in the next 25 years for which advances in technology are
needed, it is first necessary to identify the key customer and
design requirements for useful aircraft and translate them
into technology needs. The approach used here assesses the
capabilities desired, defines notional vehicles providing such
capabilities, and analyzes the technology needs of these ve-
hicles.

CUSTOMER REQUIREMENTS

Determining the level of technology required to meet cus-
tomer requirements, ensure economic performance, and
comply with environmental regulations requires some con-
sideration of potential products. The process for creating
product specifications consistent with satisfactory levels of
performance in the above areas is complex, and the commit-
tee made no detailed attempts in this direction. However,
committee members did interview domestic and interna-
tional representatives, including business jet manufacturers
and operators, large aircraft manufacturers, airlines, and the
U.S. Air Force (USAF). The results of these interviews, com-
bined with other information collected by the committee
(summarized below), provided general guidance regarding
the probable future of commercial and military supersonic
aircraft.

Supersonic Business Jet

Prospective manufacturers, with encouragement from
business jet fleet operators, view the SBJ as a near-term pros-
pect, with a payload of perhaps 8 to 15 passengers, a cruise
speed of approximately Mach 1.6 to Mach 1.8, and a range
0f 4,000 to 5,000 nautical miles (NM). Supersonic flight over
land is essential for this class of vehicles, and the potential
market is estimated to be at least 200 aircraft over a 10-year
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period. Economic factors are not nearly as limiting for busi-
ness jets as for a commercial transport; prospective manu-
facturers believe the market will support paying about twice
as much for a supersonic aircraft that can cruise at twice the
speed of current subsonic business jets.

The consensus view of prospective manufacturers is that
the key technology barrier for this class of aircraft is the
elimination, or reduction to acceptable levels, of sonic boom
for flight over land. Another barrier is the need for an engine
that can operate for 2,000 hours between major overhauls.
Significant advances in aerodynamic performance may also
be required to achieve the desired aircraft range if the solu-
tion to the sonic boom problem imposes aircraft weight or
performance penalties.

Military Strike Aircraft

Interviews with USAF personnel indicated that a long-
range strike aircraft with sustained supersonic flight would
provide significant potential for improving USAF war-
fighting capabilities through substantially increased sortie
rates and rapid response times. Desired characteristics are a
payload of 20,000 to 40,000 pounds, a cruise speed of Mach
1.6 to 3.0, and a range of 4,000 to 6,000 NM. The precise
Mach number is strongly influenced by optimization of total
payload delivery rate (Ib-NM/hour) for a given fleet cost.
Long range is needed to reduce the need for forward basing
and minimize the impact of overflight restrictions by coun-
tries not involved in a particular conflict. However, military
aircraft would not necessarily need to meet all of the envi-
ronmental constraints that apply to commercial aircraft.

The key technical challenges for a supersonic strike air-
craft are as follows: development of a stealthy configuration
with a high lift-to-drag ratio (L/D) and acceptable take-off
and landing characteristics; efficient and durable engines;
propulsion-airframe integration; advanced airframe materi-
als and structures; weapons integration; and producibility.
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Supersonic Commercial Transport

The desired payload for a high-speed civil transport
(HSCT) would be about 300 passengers, and the desired
range would be at least 4,500 NM, with 5,000 to 6,000 NM
preferred. Sonic boom reduction would not be required to
provide trans-oceanic service. The minimum expected cruise
speed is approximately Mach 2.0, based in part on earlier
studies of aircraft utilization on long international routes. A
cruise Mach number close to 2 might be acceptable to users
(i.e., airlines) and would also mitigate some of the techno-
logical challenges and environmental concerns associated
with Mach numbers of 2.4 and greater.

A large transport, such as an HSCT, that can fly at Mach
2 or greater with little or no sonic boom, a capability nec-
essary for overland operations, is not viewed as techno-
logically feasible. One alternative for providing supersonic
airline service over land would be to develop a large com-
mercial supersonic aircraft with a cruise speed close enough
to Mach 1 to avoid creating a sonic boom that would propa-
gate to the ground. Boeing is currently conducting design
studies for such an aircraft, which could probably be devel-
oped without government research into the breakthrough
technologies that are the subject of this report.

A second alternative for improving the economics of a
large supersonic transport would be to design it for flight at
a high cruise speed over water and a lower (but still super-
sonic) cruise speed over land. This scenario, however, raises
questions about performance efficiency during long flight
segments at off-design speeds. Early in the HSR Program,
for example, Boeing explored the option of aerodynamically
shaping a Mach 2.4 aircraft to produce a low-level boom for
overland flight at Mach 1.6 to Mach 1.8. This effort was
dropped when it became clear that the necessary design
modifications would significantly degrade performance at
Mach 2.4 and reduce the overall economic viability of the
aircraft. It might be worthwhile, however, to reexamine this
area using advanced technologies and lower cruise speeds
(for example, Mach 2.0 over water/Mach 1.2 over land in-
stead of Mach 2.4 over water/Mach 1.6 over land).

A third alternative would be to build a commercial super-
sonic transport with a payload capability similar to that of a
military strike aircraft (equivalent to 100 passengers), a range
capability similar to that of an SBJ, and a cruise speed of
approximately Mach 2. Compared to an HSCT, the reduced
size and potentially lower speed would make it much more
feasible to develop the technologies necessary to reduce the
sonic boom enough to permit overland operations. This
transport would be capable of transcontinental service as well
as transoceanic service directly to and from noncoastal cities.

A 1997 study by the NRC reviewed demand studies that
predicted a market size on the order of 1,000 HSCTs, assum-
ing that targeted levels of cost, performance, and environ-
mental impacts can be achieved (NRC, 1997). The demand
studies also assumed that sonic booms would prevent these
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aircraft from flying at supersonic speeds over land and that
they could be operated profitably with a ticket surcharge of
about 10 percent (relative to the price of travel on subsonic
aircraft) for coach class travel and a surcharge of 30 percent
for business and first class travel. However, generalizations
in the assumptions on which some of the demand studies
were based may have caused the studies to overstate the pro-
jected market size. The 1997 NRC study concluded that turn-
around times seemed to be unrealistically low and that an
aircraft with a cruise speed of Mach 2.0 might have a pro-
ductivity similar to that of a Mach 2.4 aircraft (NRC, 1997).
A cruise speed of Mach 2.2 or less would also be a more
tractable goal than Mach 2.4 for the 25-year period of inter-
est to this study.

VEHICLE CHARACTERISTICS AND ECONOMIC GOALS

The above-mentioned views of customer requirements
form the basis for defining three notional commercial super-
sonic aircraft: an SBJ, an overland supersonic commercial
transport, and an HSCT. These generic aircraft were selected
as being representative of the complete spectrum of super-
sonic aircraft likely to be developed in the foreseeable fu-
ture. For example, the committee determined that the speed,
range, and payload characteristics of an overland supersonic
transport would be similar to those of a nominal supersonic
strike aircraft. The purpose of these notional vehicles is to
help assess the need for advances in the technological state
of the art; they are not intended to endorse any particular
product or replace the need for detailed design and market
studies to validate the vehicle performance specifications
prior to advanced product development.

Implicit in aircraft design specifications are costs—de-
velopment, production, operations, and maintenance costs—
that are considered affordable. Each of these costs depends
on many factors. The 1997 NRC report identified 22 factors
that impact vehicle affordability. For the purpose of this
study, takeoff gross weight (TOGW) was used as one readily
measurable indicator of aircraft cost for rapid assessment of
configuration trade studies. Given this simplification,
affordability is tied to the ratio of payload weight to TOGW
that is considered to be economically viable (or militarily
cost-effective) in the applications of interest identified above.

For each of the three notional commercial supersonic air-
craft, the committee used a combination of engineering judg-
ment, historical trends, and simplified equations to identify
vehicle characteristics and the technology goals that must be
achieved to satisfy requirements for an environmentally ac-
ceptable and economically viable aircraft (see Table 2-1 and
Figure 2-1).

Overland transport aircraft (and comparably sized mili-
tary strike aircraft) will require improvements equivalent to
about 10 percent over the present state of the art in the four
most important factors related to economics (L/D, air ve-
hicle empty weight fraction, specific fuel consumption, and
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TABLE 2-1 Customer Requirements, Vehicle Characteristics, and Technology Goals for Economic and Environmental
Performance of Notional Aircraft

Overland Supersonic
Commercial Transport

High-Speed
Civil Transport

Supersonic

Business Jet State of the Art?

Customer requirements

Speed (Mach number) 1.6t0 1.8 1.8t02.2 2.0t0o2.4
Range (NM) 4,000 to 5,000 4,000 to 5,000 5,000 to 6,000
Payload (passengers) 8to 15 100 to 200 300
Sonic boom low enough to permit Yes Yes Yes, if possible? No
supersonic cruise over land
Vehicle characteristics
Payload weight fraction® ~0.07 0.15t0 0.20 ~0.20
Aircraft empty weight fraction? ~0.44 ~0.40 ~0.37
Vehicle empty weight fraction® ~0.38 ~0.34 ~0.32 ~0.36 (larger aircraft) to 0.38
(smaller aircraft)
Fuel weight fraction ~0.49 0.40 to 0.45 ~0.43
Takeoff gross weight (1,000 1b) 140 200 to 250 600
Technology goals
Economic performance
Lift-to-drag ratio 7.51t08.0 9to 10 10to 11 ~7.5t0 8.5
TSFC/M (Ib/hr/Ib/Mach number)  ~0.60 ~0.52 ~0.49 ~0.60 (Mach 1.6) to 0.55
(Mach 2.4)
Engine thrust-to-weight ratio at 5 5 6 ~4 (for large engines) to 5

sea level (for small engines)

Environmental performance$

Community noise less than Stage 3" less than Stage 3 less than Stage 3 Stage 3

Sonic boom overpressure (psf) <1 (with a shaped <1 (with a shaped <1 (with a shaped ~2 for large aircraft,

signature)’ signature) signature)? ~1 for small aircraft
NO, emissions index at cruise <15 <15 <15 (lower speeds), ~25k
(g NO,/kg fuely <5 (higher speeds)
Water vapor emissions index ~1,400 ~1,400 ~1,400 for lower ~1,400

speeds, possibly 0
at higher speeds

(g water/kg fuel)!

4State of the art is estimated for technologies that have matured to a TRL of 6 or higher.

bOnly if intended for supersonic flight operations over land. Otherwise, sonic boom levels are not limiting.

“Weight of the payload divided by TOGW; payload is defined here as everything not necessary for controlled flight, including avionics (except the flight
control system), mission equipment, and outfitting.

dWeight of the aircraft with no fuel or payload divided by TOGW.

¢Weight of the aircraft with no fuel or payload or engines divided by TOGW.

fThrust-specific fuel consumption divided by Mach number (TSFC/M) is inversely proportional to overall propulsion system efficiency. In principle, for a
given propulsion system state of the art, TSFC/M varies approximately as the one-quarter power of the Mach number over the range of speed (Mach 1.6 to 2.4)
of interest here. However, this has not been demonstrated in operational engines.

8CO, is an environmental constraint because it influences climate change, but CO, is not listed here because it is likely to be controlled by limiting total fuel
consumption, not by imposing limits on emissions by individual aircraft.

"Current U.S. and international limits on noise for subsonic aircraft during takeoff, climb-out, and approach to landing are referred to as Stage 3 limits.
Quieter Stage 4 limits are already under review.

‘Sonic booms have a pressure wave with a very rapid rise time. Shaping of sonic booms would increase the rise time of the sonic boom pressure wave,
reducing the effect of booms on people for a given overpressure limit. However, even with a shaped signature the maximum acceptable overpressure is
unknown, although it seems certain to be less than 1 pound per square foot (psf).

/NO, emissions are important to ozone depletion, local air quality, and climate change.

kState of the art for supersonic engines is about 25. Most commercial jet aircraft have an NO, emissions index of about 7 to 15 (MCT, 2001).

'Water vapor emissions in the stratosphere are important to ozone depletion and climate change.
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thrust-to-weight ratio), as well as additional advances related
to the environment and certification. For SBJs, most param-
eters are already within the state of the art. HSCTs, on the
other hand, will require even more significant advances,
equivalent to about a 15 percent improvement for each of the
four most important economic parameters.

ENVIRONMENTAL GOALS

Real or perceived environmental requirements result in
technical barriers to the development of new products. The
potential uncertainty associated with environmental effects
and regulations pose nontechnical barriers as well, because

industry is unlikely to commit to product development with-
out certain knowledge of the environmental standards that
must be satisfied. Some of the relevant environmental regu-
lations are summarized in Table 2-2. In general, existing
regulations were not developed with supersonic aircraft in
mind and would have to be updated before a new commer-
cial supersonic aircraft could be certificated. All of these
issues will have to be coordinated domestically with the ap-
propriate federal agencies and internationally with the Inter-
national Civil Aviation Organization (ICAO).

Technology goals associated with environmental perfor-
mance of commercial supersonic aircraft are shown in Table
2-1. As discussed below, the major environmental concerns

TABLE 2-2 Environmental Regulations Relevant to Commercial Supersonic Aircraft

Environmental
Issue

Current or Expected
Method of Control

International Regulations

and Authorities U.S. Regulation and Authorities

Community noise Aircraft certification standards, 14 CFR Part 36 and 14 CFR Part 91
operating restrictions

Operating restrictions

Aircraft certification standards,
market-based measures
(emissions trading or charges)

Operating restrictions

Aircraft certification standards

ICAO (Annex 16, Vol. I)

Sonic boom
Climate change

14 CFR Part 91
14 CFR Part 34

ICAO (Resolution A33-7)

United Nations Framework Convention
on Climate Change and ICAO (under
Kyoto Protocol, if ratified)

Montreal Protocol

ICAO (Annex 16, Vol. IT)

Ozone depletion
Local air quality

Section 615 of the Clean Air Act
14 CFR Part 34 and 40 CFR Part 87
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are community noise around airports, sonic boom (which
prevents supersonic flight over land), climate change, deple-
tion of atmospheric ozone, and local air quality. Reducing
sonic boom enough to meet the needs of SBJs or medium-
size overland transports could be very difficult. Continua-
tion of ongoing research is likely to reduce emissions enough
to meet goals both for local air quality and for emissions
during cruise for aircraft with cruise speeds less than ap-
proximately Mach 2. Cruise emissions goals for aircraft with
higher cruise speeds will be considerably more difficult to
meet, and noise suppression will need attention at all Mach
numbers.

Community Noise

Commercial aircraft must meet community noise stan-
dards for takeoff, climb-out (after takeoff), and approach to
landing. For subsonic aircraft, requirements are defined by
so-called Stage 3 standards. ICAO standards for supersonic
aircraft are not in place, but ICAO Annex 16 Volume I indi-
cates that “noise levels . . . applicable to subsonic jet
aeroplanes may be used as guidelines.” Except for existing
Concorde aircraft, federal regulations prohibit the operation
of commercial supersonic aircraft unless they comply with
Stage 2 noise limits (14 CFR Part 91). Federal regulations
allow existing Concorde aircraft to operate as long as (1) the
noise levels are shown to have been reduced “to the lowest
levels that are economically reasonable, technologically
practicable, and appropriate for the Concorde type design,”
and (2) the aircraft does not take off or land between the
hours of 10 p.m. and 7 a.m. (14 CFR Part 36).

Environmental standards have historically been governed
by what can be accomplished within the economic con-
straints of the industries involved, and more stringent stan-
dards are already under development by ICAO’s Civil Avia-
tion Environmental Protection (CAEP) Committee: Stage 4
limits are likely to reduce noise limits during takeoff, climb,
and approach to landing by about 3 dB at each point. Pre-
sumably, these new ICAO limits would be used as guide-
lines for revising community noise limits in the United States
and other countries, but details, including how these stan-
dards would be applied to supersonic aircraft—would have
to be coordinated with regulatory agencies, such as the FAA,
in each country.

Sonic Boom

ICAO policy requires aircraft operators to ensure that “no
unacceptable situation for the public is created by sonic
boom from supersonic aircraft in commercial service”
(ICAO Resolution A33-7, 1998). This seems to leave room
for determining an “acceptable” level for a sonic boom. U.S.
Federal Aviation Regulations (FARs), however, prohibit
commercial flight at greater than Mach 1 over the United
States and require that commercial supersonic aircraft, such

COMMERCIAL SUPERSONIC TECHNOLOGY: THE WAY AHEAD

as the Concorde, that fly to and from the United States im-
pose flight restrictions to ensure that they do not “cause a
sonic boom to reach the surface within the United States”
(14 CFR Part 91).! These regulations will have to be changed
to allow supersonic flight over land. Except for supersonic
speeds close to Mach 1 (i.e., Mach numbers between 1 and
about 1.15), sonic boom reduction technology is unlikely to
eliminate sonic booms in the foreseeable future. As discussed
in Chapter 3, a more reasonable aim for sonic boom reduc-
tion is to produce “shaped” sonic signatures with an over-
pressure limit somewhere between 0 and 1.0 1b/ft? through-
out the total sonic boom ground footprint (not just below the
aircraft). Low-boom, shaped signatures are intended to re-
duce annoyance and minimize the possibility of damaging
structures by reducing startle, rattle, and building vibrations.
Additional research is needed, however, to ascertain the lim-
its on sonic boom parameters, such as overpressure and rise
time, that would be acceptable to the general public. Re-
search must also validate the ability to design aircraft that
(1) create shaped booms within acceptable limits and (2) still
meet other economic and environmental goals. These ad-
vances are necessary for both the SBJ and the medium-size
overland transport, since both require flight over land and
would be beneficial for the HSCT.

Climate Change

Under the Kyoto Protocol, ICAO was given the responsi-
bility for control of aircraft emissions that affect climate
change. Accordingly, CAEP is examining methods to con-
trol aircraft emissions that can affect climate. The primary
focus now is carbon dioxide (CO,). The Kyoto Protocol did
not classify water or oxides of nitrogen (NO ) as greenhouse
gases, but their treatment is being discussed in ICAO. Be-
cause of water vapor emissions, atmospheric models gener-
ally predict that an aircraft cruising in the stratosphere can
have climate effects several times as severe as a similar air-
craft flying at lower altitudes (in the troposphere), where
water vapor emissions are benign.

Emissions of CO, are directly related to fuel consump-
tion, and the methods of control being considered by CAEP
are all market-based options, such as a system of CO, trad-
ing (similar to current SO, trading programs in the United
States) or fees based on fuel consumption. If such programs
are implemented in a way that increases fuel costs, they
would increase economic barriers for supersonic aircraft,
which consume more fuel per passenger seat mile than sub-

IThe FAA is authorized to allow supersonic flight over land for testing—
if over-water flights are not practical (14 CFR Part 91). Also, military air-
craft may fly at supersonic speeds in authorized training areas, but environ-
mental impact statements may be required to establish or expand training
areas if supersonic flight will be allowed at altitudes less than 30,000 ft over
land (or within 15 miles of land) or at altitudes less than 10,000 ft over
water (32 CFR Part 989).
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sonic aircraft.? In addition, uncertainties about how CO,,
water vapor, and NO, may be regulated in the future add to
uncertainties about the economic viability of commercial su-
personic aircraft.

ICAO is currently developing a methodology to charac-
terize aircraft emissions during the climb and cruise phases
of flight, and the initial focus is on NO, emissions. The meth-
odology will consider emissions and aircraft productivity,
probably in a format such as grams of pollutant per passen-
ger-mile or ton-mile of payload. Details of the methodology
and a typical range of values for subsonic aircraft are ex-
pected to be discussed at the sixth CAEP meeting, which
will probably occur in 2004, and a standard could be estab-
lished in the 2010 to 2015 time frame. Supersonic aircraft
developed during and after that time may be required to meet
the same standards as subsonic aircraft. That could be diffi-
cult, because the increased fuel consumption and higher en-
gine operating temperatures that occur during supersonic
cruise tend to increase NO, emissions.

0zone Depletion

The stratospheric ozone layer absorbs ultraviolet radia-
tion that can cause skin cancer. Many compounds that de-
plete the ozone layer, such as chlorofluorocarbons, are con-
trolled under the Montreal Protocol. NO, emissions by
aircraft can impact atmospheric ozone in either positive or
negative ways, depending on the altitude at which they are
emitted. There is considerable uncertainty in the estimates
of the actual impact, but it is generally agreed that emissions
at altitudes above 50,000 to 55,000 ft will degrade the ozone
layer to some degree. Concern about ozone destruction by
NO, emitted from supersonic aircraft flying in the strato-
sphere dates back to the U.S. SST program in the early 1970s
and was acknowledged by the HSR Program, which estab-
lished an NO_ emissions index goal of 5 (i.e., 5 g of NO,
produced for each kilogram of fuel burned during crulse)
This still appears to be an acceptable upper limit for com-
mercial supersonic aircraft operating in the stratosphere. For
aircraft at lower supersonic speeds (i.e., less than approxi-
mately Mach 2), NO_emissions would be less of a problem
because of their lower cruising altitudes, and a higher emis-
sions index might be acceptable.

Recent analyses (e.g., Kawa et al., 1999) indicate that
water emissions from a fleet of large commercial supersonic
aircraft operating in the stratosphere would significantly de-
plete ozone, even if NO, could be reduced to very low lev-
els. Although the analytical results have considerable uncer-

2Passenger seat mile is a unit of transportation capacity, whereas passen-
ger mile is a measure of service provided. An aircraft with 100 seats sched-
uled to fly a 200-mile route would have a capacity of 2,000 passenger seat
miles. If 50 passengers make the trip, only half of the capacity is used
(1,000 passenger miles).
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tainty, effects would be substantially smaller for a smaller
fleet of smaller aircraft and could be eliminated by flying at
a lower altitude consistent with a lower cruise speed.

Local Air Quality

ICAO standards for both subsonic and supersonic aircraft
cover emissions of NO,, unburned hydrocarbons (HC), car-
bon monoxide (CO), and visible smoke. Standards for su-
personic aircraft were based on the Concorde emissions lev-
els and therefore apply to an engine that uses an afterburner
during takeoff. Engines with afterburners generally produce
more CO and less NO, than typical subsonic jet engines.
Presumably, the next generation of supersonic transports will
not use afterburners, so emissions should be more like those
of subsonic aircraft. Since the current supersonic standard
was set, there have been substantial reductions in emissions
of all of these species, and NO, standards for subsonic air-
craft has been reduced twice. If a new supersonic aircraft is
introduced into service, ICAO standards would very likely
be reexamined in light of these improvements in subsonic
engine technology. To minimize opposition on environmen-
tal grounds, new supersonic aircraft may be required to meet
the same standards as subsonic aircraft.

TECHNOLOGY CHALLENGES

The key technology challenges that derive from the cus-
tomer requirements, vehicle characteristics, and technology
goals quantified in Table 2-1 are related either to economics,
the environment, or certification:

* Environment
— benign effect on climate and atmospheric ozone
— low landing and takeoff noise
— low sonic boom
» Economics—range, payload, fuel burn, etc.
— low weight and low empty weight fraction
— improved aerodynamic performance
— highly integrated airframe/propulsion systems
— low thrust-specific fuel consumption (TSFC)
— long life
 Certification for commercial operations
— acceptable handling and ride qualities
— passenger and crew safety at high altitudes
— reliability of advanced technologies, including syn-
thetic vision
— technical justification for revising regulations to al-
low supersonic operations over land

These challenges are discussed in more detail in Chapters
3 and 4. All of the challenges must be overcome to enable
viable commercial supersonic aircraft. Significant advances
in the traditional aeronautics engineering disciplines, such
as structures, propulsion, and aerodynamics, are still required
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to create a situation in which (1) the economic factors will
support a profitable business case and (2) certification issues
for new designs and systems can be resolved. Of the various
vehicle types examined by the committee, the technology
advances necessary to attain the required economic and en-
vironmental goals will be easiest to achieve for an SBJ and
most difficult for an HSCT. The economic goals for the SBJ
are easiest to achieve because it can tolerate a very low pay-
load fraction, a shorter range capability, and a modest cruise
speed. Economically viable sonic boom reduction is also
likely to be easier to accomplish for an SBJ than for a me-
dium-size overland transport. The economic goals for the
HSCT will be the most difficult to achieve because it needs
the highest payload fraction and the longest range. Further-
more, if a cruise speed greater than approximately Mach 2 is
selected, the environmental goals would be much harder to
achieve.

The above discussion has been limited to aircraft pow-
ered by gas-turbine engines using conventional hydrocarbon
fuels. The potential use of other power plants and/or other
fuels would change the tradeoffs among the various technol-
ogy parameters, but it would be unlikely to reduce the gap
between what is needed and what is currently available. For
example, the use of liquid hydrogen as a fuel has been exam-
ined in the past and is a prospect for the future. Because
hydrogen offers high energy per unit mass of fuel, it reduces
TSFC to about 40 percent of the consumption for a conven-
tional hydrocarbon fuel. However, hydrogen’s low density
requires large fuel storage volumes, which would increase
the air vehicle empty weight fraction, decrease the L/D, and
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increase sonic boom. Thus, in the terminology used here, the
technology requirements would change, but the challenges
would not diminish. Similar observations can be made about
the potential use of fuel cells as aircraft power plants. In
principle, fuel cells offer perhaps a 20 percent reduction in
TSFC compared with turbofan engines, but at the expense of
a considerably heavier power plant. Accordingly, the needed
values of TSFC and thrust-to-weight ratio will change (the
former will be lower and the latter higher than those shown
in Table 2-1), but the challenges will not diminish.

Certification and regulatory issues are especially impor-
tant in two respects: (1) to enable the use of new systems,
such as synthetic vision in the cockpit, that relate to passen-
ger and public safety and (2) to allow overland supersonic
flight if an aircraft with a low, but nonzero, sonic boom can
be developed.
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New Opportunities for Research
on Critical Supersonic Technologies

The development of economically viable and environ-
mentally acceptable commercial supersonic aircraft will re-
quire continuing advances in many disciplines. This chapter
deals with technology areas where important breakthroughs
are possible only if current research efforts are augmented
by new, focused research (or significant expansions of exist-
ing research). The committee identified five areas of critical
importance: approaches to sonic boom reduction, new aero-
dynamic concepts to improve efficiency and reduce environ-
mental impacts, methods for dealing with highly coupled
aircraft dynamics, strategies for the design of complex sys-
tems, and the continued development of variable cycle
engines.

CONFIGURATIONS FOR REDUCED SONIC BOOM

Background

Shock waves, and thus sonic booms, are fundamental to
supersonic flight and can be minimized, but not eliminated,
on aircraft having lift. Sonic booms can be startling, cause
annoyance, and can even result in structural damage. Cur-
rent U.S. regulations prohibit commercial aircraft from pro-
ducing sonic booms that can be detected on the ground. If an
approach to vehicle aerodynamic design can be found that
would result in sonic booms with intensities low enough to
gain public acceptance—and if regulations are changed to
allow low intensity sonic booms—the economics of super-
sonic flight would change dramatically.

Studies by NASA’s HSR Program identified three key
requirements for overland supersonic flight: (1) establishing
the criteria for an acceptable “shaped” sonic boom signature,
(2) designing a viable aircraft to produce that shaped signa-
ture, and (3) quantifying the influence of the atmosphere on
such signatures.! However, no revolutionary aerodynamic

1Signature” refers to a plot of the change in air pressure versus time at a
fixed point as a sonic boom passes.
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approaches to sonic boom elimination seem imminent, and
the feasibility of accomplishing step 2 has yet to be estab-
lished.

Nearly 50 years of flight data and experience with sonic
booms exist, covering some 20 different supersonic aircraft,
including the Concorde and the space shuttle, with over
1,500 flights having produced some 15,000 measured signa-
tures. All of these sonic boom signatures are sawtoothed (N
waves), since all the aircraft were so-called N-wave de-
signs—that is, sonic boom minimization was not considered
in their basic design. Current signature prediction codes,
validated by numerous wind-tunnel model tests, in-flight
flow field probes, and ground measurements, work quite well
for these N-wave aircraft.?

Fairly substantial efforts by the government, industry, and
universities in the mid-1960s and 1970s and, later, during
the HSR Program explored boom minimization techniques
that decrease overpressure and shape the signature by means
of aircraft tailoring and airstream alteration. Vehicle con-
figurations designed for boomless flight were also investi-
gated. However, no flight data have ever been collected on
vehicles designed to produce low-boom, shaped signatures.
Wind tunnel models can be designed to produce booms with
shaped signatures near the aircraft, but it has not been dem-
onstrated, by analysis or experiment, that a shaped signature
will persist to the ground during flight in a real atmosphere.
Additional research is needed to establish a credible scien-
tific foundation for designing supersonic aircraft with low
sonic booms and to develop improved analytical tools.

It is well known that atmospheric turbulence in the lower
layers of the atmosphere can produce large changes in the
overpressure or intensity of N-wave sonic boom signatures.

2An N-wave signature has two rapid increases in pressure, one at the
beginning and one at the end of the sonic boom. This produces a loud and
particularly startling double-boom for people in the affected region. Shap-
ing the signature so that it has a slower pressure rise would produce a less
intense boom.
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Although considerable progress has been made toward es-
tablishing a prediction capability to describe the statistical
variations of N-wave signatures due to the atmosphere, a
suitable prediction code does not exist. No analytical or ex-
perimental database exists for quantifying atmospheric ef-
fects on low-boom, shaped signatures. Model experiments
using a large ballistic range, small projectiles, and a rectan-
gular jet flow nozzle to generate scaled turbulence have pro-
vided valuable information. Similar tests using shaped pro-
jectiles designed to produce shaped booms could generate
most of the required database to determine the influence of
the lower layer of atmosphere on shaped boom signatures.
An important milestone is scheduled for September 2002:
Northrop Grumman, as part of DARPA’s QSP Program,
plans to flight test an F5E aircraft modified to produce a
shaped signature below the aircraft when flown at Mach 1.4
and 30,000 ft. Experiments using this vehicle will help de-
termine the extent to which analytical tools used to predict
the propagation of N-wave signatures can be used for shaped
signatures.

Most of the data on the response of people and buildings
to sonic booms are for N-wave signatures and boom over-
pressures greater than 1.0 Ib/ft2. There is no database on the
response of people and buildings to shaped signatures of less
than 1.0 Ib/ft2. Human response data are also needed for
nighttime booms, both to guide the development of new tech-
nology and to support necessary changes in federal regula-
tions that prohibit sonic booms over land (see Chapter 2). A
significant finding from past sonic boom studies is that
startle, rattle, and building vibrations (which can cause dam-
age) are key elements in determining the response of people
to sonic booms. Shaped signatures of less than 1.0 1b/ft? will
produce less startle, rattle, and building vibrations.

Potential Developments

Key requirements for designing a viable supersonic air-
craft having a low-boom, shaped signature are low weight,
high L/D, long length, and innovative propulsion integra-
tion. Focused research on vehicle configurations to produce
shaped waves, combined with incremental improvements in
existing technologies, may lead to vehicle configurations that
produce shaped signatures with a maximum amplitude of
less than 1.0 Ib/ft? throughout the total sonic boom ground
footprint (not just below the aircraft). Studying the human
response to shaped waves will also be necessary, both to
assist vehicle design research and to validate new regulatory
standards, which may require reducing sonic boom ampli-
tude significantly below 1.0 1b/ft.

Research Opportunities

Research on methods for sonic boom prediction and tech-
niques for designing aircraft with specified or constrained
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signatures has been ongoing for decades, but new approaches
that permit higher fidelity modeling and more efficient de-
sign are required. Research should focus on the continuing
development of (1) multidisciplinary design tools and (2)
one or more flight technology testbeds to characterize the
booms produced by shaped vehicles and measure the persis-
tence of shaped signatures in a real atmosphere over large
distances. Laboratory and wind tunnel testing on vehicle
shaping and atmospheric effects should also be conducted,
including some testing on airstream alteration (e.g., heat/en-
ergy addition and dynamic flow modifications) for a variety
of vehicle configurations. Finally, community studies are
essential to determine how shaped sonic boom signatures
with overpressures less than 1.0 1b/ft? effect buildings and
people, including the propensity of people to be roused from
sleep by booms at night.

ADVANCED AERODYNAMIC CONCEPTS AND
CONFIGURATIONS

Background

The character of flow over a vehicle in supersonic flight
is dramatically different from that of a subsonic aircraft. This
is one of the fundamental reasons that an economically vi-
able, environmentally acceptable supersonic aircraft has not
been achieved after more than a half century of work in aero-
nautical design. Breakthrough technologies that could ad-
dress the root causes of the difference will therefore be asso-
ciated with the vehicle aerodynamics. This section deals with
aerodynamic challenges and opportunities for new research
that may lead to dramatic improvements in vehicle perfor-
mance and efficiency.

Aerodynamic cruise efficiency is extremely important be-
cause it directly and indirectly impacts most of the challenges
faced by the development of a viable commercial supersonic
aircraft. This is demonstrated clearly in the case of the
Concorde, which has a cruise L/D of 7.5 (modern subsonic
transports have a cruise L/D of about 18 to 20). The low L/D
of the Concorde increases fuel consumption, limits its range,
increases the design takeoff weight, and requires a larger
propulsion system to provide the higher thrust required at
takeoff, which in turn makes it more difficult to meet com-
munity noise standards. With engines that are as efficient as
those of modern subsonic aircraft, the Concorde would still
have to carry about three times the weight and generate more
than three times the takeoff thrust of a 737-600, which can
carry the same number of passengers the same distance.

The low supersonic efficiency of the Concorde, which
has a cruise speed of Mach 2, is not a result of poor design
but a fundamental consequence of supersonic aecrodynam-
ics. For a supersonic aircraft, the maximum achievable L/D
depends on several aircraft characteristics and drops as Mach
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FIGURE 3-1 Typical variation in L/D with Mach number. SOURCE: Boeing (1989).

number is increased. Figure 3-1 shows the typical variation
in L/D with Mach number.3

The requirement for low cruise drag generally leads to
supersonic vehicles that are much longer than subsonic air-
craft with a comparable payload capacity. This, in turn, leads

3The minimum drag of a supersonic aircraft may be expressed as follows
(Jones and Cohen, 1960):
W?  128qVol’> (M’ -1)W?
T+ z M
qrh il qnl
where b is the wingspan, C, Dy is the parasite drag at zero lift (i.e., skin-
friction drag and all other drag except induced drag), / is the effective length
of the vehicle, M is the Mach number, ¢ is the dynamic pressure, S is the
reference wing area, Vol is the total volume, and W is the total weight of the
aircraft.
If the altitude is chosen to be optimal at the given Mach number, the L/D
can be written as follows:

-1/2
4 AME -1
L/D,,, = |:(7L’AR + AR, J(CD0 +Cp,, )] 2)

where AR, the aspect ratio, is given by b%S; AR,, the length aspect ratio, is

D=45C,, +

12/S; and C Dy, the zero lift wave drag, is a function of aircraft length,
volume, and wing area. Equation 2 is plotted in Figure 3-1, assuming that
C D, and C Dy, have values of 0.01 and 0.006, respectively, and that AR and
AR, have values of 2.7 and 10, respectively. (The wave drag terms, C Dy’

and the term containing AR, are set to 0 below Mach 1.)

to penalties in the form of degraded vehicle performance at
low speed and increased structural weight. As the cruise
Mach number is increased, the optimal slenderness of the
vehicle increases as well, creating even further disparity be-
tween the best cruise design and the best low-speed design.
Another critical design conflict arises because the optimum
engine bypass ratio decreases as Mach increases. Design
compromises result in degraded subsonic performance and
lower usable maximum lift during low-speed flight. For ex-
ample, the Concorde achieves an L/D of only about 5 to 9 in
low-speed flight (Rech and Leyman, 1980). As a result, al-
most 40 percent of the fuel carried at takeoff is devoted to
low-speed flight and reserve fuel.

Offsetting the difficulties associated with higher Mach
numbers is the increased utilization (distance flown per year)
that higher speeds make possible. Also, the range achievable
in long-range cruise at constant speed is proportional to

VL/D) g(Wl)
c W,

where V is the cruise speed, C is the specific fuel consump-
tion, and W,/W, is the ratio of the initial weight (at takeoff)
to the final weight (at landing). Compared with more aero-
dynamically efficient subsonic aircraft, the aerodynamic
penalty (in terms of lower L/D) for flying at Mach 2.0 to 2.4
is about 10 percent greater than the penalty at Mach 1.6 to
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1.8 (see Figure 3-1). As the cruise speed of a supersonic
aircraft increases, specific fuel consumption also increases.
However, in principle, the parameter V/C actually increases
with speed by a factor of about V" over the range of interest
here. An increase of this magnitude would largely offset the
drop in L/D that occurs at higher speeds. However, this in-
crease has not been demonstrated in operational engines.
Furthermore, parametric design studies of supersonic air-
planes show that designers have much less freedom to make
necessary compromises than with subsonic aircraft. Thus, a
net reduction of a few percent in [V/C X L/D] may have a
serious cascading effect on the ability to meet other design
goals at higher speeds. Regardless of the cruise speed of in-
terest, increases in L/D are vital to enabling an economically
viable supersonic aircraft, and meeting L/D goals (see Table
2-1) should remain the focus of aerodynamic research for
commercial supersonic aircraft.

Most work to date has focused on the higher speeds to
increase the benefit in terms of utilization. Based on more
recent estimates of environmental constraints, however, a
range of 1.4 to 2.0 seems more reasonable and would open
the possibility for new benefits from advances in vehicle
configuration and aerodynamics. As described in the pre-
ceding section, improved vehicle configuration designs are
also likely to be a key part of reducing sonic boom to levels
that might permit overland supersonic flight.

State of the Art

Research in supersonic aircraft aerodynamics, which has
been ongoing for almost 50 years, has been marked by inter-
mittent efforts—first in the late 1960s and early 1970s when
the Concorde was developed and a U.S. SST was worked on,
then again in the 1990s as part of NASA’s HSR Program and
concurrent work by U.S. industry to develop designs for an
HSCT. Currently attention is being given to smaller super-
sonic aircraft by the DARPA QSP Program, and industry
(e.g., Gulfstream and Dassault) is exploring the development
of an SBJ (George, 2000).

One view of the progress that has been achieved is shown
in Figure 3-1, which compares the L/D of a recent Boeing
HSCT design with that of the Concorde. Although the esti-
mates for the HSCT are somewhat optimistic, the improve-
ments in cruise performance and particularly in subsonic
performance are significant. Although a change in cruise L/
D from 7.5 to 9 represents only a 20 percent improvement in
drag at a given weight, supersonic aircraft are more sensitive
to such changes than are conventional subsonic aircraft. For
a design range of 5,000 NM and with an assumed engine
efficiency of 45 percent and an empty weight fraction of
0.25, a 20 percent increase in L/D corresponds to a 40 per-
cent reduction in the required takeoff weight for a 100-pas-
senger aircraft. Several promising concepts, while immature,
may become key features of a successful future commercial
supersonic aircraft.

COMMERCIAL SUPERSONIC TECHNOLOGY: THE WAY AHEAD

Related Promising Technologies

Supersonic aerodynamics could be revolutionized by suc-
cessful technologies in any of four areas: supersonic laminar
flow, other methods for modifying the flow field around the
aircraft, unconventional vehicle configurations, and detailed,
computational systems for high-fidelity analysis.

Supersonic laminar flow has long been recognized as a
potential breakthrough that might reduce skin friction drag
by as much as 90 percent. But achieving extensive laminar
flow has been an elusive goal. Substantial efforts are being
made to achieve laminar flow for subsonic aircraft, but re-
sults have not been particularly encouraging. Research on
suppressing the transition from laminar to turbulent flow
using active flow control (via suction, blowing, or time-de-
pendent boundary-layer manipulation) continues in many
laboratories, but the prospect of developing an economically
viable system of this sort remains remote. Perhaps more in-
triguing is the possibility that laminar flow may be more
easily maintained at supersonic speeds than at lower speeds.
A few related approaches involve the careful design of wing
surfaces to achieve favorable streamwise pressure gradients
and minimize cross-flow transition. These approaches range
from those described by Tracy et al. (1995), in which wings
with low leading-edge sweep and favorable chordwise pres-
sure gradients are integrated into the aircraft concept, to re-
cent work at the National Aerospace Laboratory of Japan,
which emphasizes more highly swept wings with low upper-
surface cross-flow achieved with rather flat streamwise pres-
sures (Yoshida et al., 2000). The latter concept, while more
sensitive to disturbances and aimed at achieving laminar flow
over 25 percent of the wing surface, permits the use of sub-
stantial wing sweep. The more mildly swept natural laminar
flow concept has demonstrated much larger extents of lami-
nar flow in recent flight tests but may incur structural penal-
ties because of the need for very thin wings. In addition, the
short lifting length of the reference concept is difficult to
reconcile with the requirement for shaped sonic boom signa-
tures. Research on each of these concepts is in its infancy
but, if successful, may have a dramatic effect on achievable
supersonic aircraft performance. It appears feasible to ex-
tend these ideas with additional measures for cross-flow sup-
pression. Active cooling or passive techniques for suppress-
ing the initial cross-flow instability (White and Saric, 2000)
may permit additional sweep on the supersonic leading-edge
natural laminar flow concept or more extensive laminarity
for the subsonic concept.

The second area of general interest for dramatic improve-
ments in supersonic aerodynamics involves much more
speculative approaches to the modification of the flow field.
Active flow control, virtual shaping, and energy addition in
various forms have been proposed for many years as a pos-
sible means for reducing wave drag or sonic boom ampli-
tude. The committee does not believe that any of these ap-
proaches promise near-term breakthroughs in supersonic
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performance or boom reduction. Indeed, some of them ap-
pear to have no reasonable physical basis, while others are
either too complex to evaluate at this time or feature con-
cepts whose practical implementation is hard to imagine (see,
for example, Rethorst and Kantner, 1996; Rising and
Vadyak, 1999; and Soloviev et al., 1999). Future research
programs should consider investigating such concepts, with
the understanding that success, while unlikely, would be
important.

A third alternative is to investigate unconventional de-
signs that attempt to address some of the fundamental prob-
lems encountered with supersonic aerodynamics. These
range from nonplanar and multiple-surface configurations to
asymmetric, oblique wings. Several of these ideas are based
on fundamentally sound aerodynamics, but integrating them
into practical aircraft designs has been difficult. In some
cases, this is due to a basic limitation of the concept. For
example, the oblique all-wing concept that accommodates
passengers inside the wing structure appears to offer spec-
tacular aerodynamic performance and great potential for re-
ducing sonic boom, but it is difficult to configure as a pas-
senger aircraft unless it is scaled up to accommodate 500
passengers (Jones, 1991; Seebass, 1994). In other cases, the
complexity of the configuration may limit the applicability
of simple analyses, and the associated risk and large amount
of work required to develop appropriate analysis method-
ologies cannot be accommodated within the time and re-
source constraints of ongoing supersonic research programs.
Immature vehicle configurations also have a hard time com-
peting against vehicle configurations that have long histo-
ries of wind tunnel testing and computational design analy-
ses. The solution to this dilemma may lie in the development
of analytical methods that permit higher-fidelity analysis of
new concepts early in the design cycle.

High-fidelity analysis of unconventional vehicle configu-
rations is just now becoming feasible and represents a true
opportunity for breakthrough technology. Advances in com-
putational algorithms for aerodynamic analysis and shape
optimization, together with a revolution in computer hard-
ware capabilities, now make it possible to consider a much
wider range of design possibilities at a level of detail for-
merly restricted to a single baseline design. More mature
flow solvers, improved representations of boundary layer
turbulence, and methods for efficient calculation of flow
field sensitivities to design changes make the evaluation of
alternative design concepts feasible. Coupled with advances
in techniques for multidisciplinary optimization, such capa-
bilities hold out the promise that unconventional concepts
can be transformed into practical breakthrough technologies.
As an example, consider the concept of natural laminar flow.
Until recently, the ability to predict transition of a three-di-
mensional boundary layer and use this prediction to design a
wing with extensive laminar flow was a remote possibility.
Indeed, tests on an F-104 in the late 1950s showed that lim-
ited laminar flow could be achieved, but tools were not avail-

able to analyze the results, let alone use them to design a
wing. More recently, a specified wing design was analyzed
to assess its potential for extensive natural laminar flow
(Agrawal and Powell, 1991). The conclusion was that de-
spite the small sweep, little laminar flow would occur. Cur-
rent computations including nonlinear computational fluid
dynamics, three-dimensional boundary layer analysis, and
stability calculations have made it possible to successfully
optimize a wing for extensive laminar flow. Combining this
capability with structural analysis and more comprehensive
aircraft performance calculations would greatly advance the
prospects for using natural laminar flow to significantly im-
prove the performance of a commercial supersonic aircraft.

Basic and Applied Aeronautics Research

Future research programs that would support the devel-
opment of the technologies described above should include
the following:

 techniques to predict and control the transition from
laminar to turbulent flow, including supersonic natu-
ral laminar flow, passive control techniques, cooling,
periodic roughness, and active control methods

» improved, design-oriented computational fluid dynam-
ics for improved multipoint performance and sonic
boom reduction, including adaptive, unstructured
methods that achieve the efficiency of current multi-
grid structured methods and low dissipation methods
that can be used in combination with boom propaga-
tion codes

» multidisciplinary design methods compatible with
high-fidelity modeling, as well as optimization, de-
composition, and methods that exploit parallel com-
puting architectures

o flight R&T demonstrations to help investigate tech-
nologies of interest that remain difficult to validate
computationally, or even in existing wind tunnel fa-
cilities (NRC, 1994)

Flight experiments will play an important role in the devel-
opment of new concepts, and methods for more efficient
flight tests, including the development of sensors for flow
diagnostics, will be especially important. New supersonic
wind tunnel capability may also be needed.

VEHICLE DYNAMICS AND CONTROL

Problem Description

To achieve the required aerodynamic performance, next-
generation supersonic transport aircraft will likely exhibit
greater aerodynamic instabilities than any other existing or
planned transport aircraft. These instabilities must be stabi-
lized using high-authority, flight-critical feedback control
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systems. Furthermore, owing to their size and shape, large
commercial supersonic aircraft will also exhibit unusually
low structural-vibration modal frequencies. For example, the
1- to 1.5-Hz first-fuselage modes predicted for the baseline
HSCT designs considered by the HSR Program would be
significantly lower than those for any manned aircraft, com-
mercial or military (NRC, 1997).

Either aerodynamic instability or structural flexibility
considered separately would present significant technical
challenges. Taken together, they create severe frequency
coalescence (between the rigid-body and structural modes)
that must be carefully examined before developing the flight-
and structural-mode control systems. The combination of
aerodynamic instability and structural flexibility also creates
two forms of multidisciplinary feedback phenomena involv-
ing the elastic airframe, flight-control systems, and either
the pilot or the aircraft’s propulsion systems. Hence, both
phenomena are encompassed by the acronym APSE, which
can refer to either aircraft-pilot servo-elastic or aero-propul-
sive servo-elastic phenomena. Although both APSE phe-
nomena fundamentally depend on structural deformations,
APSE is not an aeroelastic problem per se and it cannot be
solved by methods used to counter classical aeroelastic flut-
ter.

The aero-propulsive servo-elastic phenomenon was dis-
cussed in some detail in a previous NRC report that reviewed
NASA’s HSR program (NRC, 1997). That report concluded
that this phenomenon was “completely outside industry’s
experience base,” and the HSR program had not found a
solution to the problems created by the phenomenon.

Regarding the aircraft-pilot servo-elastic phenomenon,
the excitation of the elastic modes of aircraft with structural
modal frequencies below 2 Hz (which is a natural conse-
quence of turbulence and pilot control inputs) will be orders
of magnitudes greater than that encountered in other trans-
port aircraft. If left unmitigated, these modal excitations
would create unacceptable handling quality and ride quality.
In particular, pilot excitation of low-frequency structural
modes, coupled with the pilot’s biodynamic response to these
excitations, has been recently demonstrated to lead to air-
craft-pilot coupling instabilities (see Box 3-1) (Raney et al.,
2001).

Configuration Design Implications

Both forms of APSE phenomena are exacerbated by ve-
hicle configurations with long and slender fuselages and thin
or highly swept wings, by lightweight (hence low stiffness)
structural design, and by increased aerodynamic instability,
all of which are key factors in achieving high-performance,
low-boom commercial supersonic aircraft. Thus, even
though APSE effects are likely to be a major factor in defin-
ing the vehicle configuration for next-generation commer-
cial supersonic aircraft, their importance in this regard is not
generally recognized and they are rarely incorporated into
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the early stages of aircraft design. Consequently, research
into APSE phenomena and their causes, along with new
analysis and synthesis tools, is required. These tools include
new active-control concepts, new control-system synthesis
techniques, and aeroelastic modeling approaches that may
be used in the vehicle configuration-design phase and inte-
grated into multidisciplinary optimization techniques.

Additional Research Required

Low-frequency structural vibration modes will require ac-
tive structural mode control systems that are highly inte-
grated with the primary flight-control systems. Success in
this effort will be particularly beneficial because solving the
control problems associated with low-frequency structural
vibration modes is one key to resolving both forms of APSE
phenomena. New techniques must be developed and vali-
dated for designing affordable, certifiable, highly integrated,
high-authority flight- and structural-mode control systems.
Research in handling qualities is necessary to develop de-
sign criteria for aircraft control systems. Additionally, novel
sensors and actuation devices, along with novel distributed
control approaches, must be considered.*>

New structural design approaches are also required, and
new tools and technology must be developed and validated
for designing affordable, advanced structural systems that
can be certificated for use on commercial aircraft. Options
include (1) multidisciplinary configuration optimization
techniques that capture both types of APSE phenomena, (2)
active or smart structures, and (3) viscoelectric or electro-
rheological materials.*>

Finally, current practice in the industry creates function-
ally separate flight controls engineering organizations and
structural dynamics engineering organizations. This is not
an appropriate organizational structure for handling the is-
sues associated with these APSE phenomena. As previously
recommended by the NRC in an assessment of the HSR Pro-
gram, interdisciplinary teams should be formed to fully ad-
dress relevant aspects of the APSE problem, and the organi-
zational distance between groups responsible for (1)
guidance and control systems and (2) structural-mode con-
trol laws should be reduced or eliminated (NRC, 1997).

Experimental programs should be initiated as a first step
in establishing better handling- and ride-quality requirements
for highly unstable and highly flexible aircraft and associ-
ated flight control and structural-mode control systems.
Real-time, manned simulations of the dynamics of these ve-
hicles, however, would severely tax both fixed-base and in-
flight simulation facilities, limiting the ability to establish

4Anna-Maria McGowan, NASA Langley Research Center, personal
communication with David Schmidt, 2001.

STerrance Weisshaar, Purdue University, personal communication with
David Schmidt, 2001.
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BOX 3-1 Demonstration of Aircraft-Pilot Coupling Instability in a Ground-Based Simulation
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The upper graph shows the time histories of lateral cockpit

acceleration and pilot lateral stick input for a moving-base

piloted simulation of a demanding landing-approach task. These time histories reveal an undamped oscillatory instability
beginning at about 19 normalized time units. The cause of this instability is revealed in the power spectra of these two time
histories, shown in the three lower graphs, where curves labeled “1” show lateral stick power spectral density and curves
labeled “2” show lateral acceleration power spectral density. In the first power-spectra plot, on the left, calculated early in the
time history, there is little correlation between the peak-power frequency of the stick input and the lateral accelerations. But
in the power-spectra plot on the right, which is calculated from the traces in which the instability is evident, the peak power
of the stick input shows a strong correlation with the peak power of the lateral acceleration. This indicates a feedback
process is present between the cockpit accelerations and the stick input. That is, the accelerations are driving the stick
inputs, through the dynamic responses of the pilot’s body to the stick, and these stick inputs are in turn driving the accelera-
tions. These data further indicate that the instability is inadvertent—the pilot could not avoid the instability despite—or

because of—stick inputs intended to maintain stable flight.

SOURCE: Raney et al. (2001)

handling- and ride-quality requirements and to design and
verify the performance of control systems. The ability of
national simulation facilities to deliver high-fidelity manned
simulations of highly flexible aircraft may need to be up-
graded.

HIGH-FIDELITY INTEGRATED DESIGN TOOLS

Highly integrated designs are required for virtually all
new aerospace systems. For aircraft, the importance of inte-
gration increases with flight speed. Supersonic aircraft are
much more sensitive to how components and disciplines are
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combined than subsonic aircraft, particularly with regard to
APSE effects and sonic boom, as already discussed. Strin-
gent requirements for component performance (with atten-
dant development, manufacturing, cost, and operational is-
sues), coupled with the economic and environmental
challenges faced by commercial supersonic aircraft, leave
little room for inefficiencies in the design of the airframe,
engine, flight controls system, or other performance-critical
systems.

Design integration tools should allow design teams to in-
teract in the design of complex systems where technical and
other factors (including cost) can be appropriately traded; to
compress the design cycle time by concurrently considering
all critical constraints and disciplines; to adapt quickly to
changes in design and manufacturing processes; to easily
accept new and improved tools; and to provide databases
with levels of complexity appropriate to each task.

Fortunately, a substantial national investment has been
made in tools for integrated design, including system engi-
neering methods, multidisciplinary optimization methods,
detailed discipline methods and interfaces, and design-inte-
gration frameworks. The aircraft design and manufacturing
industry is heavily committed to improving such tools. Uni-
versities and the government also have critical roles in ad-
vancing the state of the art in many of these areas. NASA
and the Department of Defense have both made significant
investments in the development of advanced integration en-
vironments and tools, although NASA’s flagship program in
this area, the Integrated Synthesis Environments Initiative,
was recently cancelled.

Despite the progress that has been made, important work
remains to be done. Existing tools cannot model some key
technologies (e.g., active controls), nor do they have suffi-
cient model validity in all important disciplinary areas. At
the broad technical scale, it is extremely important to begin
with a full understanding of the design objectives and con-
straints, such as payload, range, takeoff gross weight
(TOGW), noise, sonic boom, and cost, and to identify all the
critical disciplines. This will prevent suboptimization and
the debilitating effects of discovering, too late, that a first-
order design driver (such as APSE in the HSR Program) has
not been fully appreciated or adequately addressed. Many
existing design schemes do not fit well with integration/
optimization algorithms, and user-friendly frameworks that
accommodate such schemes are not available. Off-the-shelf
software and interface mindsets are needed. Faster mecha-
nisms for geometric modeling are required for improved
efficiency at both the conceptual and detailed design levels.
For design teams that might be geographically dispersed,
mechanisms for sharing the geometric models are lacking.
Indeed, the management and sharing of information and data
are themselves first-order issues, as is reducing the time for
each design cycle. Very large quantities of data must be
transferred; presently, both modeling and data management
are much too labor-intensive. Analytical design tools, such
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as computational fluid dynamics and finite element model-
ing, have been greatly improved, but they often take so long
to run that they are impractical in an iterative design context,
and they are not robust enough to be fully integrated into a
design framework. Other important issues for the develop-
ment of advanced integrated tools are associated with uncer-
tainties: how they propagate through a design and how to
develop calibration and validation processes that quantify
them. Too often, even after an optimization calculation has
been made, new designs can be evaluated only by compar-
ing them against a previous baseline rather than by making
an absolute measurement of expected performance and com-
paring it against a validation metric.

Major benefits could be realized from the development
and effective use of advanced design and integration tools,
but there are significant barriers to achieving these benefits.
On the nontechnical front, NASA could help by creating a
new culture of collaboration, which is required for the most
effective utilization of university, government, and industry
talent in the realm of integration tools. NASA also has the
charter and opportunity to provide much of the technology
that is needed to enable viable supersonic aircraft designs.

First, it will be vital to develop advanced, high-fidelity
methodologies and tools for intradiscipline analysis in areas
such as computational fluid dynamics and finite element
modeling for structures. Interdisciplinary and multidisci-
plinary tools are also crucial for integrated design of com-
plex systems and entire vehicles. Particular attention should
be given to (1) integrating the design of mechanical systems
with the design of electrical systems and software develop-
ment and (2) factors such as computational speed and ro-
bustness that will increase the utility of new tools in an inte-
grated design context. Speed should come naturally with
advances in computer hardware capability, but algorithms
must be tailored to take advantage of the massively parallel
computing environment.

Second, to realize the potential for design improvements
through advanced tools, substantial new efforts must be fo-
cused on the automation of integration and validation. To-
day, design processes can require weeks to a couple of
months to set up and compute the aerodynamic, weight, sta-
bility and control, aeroelastic, and other performance char-
acteristics resulting from a configuration change. Optimiz-
ing in any context takes a number of such cycles. While
multidisciplinary optimization techniques can reduce the
optimization time dramatically, the setup time for the basic
configuration is still counted in weeks and the validation of
designs resulting from multidisciplinary optimization tech-
niques, at least in the usual context of experimental verifica-
tion, is extremely difficult because of the highly integrated
nature of the process (it typically involves the use of sophis-
ticated analyses to check design calculations). There is, as a
result, a great need for focused research on how to validate
highly integrated design capabilities. Clever combinations
of analytical, computational, and experimental approaches

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/10283.html

NEW OPPORTUNITIES FOR RESEARCH ON CRITICAL SUPERSONIC TECHNOLOGIES 25

may be necessary. Where experimental approaches are
needed, it is very likely that current ground test capabilities
are inadequate. In any case, only after successful application
of these newly developed validation methods will confidence
be high enough to encourage the widespread use of the new
tools.

Third, design and integration frameworks should be de-
veloped to allow teams of analysts and designers at different
locations to come together and immerse themselves in a user-
friendly design environment. Such frameworks must be able
to achieve a wide range of design and integration objectives
and accommodate discipline-specific analyses at varying
levels of breadth and depth. Having a common framework to
carry out the conceptual, preliminary, and detailed design
phases is important, and approaches ranging from approxi-
mate to high-fidelity must be accommodated. Framework
technologies should also facilitate the exchange and man-
agement of large databases. Design team members must have
access to the same data, new data must be readily transfer-
able and modifiable, and the entire process must take place
in a secure environment with user-friendly methods for pre-
venting unauthorized alteration of or access to information.
This requires emphasis on system-user interfaces and data-
management tools. Frameworks should also allow the inclu-
sion of manufacturing and operations parameters, which are
important to affordability.

NASA should work closely with engine and airframe
manufacturers and other industries, government agencies,
and universities engaged in the development of integrated
design tools and methods to define the specific characteris-
tics required of advanced technology collaboration infra-
structures and to develop a comprehensive plan for meeting
those needs. An expanded discussion of the above issues and
a comprehensive set of recommendations for action is con-
tained in Design in the New Millennium (NRC, 2000).

VARIABLE CYCLE ENGINES

A variable cycle engine would, in theory, allow the pro-
pulsion system to be optimized for different flight condi-
tions (e.g., takeoff, supersonic cruise, subsonic cruise, and
landing). A variable cycle engine is similar to a conventional
mixed-flow turbofan, except that it has an additional second-
ary outer bypass duct to increase the overall bypass ratio
and, thus, the air flow handling capability. The second by-
pass stream improves TSFC and improves fan surge control
by allowing the fan to pass a maximum amount of air
throughout a broader flight regime. Unlike conventional tur-
bofans, a variable cycle engine varies the bypass ratio to
optimize performance for different flight conditions. Reduc-
ing the bypass ratio during cruise improves fuel efficiency,
whereas increasing it during takeoff and landing reduces
community noise. Ejector nozzles would still be needed to
mix ambient air with the jet exhaust to reduce noise enough
to meet community noise standards. With a variable cycle

engine, however, the nozzle can be smaller, which reduces
aircraft weight and improves the economic viability of the
design.

One of the leading design approaches for a variable cycle
engine has a core-driven fan stage directly in front of the
high-pressure compressor to supercharge both the core and
inner bypass flow streams. The term “variable cycle engine”
has come to apply narrowly to this type of engine. However,
other engine cycles can also adjust their bypass ratio during
operations and thus fall within the general class of “variable
cycle engines.” These include the fan-on blade (“Flade”)
cycle and the turbine bypass engine with an inlet flow valve
(TBE/IFV) cycle, both of which were investigated by
NASA’s HSR Program (NASA, 2001). Initial studies at
NASA indicated that the additional design complexity of
variable cycle engines outweighed the benefits (Berton,
1992). Research has continued, but most of it has been pro-
prietary. Continued development of engines with advanced
cycles, such as the variable cycle engine, that are compatible
with high cruise efficiency, low community noise, and small,
lightweight nozzles could lead to important breakthroughs
in the realization of commercial supersonic aircraft.
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Areas Needing Continued Technical Development

Chapter 3 describes the need for focused research initia-
tives to pursue breakthrough opportunities. A broad range of
technical activity must be supported to ensure that the tech-
nologies discussed in this chapter are mature enough to con-
vince industry to develop them and meet designer’s needs at
the time a supersonic transport is laid down. Technology
requirements include reducing propulsion noise and control-
ling emissions of carbon dioxide, various oxides of nitrogen,
and, possibly, water vapor (at very high altitudes); structures
and materials that can withstand the more hostile environ-
ment resulting from supersonic flight; cockpit displays and
controls compatible with the special design features and op-
erational requirements of commercial supersonic aircraft;
and systems and procedures to address safety issues associ-
ated with cabin depressurization and exposure to ionizing
radiation during high-altitude flights. Although advances in
the above technologies may not be necessary to develop an
SBJ, they are critical to the ultimate goal of developing a
large commercial supersonic transport. Each of these topics
is discussed in more detail below.

PROPULSION EMISSIONS AND NOISE

Significant advances in propulsion technologies over the
levels currently available are needed to meet environmental
limits for NO,, CO,, water vapor, and airport noise. At the
same time, the propulsion systems must be lightweight and
demonstrate both high propulsive efficiency and low fuel
consumption if the supersonic transport is to have enough
range and payload to be an economic success.

Gas Turbine Engines

Key propulsion system parameters include TSFC (thrust-
specific fuel consumption), thrust-to-weight ratio, engine
life, noise, and emissions. As shown in Table 2-1, goals for
these parameters are easier to achieve for aircraft with lower
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cruise speeds and smaller size. The committee believes the
propulsion system technology available today is sufficiently
advanced to allow industry to develop the propulsion system
for an SBJ with a Mach number of about 1.6. On the other
hand, achieving the goals for TSFC and thrust-to-weight ra-
tio for a Mach 2.4 HSCT would require greater propulsive
efficiency and component performance, including an engine
nozzle that weighs 75 percent less than current, state-of-the-
art designs. Some type of variable cycle engine, as described
in Chapter 3, is likely to be needed if most of the propulsion
system performance goals are to be met.

Emissions

From an emissions point of view, supersonic aircraft dif-
fer from subsonic aircraft in three respects. First, a super-
sonic engine will generally operate at higher temperatures.
Second, even if the propulsion goals for efficiency and emis-
sions index are achieved (i.e., about 800 Ib of fuel per pas-
senger for supersonic flights of 5,000 to 6,000 NM com-
pared with 500 1b of fuel per passenger for a subsonic flight
of equal distance), a supersonic aircraft will create more
combustion products than a subsonic aircraft. Third, the most
fuel-efficient cruise altitude increases with speed. Supersonic
aircraft will therefore cruise at higher altitudes than subsonic
aircraft, and the products of combustion will be emitted into
a different region of the atmosphere, with detrimental conse-
quences, as described below.

While all of the differences become more significant as
flight speed is increased, the most important issue is prob-
ably flight altitude. The altitude of the tropopause, which
separates the troposphere from the stratosphere, changes
with the season and latitude, varying between about 30,000
ft at the poles and about 60,000 ft at the equator. Most sub-
sonic flight takes place in the troposphere (at altitudes below
about 40,000 ft), whereas most supersonic flight takes place
in the stratosphere. A commercial supersonic aircraft opti-
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mized to fly at Mach 1.6 will operate at an altitude of about
50,000 ft, whereas a transport designed to fly at Mach 2.4
would ideally operate at about 60,000 ft.

Three issues associated with engine emissions are par-
ticularly important for a commercial supersonic aircraft:
stratospheric ozone, climate change, and local air quality.

Stratospheric Ozone

Atmospheric ozone concentration is shown in Figure 4-1,
along with typical cruise altitudes for supersonic and sub-
sonic aircraft. The concentration of ozone peaks at about
70,000 ft. This stratospheric ozone layer is important in that
it absorbs ultraviolet (UV) radiation that can lead to skin
cancer. Aircraft emissions that affect atmospheric ozone con-
centrations include NO , water, and particles or particle pre-
cursors. Because of differences in atmospheric chemistry at
different flight altitudes, emissions from subsonic aircraft
tend to increase ozone concentrations, while those from su-
personic aircraft reduce ozone.

Concerns about the effects of NO, emissions on ozone
depletion have intersected with plans for the development of
supersonic aircraft since the U.S. SST program in the 1960s
and early 1970s. NO_ takes part in catalytic chemical reac-
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tions that destroy ozone in the atmosphere. The IPCC Spe-
cial Report on Aviation (IPCC, 1999) compared two sce-
narios for UV radiation in the year 2050. The first assumed
an all-subsonic fleet of commercial airlines. The second as-
sumed that a fleet of 1,000 Mach 2.4 HSCTs would replace
11 percent of the subsonic fleet. The net effect of the super-
sonic fleet is predicted to be a reduction in column ozone of
1.3 percent. The health impacts of this reduction were esti-
mated by the Environmental Protection Agency: a total of
7,100 deaths in the United States among people born be-
tween 1980 and 2000. The uncertainty for this study was
substantial, with a range of —5,000 to +36,000 (EPA, 2001).

Recent studies indicate that the effect of NO_ is smaller
than had been thought in the 1970s, and the use of combus-
tors with an emissions index of about 5 (i.e., 5 g of NO,
produced for every kilogram of fuel burned) may be suffi-
cient to keep NO, within acceptable limits. Other studies,
however, have raised another concern: Emitting water into
the stratosphere destroys ozone because it affects the com-
position, growth, and reactivity of aerosol reactions and pro-
vides a source of HO radicals that enhance ozone loss (Kawa
et al., 1999). This is a serious complication, because water
vapor is an essential combustion product of hydrocarbon
fuels. Furthermore, the stratosphere naturally contains very
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FIGURE 4-1

Schematic of the atmosphere between the ground and an altitude of 100,000 ft. SOURCE: Kawa et al. (1999).
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little water and the rate of atmospheric exchange between
the troposphere and stratosphere is very low. Thus, water
emitted by aircraft into the stratosphere can have significant,
long-lasting effects on the environment.

The effect of emissions from supersonic aircraft flying at
a given altitude and route structure will be roughly propor-
tional to the amount of fuel burned. If the size or number of
supersonic aircraft is smaller than assumed in the IPCC re-
port, the effect on column ozone would be less. The deple-
tion of stratospheric ozone due to emissions from a fleet of
supersonic aircraft could also be mitigated by cruising at a
lower altitude. Extrapolation of the data plotted in Figure 4-
2 suggests that ozone depletion could be eliminated by re-
ducing average cruise altitude from 60,000 ft to about 50,000
ft. However, the uncertainty of results produced by current
atmospheric models is still substantial. Continued develop-
ment of these models is crucial to ensure that the environ-
mental impacts of a future fleet of commercial supersonic
aircraft can be accurately predicted.

Achieving an emissions index of 5 represents a reduction
of 70 to 90 percent relative to current engines operating at
similar conditions. NASA’s HSR Program conducted small-
scale steady-state and transient tests of combustor rigs to
demonstrate that emissions indexes below 5 g/kg could be
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achieved. However, the program was terminated before
ground and flight tests of an integrated engine could demon-
strate the performance of the low emissions combustor tech-
nology in a flight engine that could also meet other essential
performance parameters, such as thrust-to-weight ratio,
TSFC, and reliability.

Another option for mitigating the effect of supersonic air-
craft emissions on ozone would be to reduce the amount of
sulfur in jet fuel. This would reduce the production of aero-
sol particles and increase fuel costs. The IPCC report as-
sumed no change in the current jet fuel sulfur content, which
is 0.05 to 0.07 percent by weight.

Climate Change

Climate changes can occur as a result of radiative forcing
(i.e., changes in the global balance between incoming solar
radiation and outgoing infrared radiation). Figure 4-3 shows
the estimated impact on radiative forcing of a mixed com-
mercial fleet of supersonic and subsonic aircraft in the year
2050, and Figure 4-4 compares the radiative forcing in 1992
with the radiative forcing in 2050 for both an all subsonic
fleet and a mixed subsonic-supersonic fleet. With the mixed
supersonic-subsonic fleet, radiative forcing from aircraft is
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FIGURE 4-3  Estimate of globally and annually averaged radiative forcing for a worldwide commercial fleet in 2050 that includes subsonic

and supersonic aircraft. SOURCE: IPCC (1999).

estimated to be 42 percent greater than with an all-subsonic
fleet, because each supersonic aircraft at 62,000 ft increases
radiative forcing by a factor of about five compared to
equivalent subsonic aircraft flying at lower altitudes. How-
ever, as shown in Figures 4-3 and 4-4, the uncertainty asso-
ciated with the estimates is very large.! The estimated radia-
tive forcing effect of the mixed fleet in 2050 ranges from
about 0.15 to 0.6 watts per square meter. Reducing this large
uncertainty is essential to developing a better understanding
of the environmental challenges posed by commercial su-
personic aircraft.

The disproportionate effect of the supersonic transport
fleet on radiative forcing is primarily due to larger emissions
of water in the stratosphere and the lack of vertical mixing
between the stratosphere and troposphere. As indicated in
Figure 4-3, there is a large uncertainty (by a factor of about
3) surrounding the climatological impact of radiative forcing

IFor the scenarios depicted in Figures 4-3 and 4-4, the bars indicate the
best estimate of forcing, while the line associated with each bar depicts a
two-thirds uncertainty range, meaning there is one chance in three that the
true value falls outside the ranges shown. Available information on cirrus
clouds was judged to be insufficient to determine either a best estimate or
an uncertainty range; the vertical line indicates a range of possible best
estimates. For the supersonic scenarios in 2050, supersonic aircraft are as-
sumed to replace part of the subsonic fleet, reducing emissions from sub-
sonic aircraft by 11 percent IPCC, 1999).

from aircraft water emissions. Better atmospheric models
are needed to assess potential climate changes resulting from
supersonic civil transports.

If the effects of water emissions in the stratosphere prove
to be unacceptable, a technological breakthrough would be
required. Some options to eliminate water emissions include
the following:

« Emit water in a form that settles into the troposphere
(e.g., as large droplets or ice particles).

* Remove and collect water from emissions and store it
until it can be released into the troposphere.

» Use a fuel that does not contain hydrogen so that no
water is formed.

e Generate thrust without chemical reactions onboard
the aircraft.

The committee did not identify any efforts to develop any of
these approaches for supersonic aircraft applications, and
even with a focused effort a practical system is unlikely to be
demonstrated for decades. Alternative propulsion technolo-
gies are discussed in more detail below.

Local Air Quality

The primary concern with aviation’s effect on local air
quality is the emission of NO_ and unburned hydrocarbons
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near the ground (below 3,000 ft), because both can lead to
ozone formation. (Near the ground, ozone is viewed as a
pollutant because it is harmful to inhale and contributes to
the formation of smog.) Assuming that future supersonic air-
craft will not use afterburners (which are very fuel ineffi-
cient), a key difference between a supersonic aircraft and a
subsonic aircraft with the same payload is that the super-
sonic aircraft will burn more fuel because aircraft designed
for high-altitude supersonic flight are generally much less
efficient during low-speed operations near the ground. Fu-
ture supersonic aircraft are unlikely to receive exemptions
from the environmental standards imposed on subsonic air-
craft, so the need to minimize the impact on local air quality
provides another reason to develop advanced supersonic pro-
pulsion technology.

Noise

Community noise is dominated by aircraft operations dur-
ing takeoff, climb, and landing approach. It can be reduced
by improving (1) propulsion systems, (2) the aerodynamic
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design of aircraft, and (3) the manner in which aircraft are
operated.

Community noise from supersonic aircraft results prima-
rily from mixing of the high-velocity jet exhaust with ambi-
ent air. Noise from the rotating blades of fans and compres-
sors radiates from the inlet and contributes to the overall
engine noise signature. Federal and local rules limit noise
and, in some cases, restrict or prohibit operations of certain
aircraft because of the noise they make. If future supersonic
aircraft are required to meet the same standards as subsonic
aircraft, they may need to be at least 3 to 4 dB quieter than
current Stage 3 standards during takeoff, climb, and approach
to landing.

At cruise Mach numbers of about 1.2 to 2.0, engine cycles
with high bypass ratios (1.5 to 3.0), including variable cycle
engines, can be used to reduce community noise while still
meeting thrust requirements during takeoff and climb and
propulsion efficiency requirements during cruise. This be-
comes more difficult for aircraft with cruise Mach numbers
above 2.0; cruise efficiency requirements mandate the use of
lower bypass ratios and, thus, higher jet exhaust velocities.
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Meeting noise standards then becomes increasingly difficult
without a nozzle that is too large and heavy to be economi-
cal.

Other alternatives for meeting noise standards include the
use of inlet choking to reduce inlet-fan noise on landing ap-
proach, injection of fluids into the exhaust, and active con-
trols. NASA should consider expanding subscale acoustic
tests on these alternatives, along with experimental activities
on acoustic liners for exhaust ejectors.

Meeting noise standards will also require careful atten-
tion to operational procedures and low-speed aerodynamic
characteristics. For example, noise could be reduced by
changing Federal Aviation Regulations to allow the use of
advanced/automated takeoff and climb procedures, includ-
ing automatic variation of throttle setting. One- or two-seg-
ment, steep-decelerating landing approaches could also be
used to reduce approach noise.

Aircraft designs with low aspect ratios and low wing load-
ing are compatible with steep approaches to landing and have
a large ground effect when the airplane is about a wingspan
from the ground, increasing lift by about 20 percent. New,
more complicated flight procedures will only be allowed,
however, if flight control systems can handle the additional
complexity without compromising flight safety.

The normal glide path for commercial transports prepar-
ing to land is between 2.5 and 3 degrees. A glide slope of 6
degrees or more is possible now at airports equipped with
microwave landing systems. The steeper approach is quieter
because it allows (indeed, it requires) reducing engine power,
but it also requires the aircraft to stay within a much tighter
approach envelope and creates a more difficult vertical navi-
gation task. One solution would be to develop a steep ap-
proach guidance and control algorithm (with capabilities
similar to the approach and landing mode energy manage-
ment display on U.S. space shuttles). Such a system would
(1) monitor the approach angle to make sure it is not too
steep to safely land the aircraft on-speed and within the des-
ignated touchdown zone and (2) provide guidance to the pi-
lot or autopilot based on aircraft energy state, configuration,
and power settings.

Alternative Propulsion Technologies

In the long-term it may be possible to develop new pro-
pulsion systems that can be adapted to improve the perfor-
mance of commercial supersonic aircraft or lessen their en-
vironmental impacts. Alternative propulsion technologies
include pulse detonation engines, hydrogen-fueled engines,
and fuel cell-based propulsion systems.

Pulse detonation engines (PDEs) use detonation waves to
initiate rapid combustion of a pre-mixed fuel-oxidizer mix-
ture contained in an array of tubes that are open at one end
and closed at the other. Over the past 5 years industry and
government laboratories, including NASA, have studied
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PDEs in configurations and test conditions consistent with
aeronautical applications. For PDEs to become practical,
however, internal losses must be reduced, the frequency of
operation must be increased (to improve overall efficiency),
and environmental performance must be improved. Detona-
tion combustors tend to operate with a stoichiometric fuel-
to-air ratio to increase thermal efficiency, but this may
produce an unacceptable level of harmful emissions. Experi-
mental PDEs are also intrinsically loud. Nevertheless, both
the aircraft engine industry and the USAF are studying PDEs
as augmenters for turbine-based engines (so-called hybrid
PDEs).

Hydrogen-fueled turbine engines are attractive in that (1)
modifying jet turbines to burn hydrogen is not technically
difficult (the USAF did it in 1970 with a T-39) and (2) the
exhaust product is mostly water vapor and NO,. (Even
though hydrogen fuel would contain no nitrogen, NO_ would
be created by the high temperatures of the combustion pro-
cess, which combines some of the oxygen and nitrogen in
the air.) A key challenge in developing hydrogen-fueled en-
gines is finding a compact way to store hydrogen. The vol-
ume required to store hydrogen in a gaseous form at reason-
able pressures is so large that the slender shape of supersonic
aircraft presents a serious structural challenge. Even in lig-
uid form, the energy density of hydrogen by volume is one-
fourth that of conventional aviation fuels. Also, although the
energy density of hydrogen by weight is nearly three times
as great as that of conventional aviation fuels, potential
weight savings are offset by the additional weight of the
high-pressure gas or liquid cryogenic systems needed to
handle the hydrogen fuel and the additional aircraft structure
needed to accommodate the large hydrogen fuel tanks and
fuel handling systems. Two new means of storing high-den-
sity hydrogen may turn out to be useful as aviation fuel:
slush hydrogen and gelled liquid hydrogen. The latter may
have metallic additives as well, though such additives may
create emission problems. The density improvement offered
by these forms of hydrogen, as well as their advantages and
disadvantages for aircraft application, is not yet clear.

In the early 1970s a NASA-funded study by Lockheed
examined the potential of hydrogen-fueled supersonic air-
craft with cruise speeds of Mach 2.2 and 2.7. The aerody-
namic weight and propulsion characteristics of a previously
established design for a Mach 2.7 supersonic cruise vehicle
fueled by liquid hydrogen were critically reviewed and up-
dated. NASA explored the effect of fuel price and noise re-
strictions on vehicle design and operating performance. The
study concluded that, compared with equivalent aircraft
powered by conventional jet fuel, aircraft fueled by liquid
hydrogen offered potential advantages in performance, cost,
noise, pollution, sonic boom intensity, and energy utilization
(Brewer and Morris, 1975). However, the idea was appar-
ently set aside. In 1997 Boeing indicated that it had prelimi-
nary designs for a hydrogen-fueled airplane, but it has no

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/10283.html

AREAS NEEDING CONTINUED TECHNICAL DEVELOPMENT

plans for pursuing this technology. The European Union,
however, is supporting a partnership of 35 organizations co-
ordinated by Airbus that is carrying out a 2-year systems
analysis of subsonic commercial aircraft that could be fueled
by liquid hydrogen. This project will examine the technical
feasibility, safety, environmental compatibility, and eco-
nomic viability of using liquid hydrogen as an aviation fuel
for a wide variety of subsonic commercial aircraft, from busi-
ness jets to very large, long-range commercial transports.
Environmental concerns that bear examination include the
effect of water vapor emissions (including contrails) and the
environmental impacts of a hydrogen fuel production indus-
try. The European effort, however, may finesse the latter
concern by assuming that the production of hydrogen will be
powered by renewable energy sources (EADS, 2001). A key
economic issue is the potentially prohibitive cost of building
cryogenic systems at airports and elsewhere for transporting
and storing liquid hydrogen, combined with the long-term
costs of maintaining and operating two fuel systems—one
for hydrocarbon and one for hydrogen.

Fuel cells could be used to produce power for an electri-
cally driven propulsion system. The key challenge for a prac-
tical fuel cell propulsion system is increasing power density
(in terms of weight and volume). Other issues include peak
power demands, power management, and the type of propul-
sion devices. The power density of state-of-the-art fuel cells
has increased by a factor of 7 during the past 5 or 6 years,
and a fuel-cell based propulsion system having twice the
power density of current fuel cells could become technically
feasible for a small, general aviation aircraft. However, the
energy density needed for a commercial supersonic aircraft
is orders of magnitude higher and would probably require
fuel cells with room-temperature superconductors. Also, a
fuel-cell aircraft would probably be powered by hydrogen
and so would need to address the challenges already dis-
cussed for that fuel. One advantage of fuel cells would be the
potential to collect the water vapor in the emissions (if the
elimination of water vapor becomes a requirement, which is
conceivable for stratospheric aircraft). Although this capa-
bility is difficult to imagine in a system suitable for a com-
mercial supersonic aircraft, it would be easier to capture
water vapor from the emissions of a fuel cell than from the
exhaust of a turbine engine.

The idea of using fuel cells as the prime mover assumes
that substantial advances in electric propulsion will have
been made by the time fuel cell technology becomes a prac-
tical energy exchange device. Currently, conversion of elec-
tric power to propulsive power generally involves electric
motors that are too heavy for aircraft applications. Electri-
cally driven space propulsion engines have also been devel-
oped, but they have power densities that are many orders of
magnitude too low for high-speed aircraft applications.
Other, more radical approaches can also be imagined, such
as zero-emissions aircraft with nuclear propulsion systems
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or beamed power systems using ground- or space-based
power-beaming stations. Nuclear propulsion systems are un-
attractive, however, because of the need for very heavy ra-
diation shields and the threat of radioactive contamination,
especially in case of an aircraft accident. A power-beaming
concept also raises fundamental issues, such as how to en-
sure continuity of power to a target moving at hundreds of
miles per hour over large distances with a reliability of
0.999999999 (“nine 9’s”—the standard for safety-critical
aviation systems).

The committee believes that the alternative propulsion
concepts examined are generally worthy of basic research
support because they could be useful in various power or
propulsion applications. However, none is applicable only
to supersonic flight, and successful application to commer-
cial supersonic aircraft would almost certainly have to be
preceded by success in other applications, such as ground-
based power systems (fixed or mobile) and subsonic aircraft.
Furthermore, the economic and environmental justification
for developing these technologies for existing, large-scale
applications (such as electric power plants, automobiles, or
subsonic aircraft) is probably much stronger than it is for
applications that have yet to demonstrate long-term eco-
nomic success (such as supersonic aircraft).

In light of the above, the committee has concluded it
would be inappropriate to use the limited resources available
for development of commercial supersonic aircraft technol-
ogy to support basic research in alternative power and pro-
pulsion systems that show no particular promise for or rel-
evance to supersonic applications. Supersonic R&T should
focus on basic and applied research projects with the poten-
tial for resolving the difficult problem of improving the en-
vironmental acceptability of gas turbine engines powered by
conventional fuels.

PROPULSION MATERIALS

For the next generation of supersonic commercial aircraft
to meet environmental and economic requirements, propul-
sion materials and coatings must be superior to those used in
the current generation of subsonic aircraft and in the
Concorde. The degree of improvement is dependent on air-
craft performance specifications, such as range, cruising
speed, and size—an SBJ cruising at Mach 1.6 will need con-
siderably less improvement than an HSCT cruising at Mach
2 or faster. More rigorous environmental and occupational
safety regulations are expected to eliminate hazardous mate-
rials such as lead, chromium, and cadmium from high-tem-
perature bearings and rotating surfaces. This could also prove
to be a critical issue. Improvements are also needed in four
other critical areas:

« combustor liner materials and coatings to meet emis-
sion and durability requirements

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/10283.html

 turbine airfoil alloys and thermal barrier coatings to
meet performance and durability requirements

* high-temperature alloys for compressor and turbine
disks to meet performance and durability requirements

« strong, lightweight, high-temperature materials that
will enable the propulsion system to meet noise and
weight requirements

Other materials and coatings could also be critical to the
next generation of supersonic propulsion systems. These in-
clude compressor and turbine seals with better resistance to
erosion. Stiffer, lower density fan-containment materials
could also prove to be critical, especially for cruise speeds in
excess of Mach 2.

Propulsion materials are a high-risk technology for
HSCTs. To reduce the weight and improve the performance
of supersonic propulsion systems, materials must have low
density, high strength, and long life at high temperatures.
Extending the combustor temperature to 3000 °F or nozzle
temperature to between 2300 °F and 2400 °F will be a very
challenging materials problem.

Advanced materials such as polymers, intermetallics,
metal matrix composites, and ceramic matrix composites
(CMCs), coupled with innovative structural designs, could
significantly reduce engine weight while improving engine
aerothermodynamics. Furthermore, advanced materials have
the potential to reduce aircraft TOGW, fuel consumption,
emissions, and noise. New fibers and fiber coatings will also
be required to withstand the extreme temperatures and long
operational times of many engine components.

Titanium aluminide may be used to fabricate several criti-
cal components for engine nozzles. The potential weight sav-
ings of titanium aluminide over conventional superalloys
make it a good candidate for high-temperature applications
where high stiffness is required. To capitalize on the poten-
tial for this class of material, more research is required. Ar-
eas for improvement include low-cost material production,
robust joining methods, and more comprehensive databases
for materials properties . In addition, further development
may allow PETI-5 (phenylethynyl-terminated imide), a high-
temperature resin created by NASA during the HSR Pro-
gram, to help satisfy the requirement for a high-temperature
composite matrix resin and adhesive.

Lower manufacturing costs would help achieve the eco-
nomics that commercial supersonic aircraft need to be suc-
cessful. Isothermal rolling and forging, cold and hot spray
forming, and laser powder deposition could reduce manu-
facturing costs substantially by reducing the buy-to-fly ratio
for materials from 10-to-1 to 2-to-1, especially when com-
bined with advanced modeling and computer simulations.
Large, complex structural castings have long lead times and
are expensive. A third of the cost is associated with inspec-
tion, repair, and rework. More modeling and computer simu-
lation could reduce these costs. Casting with laser powder
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deposition to produce complex castings could lead to addi-
tional cost savings.

Combustor Liner Materials and Coatings

Current subsonic engines use state-of-the-art nickel-based
superalloys with a thin ceramic coating for additional ther-
mal protection. To meet the targeted NO, emissions index of
5, the volume of film cooling air in the engine combustor
must be greatly reduced, though the actual requirements are
strongly dependent on the combustor design concept. A final
combustor design is required to determine how much the
cooling air must be reduced—and how much the operational
temperature of the liner must be increased. In any case, ma-
terials that can withstand considerably higher temperatures
than nickel-based superalloys will probably be needed for
combustor materials exposed to very high temperatures for
very long times.

NASA’s HSR Program concluded that CMC was particu-
larly promising as a combustor liner material. However,
CMC is expensive and there is not yet an established manu-
facturing process to produce CMC liners. CMC is also brittle,
which could create a durability problem. The Department of
Energy has been supporting CMC development for indus-
trial gas turbine applications, and it has achieved over 20,000
hours of operation at low temperatures (2200 °F to 2400 °F).
This experience is generating an operational database that
will reduce both the technical and financial risk of using
CMCs in aircraft. Another promising but less well-devel-
oped liner material is a molybdenum-niobium-based alloy.
Successful development of a liner using CMC or a molybde-
num-niobium-based alloy would greatly advance efforts to
satisfy emission requirements for future commercial super-
sonic aircraft.

Turbine Airfoil Alloys and Thermal Barrier Coatings

One of the key differences between supersonic engines
and subsonic engines is the profile of temperature versus
time during a typical flight. In a subsonic engine, critical
engine components, such as the disks and the turbine air-
foils, are at maximum temperature only during takeoff and
climb, which typically last about 15 minutes. In a supersonic
engine, critical engine components are at maximum tempera-
ture during cruise. Thus, a supersonic flight that lasts 4 hours
subjects critical engine components to high temperatures 16
times longer than a subsonic flight of the same distance. Con-
sequently, the creep and thermal mechanical fatigue proper-
ties of the airfoil alloys must be much more robust than the
alloys used in subsonic engines, even if the maximum oper-
ating temperatures are the same. In fact, new supersonic en-
gines are likely to have turbine inlet temperatures a couple
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of hundred degrees higher than current subsonic engines.
The combustor exit temperature will probably be between
3000 °F and 3500 °F. A new thermal barrier coating is needed
to provide 200 °F to 300 °F of thermal protection. This will
require a ceramic coating with thermal conductivity 50 to 75
percent lower than that of current thermal barrier coatings.
The HSR Program made some progress in this area, devel-
oping an airfoil alloy and thermal barrier coating to a TRL of
3 to 4. However, this is still an important risk item, and the
risk increases as the cruise Mach number increases.

High-Temperature Alloys for Compressor
and Turbine Disks

To satisfy the performance, durability, and affordability
requirements of an HSCT, the required pressure ratio will
probably push compressor outlet temperature 100 °F to 300
°F higher than current subsonic engines. In addition, as dis-
cussed above, the disks will need to withstand elevated tem-
peratures much longer than the disks in subsonic engines.
The longer operational times at the higher temperatures will
require the new disk alloys to have improved creep and cy-
clic fatigue properties. The HSR Program developed a new
disk alloy with a 1350 °F limit and advanced it to a TRL of 3
to 4. However, no full-size disks were forged and no compo-
nent tests were conducted to determine the ability of the new
alloy to meet the required disk service life of 18,000 hours.
The temperature limit needs to be increased by another 100
°F to 150 °F, forging and heat treatment procedures must be
validated to ensure that the disks can be manufactured, and
component tests must be conducted to establish disk life.
The lower limit is probably adequate for SBJs, and the higher
limit is essential for higher-Mach-number airplanes.

Materials to Meet Engine Noise and Weight Requirements

The extent to which a commercial supersonic aircraft will
require new materials to meet engine noise suppression re-
quirements is highly dependent on the type of aircraft and
the engine design concept. The need for engine nozzles to
suppress noise would be much less for a smaller aircraft or
an engine design cycle with a high bypass ratio during take-
off and climb. The primary nozzle issue is achieving weight,
cost, and size goals compatible with aircraft weight and per-
formance requirements. Concerns about the durability of the
components when exposed to high levels of acoustic energy
and high temperatures are also well founded. The HSR Pro-
gram developed large, thin-wall castings of nickel superal-
loys and titanium aluminide intermetallic materials along
with CMC acoustic tiles to a TRL of about 4. Continued
development is needed to fabricate a subscale nozzle with
these materials and conduct component tests in an appropri-
ately simulated environment.
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AIRFRAME MATERIALS AND STRUCTURES
Structural Durability

Material systems selected for commercial supersonic air-
craft could deteriorate in the thermomechanical environment
expected in service. Some existing materials, such as graph-
ite epoxy, may be suitable for cruise speeds below Mach 2,
while others, such as graphite/bismaleimides, may be suit-
able up to Mach 2.2, but testing is needed to verify that they
will perform adequately after lengthy exposure to the high
temperatures of supersonic flight. The airframe must per-
form its intended function throughout its time in service to
ensure flight safety and to meet customers’ economic expec-
tations. Much work has been done over the last 20 years or
more in understanding mechanisms of deterioration due to
temperature, oxidation, ultraviolet, and time for several com-
posite material systems. Also, some aluminum-lithium al-
loys have been exposed to high temperatures for prolonged
periods of time. Little is known, however, about the applica-
bility of that research to other material systems that may
have different deterioration mechanisms. In addition, some
preliminary accelerated aging protocols have been developed
for high-temperature material systems, but more data are
needed to prove that the protocols are valid. Time is of the
essence for providing these data. About 7 years are needed
to conduct simulated lifetime testing for a vehicle designed
for 60,000 hours of operation at design temperature (i.e., at
cruise conditions). This makes it impractical to include com-
plete lifetime testing in preliminary screening of candidate
materials or the generation of design data. A long-term com-
mitment is required to validate accelerated testing protocols.

Proof of Structure

Traditional aircraft design methods include numerous
structural tests of varying complexity—including tests of
complete airframes—to prove that structures are satisfactory
from both a static and a durability perspective. Appropriate
thermomechanical tests can be conducted on small test ar-
ticles, but similar tests on complete airframes can be pro-
hibitively expensive. In addition, airframe testing may have
little value, because it is difficult to validate the accuracy of
the simulated environment.

Nevertheless, the certification process—and good engi-
neering practice—requires manufacturers to prove that the
airframe will perform safely throughout its time in service.
Airframe manufacturers have accumulated a wealth of
knowledge from past test programs. Several thermomechan-
ical tests were conducted on the Concorde airframe; the full-
scale fatigue test proved to be particularly challenging be-
cause of problems with simulating the in-flight heat transfer
rates. Testing will become even more complicated if com-
posite material systems are widely used, because the rela-
tionship between deterioration under mechanical loads and
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deterioration under thermal loads is not well characterized.
This makes it impossible to simulate thermal effects using
mechanical loads.

Structural Flexibility

The fuselages of commercial supersonic aircraft will be
long and slender. Designing an airframe stiff enough to avoid
APSE problems and light enough to allow an economic pay-
load will be difficult. Conventional aircraft materials and
structures will not be able to provide adequate stiffness at an
acceptable weight, especially for HSCTs. At a minimum,
increased stiffness will be required at several locations on
the airframe, such as outboard wing and forward fuselage.
Some work has been done on aeroelastic tailoring but little
on the scale that would be required on an HSCT. Also, work
will need to be done to improve the producibility of large
structures with unbalanced lay-ups and to characterize their
structural performance.! Hybrid laminates and materials with
high-stiffness fibers, such as boron or high-modulus graph-
ite fibers, are available, but more work is required to fully
understand issues related to their performance in service.
New fibers may need to be developed to provide increased
stiffness without loss of strength or toughness. Large struc-
tures using the proposed materials and lay-ups will need to
be manufactured and tested to prove viability.

Lightweight Structural Design Concepts

To meet weight and operational performance targets,
lightweight structural design is essential. Sandwich construc-
tion has some potential, but it also has some limitations;
moreover, existing data regarding its ability to reduce struc-
tural weight are inconclusive. This type of construction has
been widely used in secondary applications on large com-
mercial transports but is not often used for primary structure.
Research supported by the HSR Program revealed that con-
ventional skin-stringer construction would weigh less in ar-
eas subject to high loads and in wing and empennage struc-
tures having shallow box depth. The design information
available for sandwich structure subjected to high loads is
incomplete, especially where through-thickness effects are
significant.? Previous research revealed that these through-
thickness effects can limit the design by, for example, re-
quiring higher density cores to provide (1) adequate core

IConventional composite structures usually have a plane of symmetry in
the thickness direction. For example, in honeycomb panels, each face sheet
most commonly has an identical thickness, and an identical sequence of
plies in the composite. In the case of composite laminates, the lay-up of
plies is symmetrical about the mid-thickness. Unbalanced lay-ups can be
difficult to fabricate without unacceptable distortion.

2Traditionally, honeycomb structures have been evaluated as if they were
two-dimensional, with a focus on the loads and stresses in the plane of the
honeycomb panel. As the size of the part increases, loads and stresses in the
thickness direction may become significant and can no longer be ignored.
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shear strength and (2) sufficient tension strength between
the face sheet and the core. This would increase weight,
making sandwich construction less attractive.

Another significant challenge will be developing a means
of damage prevention following the absorption of water. Past
service experience on subsonic commercial transports shows
that it will be difficult to prevent sandwich structure from
absorbing water throughout the life of a fleet. The freeze-
thaw-boil cycle associated with an airplane flying at sub-
sonic speeds at altitude followed by acceleration to super-
sonic speeds will prove to be an exceptionally difficult
problem. Indeed, the rudder of the Concorde was susceptible
to water absorption, which caused in-flight separation of por-
tions of the rudder. Water absorption, however, is not a new
problem and has been experienced in a variety of airplanes.
The current solution for new airplanes is to fill the voids
with closed cell foam. While this slightly increases weight, it
reduces the water absorption rate by several orders of mag-
nitude.

In addition, design loads are limited by the location of
structural joints. Choice of load levels must consider factors
such as durability and bearing strength. More efficient de-
signs of conventional structures as well as new structural
concepts will increase the likelihood of meeting design
weight targets.

Structural Materials

There are many potential structural materials for com-
mercial supersonic aircraft with cruise speeds of less than
Mach 2, but few have been tested for long periods at the
temperatures that would be experienced while cruising at
supersonic speeds. Advanced materials may be advantageous
in some structures for commercial supersonic aircraft with
cruise speeds below Mach 2.0, but they are essential for
faster aircraft. Graphite epoxies and aluminum cannot sus-
tain the temperatures expected at cruise speeds above Mach
2.0 for long periods of time, and titanium is too heavy to use
as the primary structural material. PETI-5 may be able to
serve as the basis for composite materials for aircraft with
cruise speeds between Mach 2.0 and Mach 2.4. Improved
titanium alloys have also been developed for key structural
applications (e.g., highly loaded wing spars). The HSR Pro-
gram investigated a promising hybrid laminate consisting of
titanium foil and high-temperature composite materials.
While progress was made on different product forms of the
PETI-5 material, most had not reached an advanced state of
maturity when the HSR Program was cancelled. Life testing
on some materials was in progress but was halted when it
was still many thousands of hours short of reaching the
equivalent of one design service lifetime. Accelerated aging
protocols were postulated but not proven. No significant
work was done on alternative fibers such as higher modulus
graphite fibers or boron fibers for improved stiffness. Addi-
tional work was needed on the hybrid laminate, especially
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on development of a robust surface preparation for the tita-
nium foil. Much more work was also required to improve the
cost and producibility of these materials for fabrication of
airplane parts. Materials using boron fibers have proven to
be especially difficult to fabricate, and loose boron fibers
can present a health hazard during handling.

Structural Adhesives

Adhesives that will perform at high temperatures for long
periods of time are required, especially for operation above
Mach 2.0. However, improved materials for lower tempera-
ture applications may also be advantageous, because many
of the structural concepts that have been investigated rely on
structural bonding.

Adhesives that perform consistently at high temperatures
for long periods of time are needed to attain aircraft weight
goals and ensure vehicle safety. Adhesives developed under
the HSR Program were based on resin systems similar to
those used in high-temperature polyimides, such as PETI-5.
Early indications were promising, and both film and paste
adhesives were developed. Other types of adhesives, such as
a reticulate film adhesive, also need to be developed. While
some work has been done on aging of adhesives, more data
are needed. Only preliminary information on suitable accel-
erated aging protocols is available for these materials.

Sealants

For sealants, the application of maximum concern is fuel
tanks on aircraft with cruise speeds above Mach 2.0; cur-
rently available sealants are probably sufficient for lower
speed applications. The key characteristic of a fuel tank seal-
ant is its ability to cure effectively in a few hours in a con-
fined space at temperatures that can be easily attained in a
production environment. Fuel tank leaks result in excessive
downtime for repair and dissatisfied customers, so long life
is also important. Additional lifetime testing is required to
characterize long-term performance of sealants in the opera-
tional environment of a commercial supersonic aircraft. Ad-
ditional research is required to explore the deterioration
mechanisms and rates of candidate materials. Accelerated
aging techniques are also needed.

Some candidate materials have been developed for fillet
seals (i.e., seals along the edges of parts and around fastener
heads) in fuel tanks. Suitable materials have not yet been
identified for fay surface seals (between overlapping or fit-
ted parts), and the only ongoing research is a small, propri-
etary effort by Japanese industry and government.

An alternative would be to develop a different approach
to sealing fuel tanks. For example, fuel could be stored in
bladders inside each fuel tank, although this is probably not
a viable approach for a new commercial supersonic aircraft
because of increased weight and the difficulty of removing
bladders for structural inspections and repairs.
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Coatings

Coatings are used for both appearance and thermal man-
agement. Without advanced coatings, it may not be possible
to maintain fuel temperatures below acceptable levels for
aircraft with cruise speeds above Mach 2.0. At Mach 2.4,
fuel temperatures are predicted to reach the limit of accept-
ability: A maximum fuel tank temperature around 150 °F
was assumed for design studies in the HSR Program.

Coatings with the desired emissivity and absorptivity are
essential. The coatings must maintain these characteristics
and remain aesthetically pleasing until the aircraft is re-
painted. The HSR Program viewed the development of ad-
vanced coatings as a low priority and did not fund research
in this area. A small, proprietary, industry-funded study con-
ducted concurrently with the HSR Program identified a few
candidate materials (e.g., siloxane, fluoroethersilicone, and
solgel with zinc ortho-titanate and titanium oxide pigments)
that appeared to have many of the required characteristics, at
least initially. Testing, however, indicated that the materials
tend to turn yellow after only a few hundred hours at tem-
perature. When the HSR Program was cancelled, the re-
search on coatings was terminated before this problem could
be solved. Additional resources are needed to more thor-
oughly investigate optical properties and to make sure new
coatings can be applied easily and have adequate wear and
erosion attributes.

COCKPIT SENSORS AND DISPLAYS

Supersonic flight imposes few unique requirements on
avionics and flight deck systems. Government and industry
are developing new avionics technology that will benefit
commercial aircraft regardless of their range or speed. In-
deed, advancements in avionics are often applicable to a wide
range of commercial and military aircraft. The avionics and
display technologies needed for a commercial supersonic
aircraft are currently operational or in development at a TRL
of at least 3.

New cockpit display technologies are of particular im-
portance to the development of supersonic aircraft, because
most supersonic aircraft designs feature a long, pointed nose
for drag reduction. Additionally, most contemporary super-
sonic designs feature a modified delta wing optimized for
high-speed flight that results in high angles of attack at lower
speeds. The long nose and high angle of attack at low air-
speeds impairs the forward visibility of the flight crew and
requires the use of either a droop-nose design (like that of
the Concorde) or advanced sensors and displays to restore
visibility without the weight and mechanical complexity of
the droop nose. Technology currently available or under de-
velopment makes the second option feasible. For example,
seamless merging of visual and radar imagery with informa-
tion from a digital database has demonstrated a real-time,
all-weather situational awareness display that provides the
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crew with terrain data, aircraft flight path information,
weather, and traffic avoidance advisories. Three-dimensional
imagery has intriguing possibilities and is actually being used
for medical applications, but the current state of technology
is not suitable for near-term airborne applications.

The development of these so-called enhanced vision sys-
tems is an interdisciplinary task that requires a wide spec-
trum of different information technologies: (1) reliable cam-
era systems to provide visual imagery, (2) data link
technology for transmission of guidance information, (3)
complex databases to provide terrain data for synthetic im-
ages and object signatures to support the imaging sensors,
(4) high-performance computer graphics systems to render
synthetic images in real time, (5) onboard imaging sensors,
such as solid state infrared or imaging radar, to provide a
real view through darkness and adverse weather, (6) knowl-
edge-based image interpreters to convert sensor images into
a symbolic description, (7) projection technology for pan-
oramic or holographic displays, and (8) precision navigation
tools tied into the Global Positioning System or equivalent
systems that may become available.

Advanced cockpit sensors and displays could enhance
safety by detecting and displaying images of objects that
pilots would not normally be able to see when looking
through the cockpit window of a conventional aircraft. Safety
could be further enhanced by integrating features such as
navigation enhancements and proactive systems to avoid
controlled flight into terrain and runway incursions. Flight
crews, however, may be uneasy about flying aircraft with
only a computer-generated view of the outside world. One
way to deal with this uneasiness during approach and land-
ing would be to locate the cockpit windows at the lower
front fuselage of the aircraft, instead of the traditional loca-
tion on the upper front fuselage. This would give the pilots
direct visual contact during critical phases of the approach,
landing, and ground operation. During other phases of flight
(takeoff, climb, and cruise), pilots would use an enhanced
vision system with computer-generated displays for safety,
guidance, and control functions.

Other sensor and display technologies could further en-
hance the operability of commercial supersonic aircraft.
Some systems, such as a boom shadow tracking system,
would be unique to supersonic aircraft.> Supersonic aircraft
would also benefit from upgrades to flight planning systems.
Today, airline dispatchers and pilots consider weather and
atmospheric conditions, especially winds and hazardous
weather, to select safe flight routes that minimize flight time
and fuel burn. Flight planning for supersonic flight opera-
tions would benefit from additional information, such as tem-
perature anomalies and solar radiation. Routing could be fur-
ther improved by increased use of real-time information to

3A boom shadow tracking system would depict the location, coverage,
predicted path, and strength of an aircraft’s sonic boom based on standard,
predicted, or real-time atmospheric conditions.
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adjust routing in flight. Crews flying complex modern air-
craft would also benefit from advanced cockpit concepts,
such as a task saturation detection system. Conceptually, this
system would detect stress and/or tunneled focus that might
occur, for example, during abnormal or emergency flight
conditions. If necessary, the system would assume tempo-
rary, but overrideable, control of certain flight functions to
assure safety while allowing the crew to adequately handle
the situation that captured their attention. This technology is
currently at TRL 1 or 2.

IN-FLIGHT SAFETY

High-Altitude Radiation

Cosmic radiation is caused by high-energy charged par-
ticles from space (galactic cosmic radiation) and, to a lesser
extent, from the Sun (solar cosmic radiation). Many of the
particles are deflected by Earth’s magnetic field. This effect
is strongest at the equator and weakest at the poles; at alti-
tudes commonly used by subsonic aircraft, cosmic radiation
is twice as high at the poles as it is at the equator (FAA,
1990).

Cosmic-radiation particles that enter the atmosphere col-
lide with atoms and molecules of air. This reduces the en-
ergy of the primary (incoming) radiation while producing
secondary radiation in the form of lower energy particles
and gamma rays. At sea level, Earth’s atmosphere provides
an effective shield against primary and secondary cosmic
radiation, with a mass thickness of over 1,000 g/cm?. The
shielding mass drops off to about 200 to 300 g/cm? at normal
cruise altitudes for subsonic aircraft (30,000 to 40,000 ft). At
65,000 ft, the shielding mass is 60 g/cm?, which reduces the
primary proton flux to about half of the incident flux, the
alpha particle flux to about a quarter, and the heavy ion flux
to about 3 percent or less, depending on the mass of the
cosmic radiation particle (Goldhagen, 2000). When the
Concorde entered service in 1976, cosmic radiation was
identified as a potential crew safety issue. British Airways
installed radiation-monitoring devices in the flight deck area
and determined that radiation dosage received during flights
at 50,000 to 60,000 ft were about twice the dosage received
at 35,000 to 40,000 ft, the cruise altitude of a typical airliner.

On average, people living in the United States are ex-
posed to about 3.5 millisievert (mSv) per year. Over 80 per-
cent of this exposure is from natural sources, primarily ra-
don and radon by-products in the atmosphere. At sea level,
less than 10 percent of natural background radiation is from
cosmic radiation (ISU, 1996). In an aircraft, however, pri-
mary and secondary cosmic radiation are the main source of
radiation exposure. The average exposure of a commercial
pilot on a single polar flight has been measured at about 0.1
mSv (Blakely, 2000). The FAA’s advisory circular on radia-
tion exposure (AC 120-52) estimates the annual exposure
that crew members would experience if they worked full time
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on one of 32 domestic and international routes. The largest
annual doses, which were as high as 9.1 mSv, were for tran-
soceanic flights at high altitude (up to 43,000 ft). By com-
parison, federal regulations require the nuclear power indus-
try to ensure members of the general public receive no more
than 1 mSv of additional radiation per year from nuclear
power operations. The limit for radiation workers is 50 mSv
per year (10 CFR 20).

AC 120-52 also addresses the health risk associated with
the estimated exposures to cosmic radiation. If 1,000 crew
members worked full-time (950 flight hours per year) for 20
years on a route with an annual exposure of 5 mSv, AC 120-
52 estimates that about 6 might be expected to develop fatal
cancers as a result. Based on public health statistics, about
220 of 1,000 Americans normally die from cancer, so expo-
sure to 5 mSv annually would increase the chance of dying
from cancer by 3 percent (FAA, 1990). The risk to passen-
gers, who spend much less time in the air than full-time crew
members, is much less.

Another early concern with high-altitude flight was the
possibility of being exposed to excessive radiation as a result
of solar flares. Conceivably, a strong solar flare could de-
liver a radiation dose greater than 10 mSv per hour to crew
and passengers flying on polar routes. Concorde pilots have
monitors so they can reduce altitude and latitude, if neces-
sary. The Concorde routes are subpolar. Still, over the 25-
year experience with the Concorde, no flight had to activate
an emergency descent because of high radiation from a solar
flare, even during peak years of the cycle.

The deployment of commercial supersonic aircraft should
be accompanied by an update to AC 120-52 that extends the
analyses of radiation exposure to the altitudes, routes, and
flight times typical of supersonic aircraft, evaluates the need
for tracking individual exposure by frequent flyers, and in-
corporates up-to-date knowledge regarding biological dam-
age from highly energetic particles (which seems to be more
severe than originally estimated in the 1960s) (Wilson,
2000). This update is necessary to ensure that aircrew and
the flying public continue to enjoy a high level of confidence
that high-altitude radiation does not threaten their health.
Future research and analysis should assess the adequacy of
current knowledge about high-altitude radiation with regard
to the safe operation of commercial aircraft at various alti-
tudes. Future research should also explore technological and
operational approaches for reducing exposure to cosmic ra-
diation, perhaps through lightweight shielding and/or the
tracking of radiation doses accumulated by individuals and
the exposure associated with particular flights (to make sure
crew assignments do not result in excessive exposure to any
individuals).

High-Altitude Cabin Depressurization

Cabin depressurization at altitudes higher than 50,000 ft
would pose a safety risk to passengers and crew, especially
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in the case of a rapid or explosive decompression. Although
the likelihood of a structural failure leading to cabin depres-
surization at cruise altitude is very small (failure of a com-
pressor or turbine disk is the most likely cause), the effects
could be fatal unless immediate and drastic action is taken.
Above 50,000 ft, a person in good physical condition has a
time of useful consciousness of only 5 to 12 seconds without
supplemental oxygen. FAR 25.841 requires commercial air-
craft to be designed so that occupants will not be exposed to
a cabin pressure altitude that exceeds 25,000 ft for more than
2 minutes or a pressure altitude of 40,000 ft “for any dura-
tion” for any failure condition that cannot be shown to be
“extremely improbable.”

This could be a difficult standard to meet for commercial
supersonic aircraft cruising at altitudes well in excess of
40,000 ft. Efforts to satisfy this requirement should investi-
gate the innovative technologies such as self-sealing materi-
als to contain fuselage pressure leaks. Even if self-healing
technologies cannot seal leaks completely, they could re-
duce the leak rate and provide extra time for an emergency
descent. An automatic emergency descent mode for aircraft
flight control systems, which could be triggered by unex-
pected loss of cabin pressure changes, might also be neces-
sary to meet safety standards.

CERTIFICATION

The FAA does not have certification requirements suit-
able for a future commercial supersonic transport. The
Concorde was certificated using a set of special conditions.
A preliminary set of rules, “Tentative Airworthiness Stan-
dards for Supersonic Transports,” was developed during the
U.S. SST program in the early 1970s. The FAA also estab-
lished certification teams to support the future certification
of new technologies under development by the HSR Pro-
gram. Ongoing efforts to develop new supersonic technolo-
gies should proceed in parallel with the development of new
regulatory standards to ensure that the regulatory approval
process does not impede the development of a commercial
supersonic aircraft. For example, certification issues could
be a major obstacle to the use of a windowless cockpit that
uses advanced sensor and display systems to produce a com-
puter-generated view of the outside world. National resource
specialists (i.e., FAA specialists in specified disciplines)
could be a valuable resource for planning and implementing
changes to certification standards.
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Findings, Conclusions, and Recommendations

For decades, the speed of commercial aviation was con-
strained by the sound barrier. Even with the Concorde, su-
personic flight was unavailable except on a few routes and
only for those willing and able to pay the high airfares. Com-
mercially successful supersonic flight will only occur when
technology is developed and assembled into an aircraft that
can be profitably manufactured in large quantities (i.e., hun-
dreds of aircraft) and that is affordable for users and envi-
ronmentally acceptable to society at large.

Commercial supersonic aircraft could take many differ-
ent forms. The path to success will depend upon the ultimate
and intermediate goals selected and the time and resources
set aside to achieve them. One approach would be to focus
on entirely new forms of air vehicles, such as vehicles ener-
gized by laser beams from ground power stations. A second
approach would be to pursue revolutionary new aircraft, such
as a “morphing aircraft” with the ability to continuously
modify the shape of its wings to optimize aerodynamic per-
formance during all phases of flight. Either approach requires
breakthrough technologies, and turning new technologies
into an operational commercial supersonic aircraft is very
expensive and takes decades of research and development to
satisfy performance, economic, safety, and environmental
requirements for aircraft and ground systems. Focusing

NASA'’s efforts to develop technology related to commer-
cial supersonic aircraft on long-term, high-risk concepts
would probably result in a research program that does little
or nothing to enable the operational deployment of environ-
mentally acceptable, economically viable commercial super-
sonic aircraft in the next 25 years or less. Because that is the
time frame of interest for this study, the committee endorsed
a third approach: investing in breakthrough technologies that
could be applied to the design of a more conventional com-
mercial supersonic aircraft. The committee assessed the abil-
ity of advanced technology to meet customer and design re-
quirements for the three types of commercial supersonic
aircraft described in Table 5-1.

The committee concluded that foreseeable technological
advances will be able to solve many key customer and de-
sign issues, particularly for commercial supersonic aircraft
with cruise speeds of less than approximately Mach 2. But
much work remains to be done. New, focused research is
needed in several areas where existing efforts are unlikely to
close the gap between the state of the art and aircraft require-
ments (Finding 1). However, new initiatives in these areas
will be counterproductive if they divert resources from ex-
isting efforts that are also necessary to the development of a
commercial supersonic aircraft (Finding 2).

TABLE 5-1 Commercial Supersonic Aircraft: Three Notional Vehicles

Supersonic
Business Jet

Supersonic Commercial Transport
with Overland Capability

High-Speed
Civil Transport

Speed (Mach no.) 1.6to 1.8
Range (NM) 4,000 to 5,000
Payload (passengers) 8to 15

Sonic boom low enough to permit Yes

supersonic cruise over land

1.8t02.2 20to0 24
4,000 to 5,000 5,000 to 6,000
100 to 200 300

Yes Yes, if possible
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Finding 1. An economically viable, environmentally accept-
able supersonic commercial aircraft with a cruise speed of
less than approximately Mach 2 requires continued develop-
ment of technology on a broad front (see Finding 2). In addi-
tion, research in the following five areas of critical impor-
tance could lead to important breakthroughs, but only if
current research is augmented by new, focused efforts (or
significant expansions of existing efforts):

 airframe configurations to reduce sonic boom inten-
sity, especially with regard to the formation of shaped
waves and the human response to shaped waves (to
allow developing an acceptable regulatory standard)

e improved aerodynamic performance, which can be
achieved through laminar flow and advanced airframe
configurations (both conventional and unconven-
tional)

« techniques for predicting and controlling aero-propul-
sive servo-elastic and aircraft-pilot servo-elastic
(APSE) characteristics, including high-authority
flight- and structural-mode control systems for limit-
ing both types of APSE effects in flight and tools for
defining acceptable handling and ride qualities

« automated, high-fidelity, multidisciplinary optimiza-
tion tools and methods for design, integration, analy-
sis, and testing of a highly integrated, actively con-
trolled airframe-propulsion system

 variable cycle engines for low thrust-specific fuel con-
sumption, high thrust-to-weight ratio, and low noise

Finding 2. An economically viable, environmentally accept-
able commercial supersonic aircraft with a cruise speed of
less than approximately Mach 2 requires continued advances
in many areas, particularly the following:

« airframe materials and structures for lower empty
weight fractions and long life, including accelerated
methods for collecting long-term aging data and the
effects of scaling on the validity of thermo-mechani-
cal tests

 engine materials for long life at high temperatures, in-
cluding combustor liner materials and coatings, tur-
bine airfoil alloys and coatings, high-temperature al-
loys for compressor and turbine disks, and turbine and
compressor seals

« aerodynamic and propulsion systems with low noise
during takeoff and landing

 cockpit displays that incorporate enhanced vision sys-
tems

 flight control systems and operational procedures for
noise abatement during takeoff and landing

« certification standards that encompass all new tech-
nologies and operational procedures to be used with
commercial supersonic aircraft
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» approaches for mitigating safety hazards associated
with cabin depressurization at altitudes above about
40,000 ft

 approaches for mitigating safety hazards that may be
associated with long-term exposure to radiation at alti-
tudes above about 45,000 ft (updating the Federal
Aviation Administration’s advisory circular on radia-
tion exposure, AC 120-52, to address supersonic air-
craft would be a worthwhile first step)

Conclusion 1. Research and technology development in the
areas listed in Findings 1 and 2 could probably enable opera-
tional deployment of environmentally acceptable, economi-
cally viable commercial supersonic aircraft in 25 years or
less—perhaps a lot less, with an aggressive technology de-
velopment program for aircraft with cruise speeds less than
approximately Mach 2.

The situation is somewhat different for commercial su-
personic aircraft with cruise speeds above approximately
Mach 2. The most efficient cruise altitudes are higher for
higher cruise speeds. Aircraft with cruise speeds in excess of
Mach 2 will normally cruise in the stratosphere, where en-
gine emissions have a greater potential for climate change
and depletion of atmospheric ozone. Water vapor, which is
benign in the lower atmosphere, may have significant, long-
lasting effects in the stratosphere and pose a serious limita-
tion on high-speed, high-altitude flight. Also, at higher
speeds, air friction creates higher temperatures. For cruise
speeds of about Mach 2.4, new classes of structural materi-
als are needed to meet strength and weight requirements.
The noise suppression problem also becomes more challeng-
ing. The optimal engine bypass ratio is lower at higher Mach
numbers, which leads to increased jet exhaust velocities and
greater take-off noise. This makes it more difficult to design
a nozzle that provides adequate noise suppression without
becoming so large and heavy that the vehicle becomes un-
economical.

Finding 3. An economically viable supersonic commercial
aircraft with a cruise speed in excess of approximately Mach
2 would require research and technology development in all
of the areas cited in Findings 1 and 2. In addition, significant
technology development would be needed to overcome the
following barriers:

« climate effects and depletion of atmospheric ozone
caused by emissions of water vapor and other combus-
tion by-products in the stratosphere

 high temperatures experienced for extended periods of
time by airframe materials, including resins, adhesives,
coatings, and fuel tank sealants

e noise suppression at acceptable propulsion system
weight
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FINDINGS, CONCLUSIONS, AND RECOMMENDATIONS

Conclusion 2. Candidate technologies for overcoming envi-
ronmental barriers to commercial supersonic aircraft with a
cruise speed in excess of approximately Mach 2 are unlikely
to mature enough to enable operational deployment of an
environmentally acceptable, economically viable Mach 2+
commercial supersonic aircraft during the next 25 years.

The environmental barriers associated with development
of a supersonic transport with a cruise speed in excess of
approximately Mach 2 are especially challenging. The most
likely path to operational deployment of an environmentally
acceptable, economically viable commercial supersonic air-
craft within the next 25 years lies in research areas listed in
Findings 1 and 2 as they would apply to an aircraft with a
cruise speed of less than approximately Mach 2. Far-out tech-
nologies may be interesting and worth investigating, but they
have little to do with development of a commercial super-
sonic aircraft in the foreseeable future.

Breakthrough aviation technologies are generally propri-
etary, competition-sensitive, and/or classified. Few individu-
als or organizations are willing to divulge publicly detailed
information on such technologies. However, once the gov-
ernment has identified areas of interest and funds an appro-
priate research program, industry will respond with detailed
proposals. For example, DARPA’s Quiet Supersonic Plat-
form Program is developing technology that would contrib-
ute to advanced supersonic aircraft with substantially re-
duced sonic boom, reduced takeoff and landing noise, and
increased efficiency. Research areas include airframe shap-
ing to reduce sonic boom, integration of low-specific-thrust
propulsion systems, advanced inlet concepts, particulate in-
jection into the engine exhaust, supersonic laminar flow,
ceramics, and localized flow heating to increase virtual body
length (and reduce sonic boom). Although detailed informa-
tion about this research is still not publicly available, NASA
has full access to it. In fact, the Quiet Supersonic Platform is
managed by a NASA employee assigned to DARPA.

Most of the technology challenges identified by the com-
mittee are unique to supersonic aircraft. However, in some
cases the technological advances necessary for development
of commercial supersonic aircraft would also improve the
performance of subsonic aircraft. Where applicable, efforts
to develop supersonic technology should take advantage of
related efforts to improve the performance of subsonic tech-
nologies and the lessons learned that come from operational
use of new technologies in subsonic aircraft.

Recommendation 1. NASA should focus new initiatives in
supersonic technology development in the areas identified
in Finding 1 as they apply to aircraft with cruise speeds of
less than approximately Mach 2. Such initiatives should be
coordinated with similar efforts supported by other federal
agencies (e.g., the DARPA Quiet Supersonic Platform Pro-
gram).
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Recommendation 2. For the technologies listed in Finding
2, NASA should allocate most of the available resources on
goals and objectives relevant to aircraft with cruise speeds of
less than approximately Mach 2. NASA should focus re-
maining resources on the areas listed in Finding 3 (i.e., the
highest risk areas for cruise speeds greater than approxi-
mately Mach 2). Again, NASA activities should be coordi-
nated with similar efforts supported by other federal agen-
cies.

For each of the HSR Program’s critical technology ele-
ments, the general goal was to demonstrate a TRL of 6 (i.e.,
system/subsystem model or prototype demonstrated in a rel-
evant environment). This goal was appropriate, in part be-
cause of the large investment required and the high risk that
individual technologies might not lead to a viable commer-
cial product. In fact, even if the HSR Program had been com-
pleted, additional fundamental technology development and
validation would have been required to prepare and demon-
strate that critical technologies were ready for use in a com-
mercial transport (NRC, 1997). Maintaining a goal of TRL 6
for supersonic research is essential if the results are going be
adopted by commercial product development programs.
NASA should continue to recognize TRL 6 as the appropri-
ate goal for supersonic technology programs intending to
transfer research results to a commercial product.

Recommendation 3. NASA and other federal agencies
should advance the technologies listed in Findings 1 and 2
and Recommendations 1 and 2 to technology readiness level
6 to make it reasonably likely that they will lead to the devel-
opment of a commercial product.

CLOSING REMARKS

Affordable, reliable, and safe air transportation is impor-
tant to quality of life and economic growth. The global trans-
portation infrastructure would be enhanced by the addition
of a truly high-speed transportation element. If the United
States intends to maintain its supremacy in the commercial
aerospace sector, it has to take a long-term perspective and
channel adequate resources into research and technology
development. The technological challenges to commercial
supersonic flight can be overcome, as long as the develop-
ment of key technologies is continued. Without continued
effort, however, an economically viable, environmentally
acceptable, commercial supersonic aircraft is likely to
languish.
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o,

DARPA
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FAR
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L/D
LERD

mSv

NASA
NM
NO,
NRC

Acronyms and Abbreviations
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Civil Aviation Environmental Protection Committee (of the International
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carbon dioxide

Defense Advanced Research Projects Agency

Federal Aviation Administration

Federal Aviation Regulations
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high-speed civil transport

High Speed Research (Program)

International Civil Aviation Organization
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lift-to-drag ratio

limited exclusive rights data

millisievert (a unit of ionizing radiation calibrated to measure potential bio-
logical harm; 1 mSv is roughly the daily dose due to natural background
radiation)

National Aeronautics and Space Administration
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oxides of nitrogen
National Research Council
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PETI-5 phenylethynyl-terminated imide (a high temperature composite resin)
PDE pulse detonation engine

psf pounds per square foot

QSP Quiet Supersonic Platform (Program)

R&T research and technology

SBIJ supersonic business jet

SO, oxides of sulfur

SST supersonic transport (either the program or the aircraft of the same name)
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TSFC thrust-specific fuel consumption
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USAF U.S. Air Force
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