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Preface

Few technological advances have affected the lives and dreams of
individuals and the operations of companies and governments as much as the
continuing development of flight. In the United States alone there are, on
average, more than one million commercial enplanements a day, and air freight,
once a "special express" service, is now the common form of transport for many
goods. Air power and the battlefield control offered by airborne equipment and
personnel are increasingly decisive elements of military conflicts, and outer space
is still a boundless frontier for human and scientific exploration. And the
technological frontiers of what is possible and what is likely continue to recede in
front of us even as we advance. From space exploration to package transport, from
military transport to passenger helicopter use, from passenger jumbo jets to
tiltrotor commuter planes, the future of flying is still rapidly developing.

The essays in this volume survey the state of progress and assess prospects
for the future along several fronts of this constantly evolving frontier. More than
that, they commemorate the life's work of Alexander H. Flax, who has
contributed to the technological developments in many fields of aerospace
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engineering and to the institutions that guide those developments. For eight years
as home secretary to the National Academy of Engineering, Al Flax also guided
the Academy's membership affairs, helped oversee the Academy's diverse study
program, and was a steady source of sound advice. It was a pleasure to work with
him. So many of us have prized his friendship over many decades.

The five essays here are adapted from remarks prepared by their authors for a
symposium held in Al Flax's honor at the Arnold and Mabel Beckman Center of
the National Academies of Sciences and Engineering on 28 February 1992. Thus,
it is important to acknowledge first the work of those authors, all members of the
National Academy of Engineering, for making this volume possible and for
contributing to our better understanding of aerospace issues. The participants in
this symposium included many knowledgeable and leading figures in the areas of
Al Flax's career. They contributed greatly to the formal discussion of the papers
and in the informal occasions afforded by the symposium.

There are a few others to whom thanks are also due. Melvin Gipson and
Maribeth Keitz, on the staff of the NAE Program Office, led in organizing the
symposium. Dale Langford and Bette Janson prepared the volume for
publication. Bruce Guile, director of the Program Office, provided direction and
oversight for the project.

H. GUYFORD STEVER
FORMER NAE FOREIGN SECRETARY
SYMPOSIUM CHAIRMAN
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Alexander H. Flax Highlights of an
Engineering Career

Born in Brooklyn, Alexander H. Flax received his early education there and
attended New York University, where he received a B.S. in aeronautical
engineering in 1940.

Flax began his professional career in 1940 as a stress analyst with the
Curtiss-Wright Corporation, where within two years he became chief of the
flutter and vibration group. He worked primarily on structural and dynamics
problems and on methods for design analysis and testing. With the advent of
electric strain gages, new opportunities arose to validate analytical methods,
many of which were just emerging as replacements for the more empirical and
judgmental methods of the past. Flax was very active in developing and applying
these new approaches to the many aircraft types under development at Curtiss-
Wright. These included the O-52—a highwing, strut-braced observation aircraft
and last of a line and an era; the P-40 fighter—the most advanced fighter
available in quantity at the outbreak of World War II; the XP-60 and XP-62—
experimental fighter aircraft never produced in quantity; the SB2C-1—a Navy
dive bomber that entered service in 1943; and the C-46—a military transport
aircraft extensively used to "fly the hump" in the China-Burma-India theater.
Flax's work

ALEXANDER H. FLAX HIGHLIGHTS OF AN ENGINEERING CAREER 1
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on these aircraft included stress analysis, flutter and vibration analysis, and
advanced flight loads analysis.

In 1944 he moved to the Piasecki Helicopter Corporation (which later
became the Vertol Division of the Boeing Company) as head of aerodynamics,
structures, and weights—a position that in some larger companies was occupied
by the chief technical engineer. At Piasecki, Flax was one of a small group of
engineers who developed the world's first twin-rotor, tandem helicopter (known
as the Navy XHRP-1 or, more informally, as "The Dogship"). Helicopter
technology was then in its infancy even for single-rotor machines, and the
additional complication of tandem rotors required starting from scratch on many
questions of design, analysis, and testing. Nevertheless, Piasecki won two major
design competitions—the HUP-1 for the Navy and HU-16 for the Army/Air
Force. Descendants of the twin-tandem HUP-1 are still in service as the CH-46
and CH-47 transport helicopters seen most recently in the Persian Gulf conflict.

In 1946 Flax joined the Cornell Aeronautical Laboratory (now known as
CALSPAN) as assistant head of the aeromechanics department. Continuing to do
research on helicopter rotors, he and his colleagues built and flew, for purposes
of research on rotor blade dynamics, what may have been the world's first flight-
worthy and flight-demonstrated fiberglass composite rotor blades. It was perhaps
twenty years after this work that composite fiber blades appeared in operational
helicopters.

Soon after joining the Cornell Aeronautical Laboratory, Flax branched out
into supersonic vehicle research, including supersonic aerodynamics, flight
control, and ramjet propulsion. His research in wing theory and wing-body
interferences in this period was widely recognized. He conceived of the
perforated-wall wind tunnel, one of two wind-tunnel designs currently in use for
testing in transonic flows both above and below the speed of sound. He was also
one of the inventors of the wave superheater for generating "clean" airflows of
several-second duration at temperatures previously attained only in rocket
exhaust flows.

During his final years at Cornell Aeronautical Laboratory, as vice president
and technical director, Flax exercised managerial and technical guidance over a
wide variety of projects,

ALEXANDER H. FLAX HIGHLIGHTS OF AN ENGINEERING CAREER 2
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many not particularly aeronautical. These included early work on neural network
computers; early work on automotive crash safety, including seatbelts, energy-
absorbing structures, and door locks; pioneering work on stability, control, and
handling qualities of automobiles, including the statics and dynamics of tires; and
early work on doppler radars for weather sensing. He received a Ph.D. in physics
from the University of Buffalo in 1958.

Flax served as chief scientist of the U.S. Air Force from 1959 to 1961 and in
1963 was appointed assistant secretary of the Air Force for research and
development. From that position he championed advanced aircraft engine
development as an essential element of progress in both military and civilian
aeronautics. In the 1960s he emphasized the Lightweight Engine Gas Generator
Program and the Advanced Turbine Engine Gas Generator Program, work that
reached fruition in the 1970s with the engines that went into the F-15 and F-16
fighter aircraft and the new generation of high-bypass engines for military and
civil large, long-range transports. Another area of special attention was materials,
especially the then-emerging field of high-strength, high-stiffness, lightweight
fiber composites. This work, which began with boron fibers in the early 1960s
and quickly expanded to include graphite fibers and Kevlar, has found particular
application in helicopters and vertical takeoff aircraft, in some of which more
than 40 percent of the structural weight may be in fiber composites.

Other areas of research emphasized during Flax's service with the Air Force
included the development of precision-guided weapons and the corresponding
aircraft targeting systems and their sensors. As a result of these research thrusts,
laser and electro-optical guided bombs were quickly developed. Optical, infrared,
and high-resolution radar sensor systems were vigorously pursued, and on-board
computer capabilities were added as standard equipment or modular additions to
all future fighter-attack aircraft. The result of all of these initiatives and their
further exploitation became apparent in the Persian Gulf conflict.

Military space systems also fell within Flax's responsibilities in the Air
Force. During his tenure the Defense Support Program, a satellite-borne infrared
sensor for ballistic missile launch detection, which is still operational, reached
full engi
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neering development status, and the Titan III launch vehicle family reached
operational flight status. Early versions of defense communications satellites
including DSCS-1, TACSATCOM, and several Lincoln Experimental Satellites
were developed and flown. The conceptual groundwork and applications studies
for the Global Positioning System, now reaching full operational status, were laid
down at that time. From 1965 to 1969 Flax held the additional position of
director of the National Reconnaisance Office and was in charge of R&D,
procurement, and operations of satellite systems for intelligence and military
support that later also served as the primary "national technical means" for
verification of arms control treaties.

In March 1969, Flax joined the Institute for Defense Analyses (IDA) as vice
president of research and later that year became president; he retired in 1983.
While at IDA, Flax oversaw activities in which support was provided to the
Office of the Secretary of Defense and the Joint Chiefs of Staff in developing
analytical and computer models for evaluation of strategic nuclear and
conventional forces. Also the then-greatly increased Defense Department
emphasis on operational test and evaluation called for IDA to develop many
innovations in operational test methodology and instrumentation for air combat
and air-ground combat in such projects as AIMVAL-ACEVAL. Other major
areas of emphasis were assisting in coordinating, evaluating, and guiding
technology-based programs, such as those in longwave infrared sensors,
materials, and propulsion.

Flax was elected to the National Academy of Engineering in 1967. He
served as the Academy's home secretary from 1984 until 1992. In that capacity he
was responsible for the conduct of the election of Academy members and officers
and members of its Council. He was simultaneously a member of the Governing
Board of the National Research Council.

Flax is a member of the Air Force Scientific Advisory Board, the Defense
Intelligence Agency Scientific Advisory Committee, and a consultant to the
Defense Science Board. He has been a U.S. national delegate to the NATO
Advisory Group on Aerospace Research and Development, of which he is
currently honorary vice chairman. He has also served on advisory bodies on
engineering programs at Princeton and Stanford universities. He has delivered the
Wright Brothers Lecture of the
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American Institute of Aeronautics and Astronautics and the Wilbur and Orville
Wright Memorial Lecture of the British Royal Aeronautical Society.

Flax is a recipient of the Lawrence Sperry Award of the Institute of
Aeronautical Sciences, the Air Force Exceptional Civilian Service Medal, the
Defense Intelligence Agency Exceptional Civilian Service Medal, the
Department of Defense Distinguished Public Service Award, the NASA
Distinguished Service Medal, and the Von Karman Medal of the NATO Advisory
Group for Aerospace Research and Development. He was also a recipient of the
General Thomas D. White Air Force Space Trophy. In 1992 Flax was designated
an Elder Statesman of Aviation by the National Aeronautic Association.

ALEXANDER H. FLAX HIGHLIGHTS OF AN ENGINEERING CAREER 5

Ab
ou

t t
hi

s 
PD

F 
fil

e:
 T

hi
s 

ne
w

 d
ig

ita
l r

ep
re

se
nt

at
io

n 
of

 th
e 

or
ig

in
al

 w
or

k 
ha

s 
be

en
 re

co
m

po
se

d 
fro

m
 X

M
L 

fil
es

 c
re

at
ed

 fr
om

 th
e 

or
ig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 fr
om

 th
e 

or
ig

in
al

ty
pe

se
tti

ng
 fi

le
s.

 P
ag

e 
br

ea
ks

 a
re

 tr
ue

 to
 th

e 
or

ig
in

al
; l

in
e 

le
ng

th
s,

 w
or

d 
br

ea
ks

, h
ea

di
ng

 s
ty

le
s,

 a
nd

 o
th

er
 ty

pe
se

tti
ng

-s
pe

ci
fic

 fo
rm

at
tin

g,
 h

ow
ev

er
, c

an
no

t b
e 

re
ta

in
ed

,
an

d 
so

m
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

The Future of Aerospace 
http://www.nap.edu/catalog/2101.html

http://www.nap.edu/catalog/2101.html


ALEXANDER H. FLAX HIGHLIGHTS OF AN ENGINEERING CAREER 6

Ab
ou

t t
hi

s 
PD

F 
fil

e:
 T

hi
s 

ne
w

 d
ig

ita
l r

ep
re

se
nt

at
io

n 
of

 th
e 

or
ig

in
al

 w
or

k 
ha

s 
be

en
 re

co
m

po
se

d 
fro

m
 X

M
L 

fil
es

 c
re

at
ed

 fr
om

 th
e 

or
ig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 fr
om

 th
e 

or
ig

in
al

ty
pe

se
tti

ng
 fi

le
s.

 P
ag

e 
br

ea
ks

 a
re

 tr
ue

 to
 th

e 
or

ig
in

al
; l

in
e 

le
ng

th
s,

 w
or

d 
br

ea
ks

, h
ea

di
ng

 s
ty

le
s,

 a
nd

 o
th

er
 ty

pe
se

tti
ng

-s
pe

ci
fic

 fo
rm

at
tin

g,
 h

ow
ev

er
, c

an
no

t b
e 

re
ta

in
ed

,
an

d 
so

m
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

The Future of Aerospace 
http://www.nap.edu/catalog/2101.html

http://www.nap.edu/catalog/2101.html


Defense Aerospace and the New World
Order

WILLIAM J. PERRY

Fundamentally the ''new world order'' results from the new freedom in
Eastern Europe and the Soviet Union. The spirit of this new freedom is captured
by a memorable statement that Victor Hugo made about 100 years ago, "More
powerful than the tread of mighty armies is an idea whose time has come."

In 1989 the idea of freedom came to Eastern Europe. In 1991 it came to the
Soviet Union, and in both cases it proved to be more powerful than the mighty
Red Army. In each case, we have a powerful symbol of freedom. In December
1989, there was a student sitting on top of the Berlin Wall with a pickax in one
hand and a bottle of champagne in the other. In August 1991, it was Boris Yeltsin
standing on a tank with a microphone in his hand denouncing the coup leaders.

But this new order is more than symbols; it also has substance. Just two
months after Boris Yeltsin stood on the tank, President Bush announced a
unilateral reduction in the nuclear arms of the United States, a move that
essentially eliminates all the ground-based and sea-based tactical nuclear
weapons in the U.S. forces. A week later, President Gorbachev made a reciprocal
announcement. Subsequently, we have begun discussions with the new Russian
government on how to cooper
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ate in operating ballistic missile warning systems and how to cooperate in the
development of ballistic missile defense systems. How things have changed!

For more than four decades we have lived with the threat of nuclear war
hanging over our heads like a dark cloud, and now that cloud is drifting away. We
are truly entering a new era. This era is characterized in Russia by their second
great revolution this century. It is characterized by the end of the Cold War—and
confrontation with the Soviet Union being replaced by cooperative security with
Russia. Paraphrasing Albert Einstein, we may now say about our national security
that "everything has changed except the way we think."

How must our thinking change to accommodate the changes in the world? In
this new world order, we breathe easier because of the removal of the nuclear
threat, and we welcome a decline in the defense burden and the chance for a
"peace dividend." But it is critical for our future how this decrease in defense
spending is made. As we scale down defense spending, we need to do it in such a
way that we don't cripple our ability to deal with regional military threats, that we
don't lose our ability to reconstitute our military forces if a superpower threat
reemerges, and that we don't damage our commercial aerospace business.

Let us consider what kind of challenges these three criteria pose. About three
years ago, in an article in Foreign Affairs, I pointed out that the Soviet Union had a
new leader who seemed to be serious about introducing new thinking to foreign
policy. I suggested that this new thinking would lead to an end of the Cold War,
but that it would very likely lead to an increase in regional wars; that as a result,
there would be a decline in our defense budget and a restructuring of our defense
forces so that they could be more effective in regional wars, and that would lead
specifically to an emphasis on three technologies: stealth technology, C3I
(command, control, communications, and intelligence) technologies, and
technologies associated with precision-guided weapons. The forecast at that time
seemed radical. Today it seems timid. All of these things have happened. The
Cold War has ended, the regional wars have started. The changes occurred
sooner and more intensely than was expected when that article was written. The
war with Iraq demonstrated
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that the central problem for U.S. security into the next century will be dealing
with regional conflicts. One of the particular issues for the Defense Department is
the effectiveness in regional conflicts of a military capability that was developed
for an entirely different scenario, namely, war with the Soviet Union in central
Europe.

PLANNING AN UNFAIR ADVANTAGE

In the late 1970s when I was in the Pentagon, and before that time, we saw
the threat from the Soviet Union as a shortwarning attack of armored forces in
Europe, and we estimated that we would be outnumbered two or three to one in
such an attack. It was politically and financially unrealistic to try to deal with that
threat on a tank-for-tank basis, and therefore we developed the "offset strategy."
Basically the offset strategy called for putting primary emphasis on air power for
the protection of our military forces, but not simply better aircraft. The key was to
give those aircraft what we thought of as an "unfair competitive advantage"
arising from the support equipment that was supplied them: C3I, defense
suppression, and precision-guided weapons.

Those systems, which were developed in the 1970s and produced and
deployed in the 1980s, were used for the first time in Operation Desert Storm.
They demonstrated that forces with that capability have an advantage over forces
that do not have it—comparable to the advantage a tank army has over a horse
cavalry. In short, they simply outclass the opponents so that there is no contest.

The first critical component of this new capability is C3I. In Desert Storm we
pulled together a combination never before used in war. We used our
reconnaissance satellites, which were developed originally for national
intelligence, for combat support. We employed AWACS to get a continuous
order-of-battle of all air vehicles, and for the first time used a system called
JSTARS for a continuous order-of-battle of all ground vehicles. We made
extensive use of night vision. We made extensive use of global positioning
satellites to locate our forces on the ground. All of this gave our commanders
superb "situation awareness"; that is, they knew precisely where enemy
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forces were located, where friendly forces were located, and where they
themselves were located. At the same time, very early in that campaign, our
forces essentially destroyed the Iraqi C3I system. In effect, while our battlefield
commanders were uniquely capable of knowing what was going on in the
battlefield, the Iraqi commander's situation awareness was what he could learn by
looking out of the top of his bunker.

That was the first and most crucial component of this new military
capability. The second was the use of precision-guided weapons. The F-117
attack bomber conducted 1,300 sorties and dropped 2,100 laser-guided bombs.
Of these, 1,700 bombs landed within 10 feet of the designated aim point and
destroyed 90 percent of their targets. There is no precedent for that sort of
performance in any previous use of air power.

The final component was defense suppression. To appreciate the
accomplishment of our defense suppression system, it is necessary to understand
that the Iraqis had a modern, dense, netted, hardened air defense system. The air
defense around Baghdad in some ways was denser than the air defense around
Moscow. Historically, we could expect attrition losses of 1 to 2 percent, going
against that sort of an air defense. With the 3,000 sorties a day we were
conducting, if we had suffered 1 to 2 percent attrition rates, we would have been
losing 30 to 60 airplanes every day, and over a 30-day campaign we would have
lost 1,000 to 2,000 airplanes.

Instead of losing 30 to 60 airplanes a day, we lost about one a day. We had
about one-thirtieth of 1 percent attrition rate. This is a result of the introduction of
Stealth (the F-117 and the Tomahawk missile) and the use of antiradiation
missiles. The combination of these three essentially destroyed the Iraqi air
defense electronics subsystems. As a consequence, that air defense did not have
radars or command and control, and the Iraqis were left simply with guns, which
they could fire visually or in a barrage. It was a combination of visual and barrage
fire that gave them the one-thirtieth of 1 percent attrition results.

Equally important as these three separate components was the synergism
among them. The effectiveness of the defense suppression depended on the
precision-guided weapons. The
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effectiveness of the precision-guided weapons depended on the reconnaissance
systems to know where to target. The very survivability of the reconnaissance
systems depended on the defense suppression.

NEW CHALLENGES AFTER THE COLD WAR

Thus, the decisive factor in this war was an application of U.S.
technological capability, especially the truly extraordinary application of air
power deployed in what I would call a system of systems. This system of systems
was designed, developed, and produced in the United States aerospace industry.
It was not designed, developed, or produced in government arsenals. Our
aerospace industry, partly because of its own success, is now in danger of being
dismantled, much as we began to dismantle it in the period between the end of
World War II and the beginning of the Korean War. Therefore, defense planners
and aerospace industry leaders face two major challenges today. The Cold War
was the stimulus for the U.S. aerospace industry's development of the world's
most effective military capability; now that the Cold War is over, along with its
stimulus for defense spending, will we allow our capability to deal with regional
threats to erode?

The Cold War also provided the stimulus for defense R&D, which provided
the technological edge for our commercial aerospace industry and the
infrastructure that supported this industry and contributed substantially to U.S.
world leadership in this field. Over the last decade, the commercial aerospace
industry contributed more than $150 billion to a net positive balance of trade for
the United States. With the defense decline, will we allow this leadership to
erode?

It is fair to ask how well our present defense plan meets these two
challenges facing the aerospace industry today. Simply stated, our present
defense plan consists of bringing the forces down about 25 percent, maintaining
R&D at nearly the present level, phasing down most of our production lines, and
letting market forces determine what happens to the aerospace industry. Although
this oversimplifies a complex picture, I do not think I've misrepresented it.
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PROBLEMS AHEAD FOR THE AEROSPACE INDUSTRY

In my judgment, this strategy will not meet the challenges I have described. I
see serious problems ahead for the aerospace industry. This strategy could very
well lead to the collapse of the industrial military capability developed over the
past four decades, and it could lead to some decline in our commercial capability
as well.

The first problem is that the plan to sustain the R&D level will not be easy to
execute. We have through the last four decades maintained leadership in high-
energy physics, in manned space, in computers and software, in microelectronics
and advanced materials. Defense R&D played an important role in that leadership
position, but in all cases that R&D was supported and defended on the basis of
the Cold War. In the absence of the Cold War and the presence, of very real
economic problems in this country, it will be very difficult politically to maintain
defense R&D, which has supplied an infrastructure not only for the aerospace
industry, but for other industries as well.

Even if we can maintain defense R&D at present levels, there is still a
problem with this strategy. The problem is that R&D on the shelf is not so easy to
take off the shelf. The notion that one can tie a blue ribbon around an R&D
program and set it on a shelf for use when needed three or four years later is a
misconception of how engineering is done. The third problem with an R&D-only
strategy is that manufacturing skills are as important to our success as technology
skills. I do not see any emphasis in the Defense Department's strategy on
maintaining a manufacturing base.

CONSIDERING ALTERNATIVES

My consideration of alternative strategies would start by confirming the
strategy of sustaining the defense technology base. It should be maintained, not
because we want to put designs on the shelf, but because we want to keep
engineering teams at the state of the art, and this is a way to do it. It will be
difficult to justify for that reason, but that is, in my judgment, the reason to
sustain defense R&D at present levels.
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The reassembling and retraining of engineering teams Will certainly be the
longest lead time in any reconstitution of our military capability. So maintaining
engineering teams at readiness is a necessary, but by no means sufficient,
condition for reconstitution. In addition, it will be important to maintain a small
but modern production base for systems that are "defense unique." It is easy to
make up a short list of such systems: fighter aircraft, submarines, air-to-air
missiles, antitank missiles, for example. Many of the components in those
systems can be made in the commercial field, but the systems themselves have no
commercial counterpart; therefore we cannot count on market forces to maintain
them. If we do not maintain production lines at some level, we will simply forget
how to build fighter aircraft and submarines. It is hard to imagine how we are
ever going to reconstitute that capability in any reasonable time.

My third and final recommendation is for the government to take vigorous
action to integrate the defense industrial base with the commercial industrial
base. We can no longer afford the luxury of maintaining two separate bases. They
have to be brought together. To do that, we have to break down three critical
barriers. The first is the security barrier, the second is the specification barrier,
and the third is the procurement barrier. These barriers have been set up through
the decades based on the assumption that it was a good idea to have two separate
bases. Now the barriers are so successful that it is almost impossible to work
across them in an integrated facility. The most crucial of these, I think, is getting
rid of military specifications. We have to create a single set of military and
industrial specifications if there is ever any chance of reconstituting our military
capability, because the base from which we reconstitute it will be our commercial
industrial base, not our defense industrial base.

DIRECTIONS FOR DEFENSE AEROSPACE

What should defense aerospace companies be doing at this time? We have
about twice the capacity we now need or are likely to need at any time in the
foreseeable future. Therefore, there is going to be a substantial consolidation in
the aerospace industry. It is exceedingly unlikely that the government is
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going to take any action to guide or facilitate that consolidation. Some aerospace
companies will go out of business, some will merge out, some will hunker down,
and some will diversify. Only the strongest will be able to diversify and continue
to grow by entering other markets. It is very difficult to diversify into
commercial markets because of the unique culture and the unique facilities that
have been set up in defense companies. It is difficult but not impossible. There
are a few rules that can guide that diversification, based on a history of previous
diversification attempts. The trick is to try to generalize from the many failures
and the few successes of these earlier efforts.

The first generalization is that each company needs to stick to its knitting in
doing what it is really good at doing. If it is a systems company, it had better stay
in the systems business. If it is a component company, it had better stay in the
component business. Companies that try both to diversify into new markets and to
break away from the things that they have been doing well for decades are asking
for trouble.

The second generalization is that defense companies would do well to stay
away from consumer product markets. Instead, they should seek markets where
the customers are measured in the dozens, not in thousands or millions. That still
is quite a large market. The whole infrastructure of the United States—
transportation systems, telecommunications systems, air traffic control systems,
energy systems, environmental systems—is made up of large projects dealing
with relatively sophisticated customers.

The third generalization is that defense companies, as they go into
commercial diversified markets, would do well to enter into partnerships or joint
ventures with companies that already have the required marketing skills, instead
of trying to do it independently.

Graham Greene once said, "There always comes a moment in time when a
door opens and lets the future in." A door has opened and the future is coming in,
whether or not the aerospace industry is ready for it. Our task is to get out in
front to shape this future instead of being shaped by it.
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The Future of Manned Spaceflight

AARON COHEN

U.S. manned spaceflight, a program whose technical heritage encompasses
years of research in both aeronautics and rocketry, in February 1992 marked the
thirtieth anniversary of America's first orbital mission. This milestone offers an
appropriate vantage point from which to review the lessons of the past and to
offer an assessment of how the future might unfold for this very visible, public
enterprise of research and exploration on the space frontier.

After more than three decades of space exploration, America's spacefaring
enterprise has evolved steadily to new levels of maturity and expertise in manned
and unmanned operations on the high frontier. Our exploration of space has
involved sending manned expeditions to study the moon, unmanned probes to
complete what has been called the first preliminary reconnaissance of the Solar
System, development of the world's first reusable manned orbiters, and the
deployment of observatory-class spacecraft to study the mysteries of the
universe. These vessels of exploration, both manned and unmanned, have
improved significantly over the past three decades, benefiting from both the
steady advance of new technologies and our growing maturity as a spacefaring
nation.

THE FUTURE OF MANNED SPACEFLIGHT 15

Ab
ou

t t
hi

s 
PD

F 
fil

e:
 T

hi
s 

ne
w

 d
ig

ita
l r

ep
re

se
nt

at
io

n 
of

 th
e 

or
ig

in
al

 w
or

k 
ha

s 
be

en
 re

co
m

po
se

d 
fro

m
 X

M
L 

fil
es

 c
re

at
ed

 fr
om

 th
e 

or
ig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 fr
om

 th
e 

or
ig

in
al

ty
pe

se
tti

ng
 fi

le
s.

 P
ag

e 
br

ea
ks

 a
re

 tr
ue

 to
 th

e 
or

ig
in

al
; l

in
e 

le
ng

th
s,

 w
or

d 
br

ea
ks

, h
ea

di
ng

 s
ty

le
s,

 a
nd

 o
th

er
 ty

pe
se

tti
ng

-s
pe

ci
fic

 fo
rm

at
tin

g,
 h

ow
ev

er
, c

an
no

t b
e 

re
ta

in
ed

,
an

d 
so

m
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

The Future of Aerospace 
http://www.nap.edu/catalog/2101.html

http://www.nap.edu/catalog/2101.html


Today that same spacefaring enterprise is undergoing subtle but
fundamental changes as it prepares for more advanced and comprehensive forays
on what John F. Kennedy called "this new ocean of space." In its program to sail
that new ocean, the manned spaceflight community, in particular, is moving
toward a space-based infrastructure in which a permanent presence in Earth orbit,
habitation of the moon, and exploration of Mars will be possible. Making use of
the unique environment of space is a hallmark of this planning effort, comprising a
host of new technology applications to take advantage of the microgravity and
ultravacuum conditions of space, as well as the abundant resources that await us
on the moon. No longer limited to singular forays into space, the program will
involve a wide range of missions and capabilities, all being brought to bear on the
larger goal of expanding humanity's presence out into the Solar System.

Predicting the specifics of how this enterprise will evolve over the next 10 to
20 years is difficult. A similar cautionary note occurred to Neil Armstrong when
he addressed a joint session of Congress a few weeks after Apollo 11. "Science
has not yet mastered prophecy," he said. "We predict too much for the next year
and yet far too little for the next ten." So while explicit predictions are difficult, it
is possible to focus with some precision on the trends and conditions that are
likely to affect the course of manned spaceflight in the next two pivotal decades.

It seems likely that Al Flax, whose contributions to aerospace the National
Academy of Engineering is honoring in 1992, could identify with the notion that
there are many, many variables to consider in attempting to forecast aerospace
trends. That steady hum always audible during Al's 10 years with Air Force
Research and Development in the 1960s was the sound of one technology after
another whirring past in a continuum of new capabilities, and Al's job all that
time was to sort among a vast set of options and match capabilities with
requirements. Among the aerospace trends that Al Flax has witnessed in his
career is the ever-advancing stream of choices and options facing program
managers, both in the Department of Defense and in the National Aeronautics and
Space Administration (NASA),
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with regard to the technological possibilities for meeting a given mission
requirement.

''Consider the changes which have taken place in the past 25 years,'' he told
the Philadelphia section of the American Institute of Aeronautics and
Astronautics in 1964. "Before and during most of World War II, the only
aerospace vehicle of any interest or utility to the Air Force was the subsonic
airplane with a reciprocating engine power plant. Today we have in the active
inventory of strategic weapons subsonic and supersonic turbojet and fanjet
bombers, supersonic cruise missiles, and liquid-fueled and solid-fueled
intercontinental ballistic missiles. The future holds an even greater variety of
possible strategic delivery systems."

Al summarized what this meant back then, and what it means today, in an
axiom that still holds true: "The management of this requires that we balance
many conflicting factors and throughout there is the necessity for choice."

What Al saw in 1964 is certainly still one of the overwhelming realities of
the aerospace business a quarter century later, and promises to be even more of a
challenge in the future. That is the remarkable characteristic of our industry—to
be swept along in a constant stream of technological innovation. Almost anything
we engineers can conceive of doing is, in the simplest sense, technologically
possible. Whether a project is politically feasible or economically viable or even
desirable is, of course, another matter.

Al Flax's career straddled the decades of this century when the capabilities
of our technology snowballed and our knowledge base increased geometrically.
One of the reasons we pause to recognize his contribution today is that he was
able to see the changes in our technological outlook as they were happening.
During that same speech in 1964, Al said, "In the past, projections into the future
have often been characterized by axioms of impossibility in the form of
limitations on the future potential of science and technology that were thought to
be inescapable consequences of physical laws."

By way of example, he cited the general belief during the 1930s that there
was a limiting subsonic speed for aircraft, and he described how this was based
on what was then known

THE FUTURE OF MANNED SPACEFLIGHT 17

Ab
ou

t t
hi

s 
PD

F 
fil

e:
 T

hi
s 

ne
w

 d
ig

ita
l r

ep
re

se
nt

at
io

n 
of

 th
e 

or
ig

in
al

 w
or

k 
ha

s 
be

en
 re

co
m

po
se

d 
fro

m
 X

M
L 

fil
es

 c
re

at
ed

 fr
om

 th
e 

or
ig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 fr
om

 th
e 

or
ig

in
al

ty
pe

se
tti

ng
 fi

le
s.

 P
ag

e 
br

ea
ks

 a
re

 tr
ue

 to
 th

e 
or

ig
in

al
; l

in
e 

le
ng

th
s,

 w
or

d 
br

ea
ks

, h
ea

di
ng

 s
ty

le
s,

 a
nd

 o
th

er
 ty

pe
se

tti
ng

-s
pe

ci
fic

 fo
rm

at
tin

g,
 h

ow
ev

er
, c

an
no

t b
e 

re
ta

in
ed

,
an

d 
so

m
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

The Future of Aerospace 
http://www.nap.edu/catalog/2101.html

http://www.nap.edu/catalog/2101.html


about transonic drag rise and the limitation of the powerplants of the day. Al also
drew from the well of history the dubious proclamation of Lord Rutherford, one
of the founding fathers of nuclear physics, who, only seven years before the first
fission reaction, predicted that humankind would never harness the energy of the
atom. Since that time, however—and Al was tapping into this as early as the
mid-1960s—"the tendency has been in the opposite direction."

"We now tend to believe," he said, "that science and technology can (still
operating within the laws of physics) achieve almost any desired result, given
enough money and competent people. And it is true that the range of
technological possibilities open to us is now very large and steadily growing
larger. The test that we now have to apply in making decisions to initiate new
developments is increasingly not 'can it be done' but 'do we want it more than
something else which is also doable?'"

There, in one tidy nutshell in the spring of 1964, in the Pick-Carter Hotel in
Cleveland, Al Flax put his finger on the reality of U.S. manned spaceflight—
past, present, and future. There is, on the one hand, the purely technical
consideration consisting of that which you can do and that which you cannot yet
accomplish. On the other hand, there is the political process, which in the case of
staging a program for human exploration of space, consists of that which you
have the necessary national resolve to undertake and the appropriate political
coalitions to accomplish.

Those forces do not tend to interact gracefully, and that is one reason why
America's space enterprise is often the subject of a contentious and rather high-
pitched debate. Forging a consensus on space exploration is difficult. There are
many interests and priorities competing for limited resources. This country's total
investment in the civilian space program since the creation of NASA in 1958 has
been, in 1990 dollars, $410 billion. That is a considerable sum to be sure, and I
know history will judge that it has been money well spent. The White House
Office of Science and Technology Policy recently concluded that at least one-
third of America's economic growth in the past 50 years has been the direct result
of investment in science and technology programs. There is a payoff to the

THE FUTURE OF MANNED SPACEFLIGHT 18

Ab
ou

t t
hi

s 
PD

F 
fil

e:
 T

hi
s 

ne
w

 d
ig

ita
l r

ep
re

se
nt

at
io

n 
of

 th
e 

or
ig

in
al

 w
or

k 
ha

s 
be

en
 re

co
m

po
se

d 
fro

m
 X

M
L 

fil
es

 c
re

at
ed

 fr
om

 th
e 

or
ig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 fr
om

 th
e 

or
ig

in
al

ty
pe

se
tti

ng
 fi

le
s.

 P
ag

e 
br

ea
ks

 a
re

 tr
ue

 to
 th

e 
or

ig
in

al
; l

in
e 

le
ng

th
s,

 w
or

d 
br

ea
ks

, h
ea

di
ng

 s
ty

le
s,

 a
nd

 o
th

er
 ty

pe
se

tti
ng

-s
pe

ci
fic

 fo
rm

at
tin

g,
 h

ow
ev

er
, c

an
no

t b
e 

re
ta

in
ed

,
an

d 
so

m
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

The Future of Aerospace 
http://www.nap.edu/catalog/2101.html

http://www.nap.edu/catalog/2101.html


programs NASA pursues. But the payoff is not always immediate, nor is it
always easy to assess. In these tight budget times, space exploration becomes an
easy target for reductions.

So if we are going to address the future of manned spaceflight, we have to
recognize at the outset that here is an enterprise that not only has to navigate in
outer space but also has to ply that somewhat murky realm where capabilities,
budgets, policies, politics, and the media all meet. If I might suggest an axiom
here, it would be that the greatest challenges of manned spaceflight, now and in
the foreseeable future, do not begin at the launch pad. One must get to the launch
pad first.

Another truth that should be addressed in this discussion is the reality of
what we are trying to accomplish with the program for human exploration of
space. It is, at its heart, an engineering endeavor. Science is a part of it; scientific
knowledge will come as a result of it; but first and foremost, this is an effort to
engineer our way into the future. We are creating a transportation system and an
exploration capability, and that is primarily an engineering task. We have a great
deal more to learn and a great deal more work to do before the essential
engineering challenges of spaceflight are comfortably behind us.

Assessing the future of manned spaceflight in many ways depends upon how
successfully we make the case for space exploration and how effectively we
argue for the necessary tools to get the job done. That is a tall order, given the
nature of the debate over spaceflight.

Media coverage of the Space Shuttle Program, for instance, tends to
concentrate on whether a mission departs five seconds or five days late, whether
there are any aggravating technical glitches, and whether or not the flight crew is
feeling well. All of these are important considerations, of course, and they are of
understandable interest, but in a larger sense they are superficial to the broader
panorama of what we are learning and accomplishing during these missions.
There is a general lack of appreciation for the technical accomplishment involved
in lifting four-and-a-half million pounds of machine straight up from a launch
pad—and doing it safely—which in the minds of some are two mutually
exclusive propositions.

In assessing where we are going with manned spaceflight, it is important to
understand where we have been and what
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we have learned. Like any largescale engineering program of long duration, the
manned spaceflight program is constantly building upon its own foundations.
That is probably the single most compelling reason why, from a technical
standpoint, we need a space station. But before considering the construction of a
destination, a place to go in low Earth orbit, let us first consider how we get
there.

The shuttle, which is today the planet's most reliable launch vehicle,
represents essentially the third generation of U.S. manned spacecraft, but as a
reusable, winged space plane, it is also a first-generation design in its own right
and something of a radical departure from the designs that preceded it into space.
As a flying vehicle, the shuttle is much more than simply the product of 30 years
of space-age engineering. It is primarily a result of America's aviation heritage as
well. In that sense, the shuttle represents a technological leap beyond the Mercury
spacecraft in the same way that a Boeing 767 represents a quantum leap beyond
the DC-3. It took 50 years to make that kind of leap in large transport aircraft and
about 25 years to make that same kind of improvement in our manned spacecraft.

In that time, we increased the weight of the vehicle more than 75 times,
expanded the habitable volume from 36 cubic feet to 1,765 cubic feet, and
extended the number of engineering measurements—our insight, if you will, into
how the vehicle performs—by a factor of 100. The fact that the U.S. manned
spaceflight program had the tools and the knowledge to accomplish this in so
short a time is the product of more than half a century of steady, prudent
investment in basic aerospace research and development.

Since the first flight in April 1981, the shuttle fleet has logged more than 100
million statute miles and more than 300 days in space. The distance traveled in
the shuttle program—in excess of one astronomical unit—is more than was
logged by all previous U.S. spacecraft combined. Yet for all of that, we are still
just at the beginning of developing a robust spacefaring capability.

It is interesting to note, as a gauge of our actual experience in space, that a
total of 11,840 days have elapsed from October 1, 1958, the day NASA opened
for business, until today. In all of that time, including the most recent space
shuttle flight,
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there have been 672 days when at least one American was aloft in space. That is
not an overwhelmingly impressive number when one considers the scope of the
challenge ahead and the nature of the lessons that still must be learned. In all the
time that has elapsed in the 33 years since NASA began exploring space, we have
actually had people in space only a little more than five-and-a-half percent of the
time.

Yet a fundamental truism of space exploration is that we learn by doing.
Time aloft helps us hone our skills. Many of the tasks we accomplish routinely
today would have been well beyond the scope of our capabilities in the 1960s. A
more enduring presence in space, then, is considered to be the key to advancing
many of the technologies, skills, and processes necessary to fulfill the agenda
that now seems likely for manned spaceflight.

That agenda was set by President Bush in the summer of 1989 as we paused
to celebrate the twentieth anniversary of the first lunar landing. In marking that
occasion, the President proposed a long-range space exploration program that set
three goals for the U.S. space program. The first goal is the construction of Space
Station Freedom, to be complete by the end of this decade. The second goal is to
return to the moon and establish a lunar base. The third goal is to embark
eventually on manned expeditions to Mars. In that speech, what the President
proposed was expanding the human presence off-planet. That is certainly
something to think about.

NASA has made substantial progress in pioneering new technologies to take
advantage of an expanded American presence on the space frontier. In fact there
are three key technologies emerging from our research into Space Station and
lunar base operations. Each of the three technology applications has the potential
in the years ahead to exert a profound effect on our society and on American
competitiveness in the global marketplace.

One application is in the field of medicine and involves recent advances with a
device called the rotating wall vessel, also known as the "bioreactor." Originally
developed to take advantage of the microgravity environment aboard the Space
Station, the device has shown tremendous promise on the Earth in helping to
understand and emulate tissue growth. Today,
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as we seek to learn about and treat diseases and disorders in the body, we are
limited to a two-dimensional understanding of how cells grow and replicate in the
body. We are limited by the way those cells can be grown in a petri dish, for
example, or by the laborious process involved in taking skin samples and growing
new skin for burn victims. With the bioreactor, we are now beginning to learn
how to grow cells as the body grows them, in three dimensions and in the form of
tissue, rather than simply a collection of cells. What this suggests, for the not-so-
distant future, is astonishing. For example, it may even be possible to grow whole
new organs, such as kidneys, for patients who need them.

These tantalizing possibilities are more than dreams. They are real. We are
making great strides in the bioreactor program even as we speak, and have
already conducted the first test flight in space aboard the shuttle. It is also worth
noting here that the President's Council on Competitiveness last year predicted
that biotechnology will grow from a $2-billion-per-year industry to a $50-billion
industry within a decade.

A second promising technology would also take advantage of microgravity
and the near-perfect vacuum of space to produce high-quality, thin films with
immense potential to the nation's semiconductor industry and other applications.
The Space Vacuum Epitaxy Center, working with NASA, is now preparing for
the first flight of its Wake Shield Facility aboard the space shuttle next year. The
goals of the program are to produce new electronic, magnetic, and
superconducting thin films both in space and in terrestrial laboratories. The key to
this approach is that it would be possible to conduct these processes in a vacuum
chamber without walls. Researchers believe the approach has the potential to
achieve defect-free performance in superconductor production by allowing atoms
to do what atoms want to do. Defect-free chip performance implies smaller chips,
and the smaller the microchip, the faster its performance. It is difficult to set
limits for how this technology might be applied in the future.

This is the first program to characterize and use the ultravacuum of low
Earth orbit. It is the first program to yield advanced technologies in thin-film
processing. It is the first program to develop a U.S. free flyer platform for
ultravacuum and microgravity
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applications. All the while, the worldwide semiconductor market is growing. It
now stands in excess of $40 billion a year and is expected to increase by a billion
dollars a year into the foreseeable future.

The third promising technology application awaits us on the moon. We know
from the Apollo lunar surface samples that metals such as iron, aluminum,
magnesium, and titanium are on the moon in abundance. We also know that we
can process silicon and oxygen from the lunar regolith. But one other item found
on the surface of the moon could ultimately surpass all of these in importance.
Over millions of years, the solar wind has deposited vast quantities of the isotope
helium-3 onto the surface of the moon. This isotope, which is quite rare here on
Earth, has in laboratory tests shown great potential for future fusion reactions
with deuterium. The energy produced from such a reaction has been comparable
to those produced by reactions using tritium, but the by-products using helium-3
are completely harmless. There would be no radioactive by-product and no long-
term storage and disposal problems.

Fusion, of course, is a long way off. The best guess is that we are 40 years
away from a workable, widespread utility network based on fusion technology.
But the fusion reaction last fall in England by a European team tells us that we
are making progress. Since the best estimates are that the equivalent of one
shuttle cargo bay of helium-3, using fusion technology, could provide the entire
U.S. energy requirement for one year, it quickly becomes a topic for serious
thought and planning.

If we are going to take advantage of these and a host of other technological
opportunities on the high frontier, we need to move ahead with developing and
settling that frontier. In considering the future of manned spaceflight, I would
argue that 50 years from now, in the year 2042, when our lunar laboratories have
grown into small settlements and when humans are beginning to fan out onto the
plains of Mars, history will regard the decision by President Bush to engage the
nation in a program of large-scale space exploration as having a resonance across
the decades, and perhaps as being fundamentally more important than any other
public policy decision of our time.

Yet the implications of all of this, technically speaking, are enormous.
Shortly after the President announced these goals, I
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was asked by NASA Administrator Richard Truly to lead a 90-day study
examining our capabilities and our options for carrying out this program. The
study determined that in order to return to the moon to set up permanent scientific
facilities, we will have to be able routinely to place 500,000 pounds of equipment
and provisions into low Earth orbit. We will have to be able to boost that up out
of Earth's gravity well and then propel it to the moon. This is the kind of task
space engineers often refer to as "nontrivial." Thus far in the space age, history's
two largest boosters, the U.S. Saturn V and the Soviet Energia rocket, have
achieved a rated capacity of less than 250,000 pounds to low Earth orbit.

A second sobering number is apparent in scenarios for getting to Mars. For
each expedition, it is estimated there will be the need to place about two million
pounds of equipment and provisions in low Earth orbit before we can even start
the journey to Mars. Thirty years ago, Wernher von Braun envisioned a super
booster called Nova, which would have dwarfed the mighty Saturn V, and would
have been able to loft half a million pounds to low Earth orbit, one quarter of
what we need to get just one team of explorers to Mars.

Many of the other critical variables we face today in preparing for such
endeavors grow out of such requirements and out of the options we will choose
from to meet those requirements. Just as Al Flax envisioned, there are always
choices to be made, and each choice will have its own ripple effect downstream in
the twenty-first century. Consider some of the choices we face. In sizing the
launch vehicles we are about to build, we must first decide between in-space
assembly or direct transport of habitats to the surface of the moon and Mars. We
have to choose between chemical, electric, nuclear, or other forms of propulsion.
We have to a decide whether these missions will evolve over time or take the form
of full-blown expeditions. Do we have the capability to build closed life-support
systems?

How are we going to address the issue of radiation protection and shielding,
and what level of weight penalties will that entail? Should we try to perfect
artificial gravity for our Mars vehicles, or invest in physiological
countermeasures so that humans can thrive in zero-g for two or three years?

I believe that in time the scenario suggested by President
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Bush will come to pass. The economic implications alone of making use of a
perfect vacuum, of mixing substances at a molecular level in microgravity, of
achieving a better understanding of the human body, and of the promise of using
the abundant resources out there in space will cause us, as a nation, to embark on a
series of greater, more complicated efforts in space exploration.

I also believe that we as stewards of the nation's space exploration program
can have some positive influence on the way in which that future unfolds. I
believe the realities of the present day suggest five things we in the space program
can do to help bring about the capabilities that are now on the drawing boards of
NASA.

Our first task must be to tell the story of spaceflight better. We have to help
the taxpayers understand what it is they are investing in, and why. We have to
share our vision for the future.

The second thing we have to do is to help promote a consensus and a
constituency for spaceflight and for exploration.

A third goal must be to move ahead with Space Station Freedom in this
decade. We have to cut through the politics and the indecision and get on with it.
An orbiting research laboratory is essential to our future in space. Right now, we
are limited in what we can do out there on the space frontier by two things: the
human body and the space environment itself. Spaceflight has a pronounced
effect on the body. It affects space travelers at the cellular level, and we see
changes in the heart, the lungs, the kidneys, the blood vessels, the hormone-
secreting glands, and the bones. Muscles lose protein, bones lose calcium, and
metabolic processes such as the production of hormones, red blood cells, and
white blood cells may be altered. We cannot prudently commit to the challenges
ahead until we better understand how to keep people healthy and productive out
there.

We also need to learn more about space basics. Even after 30 years, we still
have fundamental questions about such prosaic things as paints, coatings, metals,
wiring, spacecraft design, and a whole host of other considerations. The shuttle,
versatile as it is, can only do so much to help us in the learning process because
its "stay time" in space is limited. For these
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and other reasons, whatever exploration architecture we may ultimately chose,
the Space Station is the first crucial engineering step that must be taken.

The fourth goal is to reduce the cost of flying the shuttle. These are difficult
financial times, and we have to seek greater efficiencies in our spaceflight
operations. To that end, NASA has embarked on a five-year program to reduce
the shuttle's operating costs by 15 percent. We intend to do this while also
preserving our safety margins, whatever the cost. At the same time, there is a
payback from flying reusable vehicles, and we must learn to take better advantage
of it.

One of the main values of the shuttle is its reusability. It is that quality which
has helped make the shuttle so reliable. The more we fly the orbiter fleet, the
more we learn and the more understanding we have of how each system performs
in a given circumstance. As we get smarter, I believe we can safely take
advantage of these insights and improve the overall efficiency and operation of
the system.

Finally, we must make a firm commitment within NASA to hold the line on
cost growth of new programs. This is difficult to do, especially within
government programs, because the uncertainties of the year-to-year
congressional budget process expose new programs to a series of fits and starts.
Some programs are turned off and on like a light switch for years before they
finally achieve any sort of stable funding. By the same token, NASA must
develop a better track record of meeting cost commitments if we are to enjoy
congressional support in the future as these more costly and more ambitious
projects are being debated. This is one area where we have to do better. And we
will do better.

The future of manned spaceflight, while promising, faces many challenges.
We see various technical barriers on the horizon, but that is the rule, rather than
the exception, in the business of aerospace. In time, we will solve those problems
and then move on to the next set of challenges. In 1951, when Al Flax signed his
affidavit of appointment to a subcommittee of the National Advisory Committee
for Aeronautics, supersonic flight was still a rarity, wind tunnels were still unable
to emulate flight in that regime, and the computational capabilities of the time
were, by today's standards, almost prehistoric.
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It was the year that Bell Telephone gave transistors their first commercial
application in a new long-distance, direct-dial telephone service; the year that
Chrysler first installed power steering in 10,000 Crown Imperial sedans; the year
that CBS began broadcasting in color; and the same year that a new coaxial cable
carried the first transcontinental television broadcast. Today, we are accustomed
to live transmissions from Neptune, delayed only by the four-hour, one-way light
time to Earth.

Al Flax, and most of the rest of us here today, have been fortunate to live in a
time when we see old barriers falling. We have witnessed firsthand the exciting
changes that technological progress has brought. As we pause to mark the
contribution Al Flax has made to aerospace, and to consider the future of this
industry, we can be certain only that change will be our constant companion, and
that the results of our efforts will never cease to amaze us.
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Aviation: The Timeless Industry

BRIAN H. ROWE

From an engineering perspective, we may be entering the most exciting,
rewarding, and interesting time during which one can work in the U.S. air
transportation industry. At the same time, we may be entering a period of steadily
declining U.S. leadership in civil aeronautics—if we allow ourselves to become
complacent. This paradox stems from the fact that world airline economics are in
dreadful shape, even though opportunities for technical advances in civil aviation
abound. To maintain our leadership in this environment, we must shift our focus
from ''high tech'' to cost-conscious designs made possible through concurrent
engineering, coupled with better-than-ever customer support.

THE AVIATION INDUSTRY

For the most part, I am optimistic about the long-term future of the aviation
industry, 10 to 20 years out. I believe that, despite the current problems, a more
streamlined, cost-efficient industry can and will emerge out of the ashes of 1991
and 1992, yet there are still some serious financial problems that will continue at
least through 1994.
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In 1991 the world's airlines sustained a record loss of $4 billion. Losses by
U.S. airlines accounted for half of that total. Projections for 1992 were for more
of the same. An upturn was forecast for the second half, but that will only slow
down the losses, not eliminate them. Commercial air traffic was down in 1991,
and fuel prices were up 50 percent because of the war in the Persian Gulf. Pan
Am, Eastern, and Midway ceased operation; TWA declared bankruptcy.

As a result, many aircraft orders have been canceled or postponed. Boeing
cut its 737 line from 21 to 17 and then to 14 aircraft a month. Unsold aircraft
stand idle in the desert. This disappointing picture is the result of global recession
occurring simultaneously with the final phase of the airline shakeout that started
10 years ago. In addition, there has been a dramatic cutback in military
production, which will continue and probably even accelerate over the next
several years.

There appears to be no uniform national strategy to encourage and
accommodate the planned, healthy growth of air transportation. For example, the
United States and other large industrial nations suffer from the debilitating
congestion of their airports and related infrastructure. This situation leads to
excessive delays and reduces the high level of service needed to keep old
customers and attract new ones. Both market development and cost efficiency are
adversely affected as a result.

The United States is also showing an alarming trend toward losing its
market share and cost-competitive technological edge in civil aeronautical
equipment. American products have historically dominated civil aeronautics. The
United States enjoys a worldwide market share of 70 percent for jet transport
aircraft and 80 percent for jet propulsion. Aviation products designed and built in
the United States are the bright spot for U.S. exports; the U.S. aviation industry
contributed a $16-billion positive balance of trade in 1991. Yet its market share is
definitely eroding. Part of the reason for erosion of American market share is that
U.S. transports have lost some of the strong technical edge they once had as well
as some of the financial ability to support their customers.

Airbus Industrie is a strong number-two competitor to Boeing and is
growing. Their backlog in number of aircraft is double
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that of McDonnell Douglas. Airbus just came off their first profitable year in 20
years of business. They also have outstanding engineering, as the United States
has, and we must not forget that. Their product families of A300s, A310s, A320s,
A340s, and soon the A330, are strong and competitive.

Coupled with the European success in the large aircraft market is the intense
competition in the small, regional jet transport market for 50-to 100-passenger
aircraft—a market dominated by foreign products such as the British Aerospace
BAE 146, the Canadair Regional Jet, the SAAB 2000, and the Fokker 100.

This erosion of market share applies to propulsion as well. Rolls-Royce is
building good products. Their market share may currently be less than 20 percent
of the world fleet, but that is primarily because Pratt & Whitney and GE Aircraft
Engines are formidable competitors with large customer bases. Pratt & Whitney
and GE Aircraft Engines cannot afford to become complacent in this uncertain
environment. We must continue to strengthen our ties with partners such as
SNECMA, IHI, MTU, and others.

In spite of these economically difficult times and fierce international
competition, air transportation is one of the world's sustained growth industries. I
call it a timeless industry. In the global society we are becoming, people are
increasingly relying on air transportation to cross geographical boundaries at
greater and greater speeds. And aviation technology continues to evolve to meet
the growing demand. During the past three decades, commercial aviation grew at
an average sustained rate of 7 percent a year in revenue passenger miles, and it is
forecast to continue growing at an annual rate of 5 percent for the next 20 years.
Revenue passenger miles are projected to hit 2 trillion by the year 2003 and 3
trillion by 2015. Most of this increase in traffic will necessitate new aircraft,
provided this new equipment is cost competitive with the old equipment currently
in use. As members of the National Academy of Engineering, we must help to
ensure that U.S. products maintain a significant share of this giant market. It is
our game to win or lose. We have the brains; we just have to manage our
resources better.
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THE TECHNOLOGICAL AND MARKET CHALLENGES

I suggest three essential strategies to keep the U.S. aviation industry
preeminent. First, we must lead in cost-competitive technology—and that
includes product, manufacturing, and services. Second, we must continue to take
the initiative in fostering international partnerships. Third, we must seek new
ways to work smarter, more productively, and with greater speed. We must
become more skillful with the capital and technical resources we have, because
they are limited.

I firmly believe these strategies will work. The classic categories of
propulsion, aerodynamics, materials, avionics, and controls have formed the
foundation of the aviation industry as we know it. Technology in these areas will
continue to drive our future, but not as it has in the past. During the next 30
years, we can produce some dramatic advances in subsonic transportation. But to
do so, we must have cost superiority in development and manufacturing. Part of
this improvement will come from smarter design, better integrated
manufacturing, and improved process development. Part of it will come from
advances in manufacturing technology—better use of equipment, better factories,
better systems, better quality control. The computer is revolutionizing design,
development, and manufacturing. Just as important, we must build on the work
we have done toward creating organizations without boundaries.

The major part of future gains in development and manufacturing will come
from the training and motivation of our human resources. A management
revolution has already begun, and it must be accelerated. People must become an
integral part of the process and the solution.

Costs are a huge driver for our customers, who must make their decisions
based on bottom-line payoff. At present the U.S. aviation industries are providing
good value, but we need a more compelling edge to maintain our market share
and worldwide partnerships.

Substantial gains are available to subsonic aviation in environmental areas
such as noise reduction and cleaner engine operation. More stringent
environmental requirements are certain to be forthcoming. In addition, advanced
U.S. propulsion will afford us an edge in market competition. The opportunities
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for improvements in propulsion are still greater than in any other technology—
even greater than those for advanced aerodynamic materials and airframe
structures, but we must focus on how to make the best use of our technologies to
reduce total cost. Reaping these gains will help ensure continued growth of air
transportation through lower fares and a better environment.

TECHNOLOGY AND MARKETS ARE INTERNATIONAL

The United States should always strive to have a competitive advantage such
as we currently enjoy in subsonic technology. The Europeans and the Japanese
will continue to be aggressive in this area, and we must stay ahead of them if they
are to continue to be our partners rather than the reverse. With the purpose of
strengthening its national position, the United States should lead the world in
bringing together the world's best human and technical resources toward a goal of
creating more-affordable advanced subsonic flight systems.

This strategy should be applied toward the development of the high-speed
civil transport (HSCT) as well. We know that the Europeans and Japanese are
moving into HSCT technology. They have strong support from their
governments, and their efforts are progressing faster than ours in some key areas
—takeoff lift and aerodynamics, for example.

At the same time that we are working toward increased NASA emphasis on
advanced subsonic initiatives, GE and Pratt & Whitney are advocating, in the
short term, passage of a NASA budget that includes HSCT program dollars to get
the concept accepted. The GE and Pratt & Whitney agreement to pursue
propulsion development for an HSCT is perhaps the first step in putting the
national interest over wasteful, duplicative uses of resources. This will generate
interest from our foreign partners that we could have a real team effort for the
development of an HSCT.

A new effort of considerable magnitude and technical complexity will also
attract the best and brightest people to our industry. Such an effort will help to
make our industry an exciting place to work—a place in which young talent will
set lofty goals as they plan their careers. As I mentioned previously, it is
important to recognize that the United States is
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unlikely to "go it alone" in the years ahead. For the foreseeable future,
international partnerships will push technology. GE's relationship with SNECMA
is a good example of how teams can work together and produce cost-competitive
products.

An important criterion for any partnership should be that it increases GNP,
short-and long-term, for all concerned. This is the way GE and SNECMA viewed
collaboration on their CFMI family of engines. The partnership has received
orders for more than 10,000 CFM56 engines in the past 12 years, and we have
extended the life of the DC-8 aircraft. The re-engining of the late DC-8s created
jobs for GE, McDonnell Douglas, and our suppliers, In GE's case, that could
include as many as 750 suppliers—smaller companies that count on us for their
livelihood. Moreover, these engines gave birth to a new line of Boeing 737s and
to the Airbus A320 and A340, the production of which also created jobs.

Efficient, clean engines, like the CFM56 family, in the medium-range class,
helped make the hub-and-spoke strategy possible. As a result, more jobs were
created. I should add that our successful military engagement—Desert Storm—
was helped considerably by the vastly improved, re-engined KC-135R tankers
with CFM56 engines.

When I look at international technical and economic partnerships, I see two
blades of grass growing where one grew before, and that is good for everyone.
Today in Cincinnati, there are Italian, Japanese, and French technologists working
side-by-side with us, and we have engineers in their countries. We have teamed to
protect our technology in these partnerships, and, today, SNECMA is a valued
partner and not a competitor. Our partnership with SNECMA is a good example,
but GE also has successful partnerships, joint ventures, and co-production
arrangements with 12 other international companies.

We have learned that we must share to gain. If we do not share, our foreign
customers will go elsewhere. If we share, we will increase U.S. jobs, improve our
balance of trade, and hold our market share. We should not plan on total
domination of the market, however. I expect that during the next decade, the
emergence of a flight system for high-speed travel will be a world system and not
controlled by any one country. Such a system demands too many capital and
technical resources
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for the United States, France, Germany, or Japan to dominate. I would like to see
us lead this effort, but we must earn this right by having the technology base on
which to build a superior product.

THE FLIGHT PATH TO THE FUTURE

As we look to the future, consider these two points. First, we are grossly
mistaken if we start believing that profits on a sale are created in marketing.
Profits are created when design, engineering, and manufacturing work together to
create and execute cost-competitive technologies. The initial challenge is to make
better quality products at the lowest possible cost and to deliver the best value to
the customer with improved speed and quality. The resultant products must
anticipate the changing dynamics of the marketplace and give a company its
edge. Clearly, the customer and the marketplace dictate price today. That is true
for the airlines as well as for manufacturers. If manufacturers price a flight system
too high, the airlines will not buy. If airlines price the seat too high, the public
will not fly. That is why the lower a company can drive down production and
operating costs, the more successful it will be as a supplier.

In the final analysis, we are all suppliers. We supply technology, airframes,
and engines; the airlines supply seats. The more that U.S. companies can help
expand the aviation market by making travel more affordable to the ultimate
customer, the more secure they will make the United States in maintaining its
leadership in aviation technology.

My second point is this: Our industry needs well-reasoned U.S. economic
policies. There are many ways to generate resurgence in this economy. An
accelerated depreciation allowance and an investment tax credit to businesses
that invest in improving productivity and quality would be good places to start.
The Congress should work with the airlines and manufacturers to look for ways to
make the aviation infrastructure perform better.

We need airport improvements and extensions as well as continued
investment in air traffic management. We need rapid transit systems connecting
airports with central cities to im
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prove passenger access. We need to take the inconvenience out of travel. We also
need investment to help improve the competitiveness of our industry.

There is no question that the years ahead can be exciting, but there are also
no guarantees of the necessary economic growth. The civil transportation industry
has the right products and the right talent, but industry, higher education, and
government must work together to aid the growth of the economy in this sector.
This requires eliminating the petty boundaries that exist.

In every one of the businesses I manage at GE—large commercial, small
commercial, marine and industrial, and military engines—we are looking at a
"clean sheet of paper." The new ways of operating that emerge will provide the
foundation for developing the cost-competitive technology that will power us into
the next century—efficient, high-quality, and reliable technology. To the
engineer in me, that's exciting. To the businessman in me, that means incredible
opportunities and growth ahead.

The future is opportunity, but it is also challenge. Sustained economic
growth for U.S. aviation will come about only through a renewed national
interest in aviation technology. As a country, we need continued investment in
resources that push technology as well as a new cooperative spirit between
industry, government, and universities. We need a civil aeronautics initiative that
makes the aviation industry a national priority. Finally, we need the youth of the
nation to be engaged by the vision and excitement that this industry holds for
their future.
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Higher-Order Technology: Applying
Technical Excellence to New Airplane

Development

ALBERTUS D. WELLIVER

There is a misconception today about what technology really is. Technology
has now come to mean specific things: fault-tolerant computers, portable satellite
phones, featherweight composite materials. But these individual items, however
important they may be, are not examples of the true meaning of the word
technology. Instead, these are examples of technical excellence.

Are they important? Yes. But there is a higher form of technology at work
behind these specific pieces of equipment—behind the benefits they produce. The
ultimate technology is not based on microchips, alloys, or composites. Instead,
higher-order technology is based on human experience, wisdom, and judgment.
Higher-order technology is knowing how, where, and when to apply individual
instances of technical excellence. In short, the development of technical
excellence is essential, but it does not mean much unless it finds its way into a
product and produces a benefit.

In aviation, the ultimate technology means listening to the customer and
adding value to the airplane. In Boeing's design process, every new technology
development must earn its way onto an airplane by adding value in one of three
ways: in
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creased safety, improved operational efficiency and economic utility, and greater
customer satisfaction.

Aviation history is full of examples of technologies that looked like winners
but fell far short of expectations. Some of the examples are tragic mistakes;
others are only humorous oddities, like Howard Hughes's Spruce Goose. Still the
biggest aircraft ever to fly, it now sits in an amusement park in Long Beach,
California. But the "Goose" was a true technical pioneer. Its compression-molded
birch construction is one of the earliest examples of composite materials.
Unfortunately, even with eight engines it was grossly underpowered. A single
mile-long hop was all it could manage. It is a classic case of technical excellence
in one area, the use of new material, but a lack of true technology in how to use
it.

Higher-order technology, the technology of knowing how to apply examples
of technical excellence, is now shaping the development of two exciting classes
of airplane. One is the development of large subsonic transports, including the
potential for new airplanes larger then any current commercial transports. The
other is the prospect of a high-speed civil transport (HSCT).

Although these two categories of airplane are very different, they do have
one thing in common: A successful design will depend on how technical
excellence is applied to the satisfaction of the customer. By themselves,
individual examples of technical excellence will not produce a winning design. A
good airplane is the result of good decisions, not just good components.

LARGE SUBSONIC TRANSPORTS

When the 747 was first under development in the mid-1960s, Boeing
engineers studied a number of different concepts. Some were simply stretched
707s. Others were all-new designs, including double-deck and single-deck
airplanes ranging from 250 to 500 passengers in size.

The stretched 707 was quickly ruled out. It was too small to serve a rapidly
expanding travel market. The decision was made to build a brand new airplane
that was much bigger. The question came down to whether to build a double-deck
or single-deck airplane. The choice was tough. Both had advan
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tages and disadvantages, and both configurations featured the latest in technical
excellence. This included such innovations as the first high-bypass turbofans, the
most advanced high-lift flap and slat combinations, and what was then a new
concept in avionics, the inertial navigation system.

But it was not any of these individual examples of technical excellence that
made the 747 a success. Instead, it was how this technical excellence was applied
to the airplane. If we had built a double-deck, single-aisle airplane, it would not
be able to carry the 8-foot-square containers that were beginning to dominate the
cargo market, and our customers told us we had to have container-carrying ability
to meet varying passenger and freight demand. The double-deck layout became
one wide, single deck with twin aisles. This configuration was wonderful for
passengers, and it produced the finest freighter in existence.

Wisdom, judgment, and experience produced a winning design that applied
the latest in technical excellence. But is was the human beings who decided how
to apply it that made the difference, not the hardware itself.

Today it is hard to imagine that the 747 could ever have looked any
different than it does, with its distinctive hump and graceful lines. Just picture how
the airplane would look if it had been built with the original decks, single-aisles,
and no hump. And just think about whether this airplane would have been
successful without its wide, twin-aisle layout.

Despite the many changes in configuration, the design process for the 747
was not unique. The decisions involved in applying technical excellence are
always complex. In any airplane program, many concepts must be explored
before the best solution is found.

The development of the 777 is an example of how this exploration process
continues to shape every design. The first 777s will enter service in 1995,
becoming the largest commercial twin-jet transports. The 777 is intended to meet
the market needs better than any other airplane in its class. It does this by
providing new levels of passenger comfort, unsurpassed operation economics,
and simplified maintenance procedures, to name just a few of the design
objectives.

As with the 747, the 777 incorporates many examples of technical
excellence. Included are fly-by-wire flight controls,
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lightweight composite materials, an advanced airplane information management
system, and state-of-the-art avionics. For instance, the air data inertial reference
system has 50 percent fewer parts, which improves reliability and eases
maintenance.

The fundamental question, though, is how to apply these and other examples
of technical excellence. When Boeing began thinking about the airplane that
would become the 777, many concepts centered on modifying the 767. As
surprising as it may seem now, Boeing thought about stretching the 767 and even
adding a double-deck section to the rear fuselage. The airplane would have had
one full-length deck and a second, half-length upper deck. Obviously, Boeing did
neither of those things but instead decided that a new airplane was the best way to
meet market needs.

The same decision-making process applies to all other commercial transport
studies, including the potential future development of large commercial
transports. Air travel is currently growing at rates that will cause passenger traffic
to double by the year 2005. As a result, Boeing and others have begun
preliminary studies of airplanes that could potentially be larger than the 747.

If an airplane that size is ever built, it would certainly include more than a
few examples of technical excellence—things like digitally controlled high-
bypass engines, extensive use of composite materials, computer-modeled
aerodynamics, and advanced, integrated electronic systems. In addition,
everything we have ever learned about safety, operational efficiency,
performance, and customer satisfaction would be in that airplane.

As with the 747 and 777, however, success will depend not only on
individual examples of technical excellence but on the higher-order process of
applying it. And what will the final result be? Simply speaking, it is too early to
tell. It is certain, however, what factors will shape this process. Principal among
them is listening to the customer's needs and developing a keen understanding of
the marketplace, including, for example, the several city pairs throughout the
world where individual airlines fly back-to-back 747s within three hours of each
other.

A historical look at how traffic has grown is another way to understand the
market potential of an airplane bigger than the
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747. The Pacific has truly become the 747 Ocean, as that airplane carries a
majority of U.S.-to-Asia traffic. But on U.S.-to-Europe routes, and Europe-to-
Asia routes, the evolution has been somewhat different. Although the 747 is
popular, there has also been considerable growth in the use of intermediate-size
airplanes.

With additional direct routes from the United States to Europe, twin-engine
airplanes, especially the 757 and 767, are becoming increasingly popular. In fact,
the majority of transatlantic flights are now made by twins, such as the 767. This
means that any airplane larger than the 747 will have to meet Asian market
needs, among others.

SUPERSONIC COMMERCIAL TRANSPORTS

The second prospect for the future is a new generation of supersonic
commercial airplanes. The task here is different, but the same principles of
knowing how to apply technical excellence will guide the development process.

Environmental issues are a primary focus of this process. These issues
include the need to control engine emissions and the need to control noise. The
top priority is gaining a better understanding of the ozone layer. Boeing simply
will not build an HSCT until it is known what the airplane will do to the
atmosphere. The public will not have it any other way, and neither will Boeing.

At a cruising altitude of 60,000 feet, the HSCT will fly just below the
highest concentration of ozone. Oxides of nitrogen from the engines are then
exhausted directly into the lower half of the ozone layer. No one knows for sure
what impact this would have.

Some earlier studies indicated that a fleet of HSCTs might deplete the ozone
layer by several percent, but more recent studies, based on more complex models
of atmospheric chemistry, indicate that the effect on the ozone layer would most
likely be much less. In fact, ozone levels could even increase.

One way or another, we have to know before an HSCT is built. That is why
the research being done right now is so vital. The efforts of the National
Aeronautics and Space Administration (NASA), engine manufacturers, and
others will
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provide the information needed to design an environmentally acceptable HSCT.
The second environmental issue is noise. This includes noise from sonic

booms as well as noise in a community during take-off and landing. Currently
NASA is conducting human-response studies to establish criteria for sonic boom
acceptability. Without those criteria it is impossible to know what configuration
will result in an environmentally acceptable airplane.

Noise is also a major factor at low altitudes. The community noise standard
is clear and tough. The HSCT must be no louder than current Stage 3 subsonic
transports, but no suitable engine is yet available that meets that strict standard.

With engines built before 1972, engine noise could be reduced, but a heavy
penalty was paid in efficiency. Today noise can be reduced without paying as
great a price in lost thrust, but the target we need to reach is still beyond today's
developments. Engine noise must be reduced by 15 to 20 decibels, with less than a 5
percent loss in thrust.

A number of promising designs now being tested may allow us to reach this
goal. Most of these cut engine noise by mixing low-velocity outside air with the
turbine exhaust. A number of factors, however, must be balanced to apply these
new engine designs successfully to a commercial HSCT.

The engine must be quiet, but it cannot be too heavy. Many promising new
nozzle and suppressor concepts unfortunately impose a serious weight penalty.
An effective nozzle can easily weigh as much as the power plant itself. Engine
location is another critical factor. The same engine may have much different
noise characteristics, depending on where it is located on the plane.

High-lift systems are a second important part of reducing ground-level
noise. Vortex fences can increase lift, allowing takeoff and landing at lower body
attitudes and with shorter landing gear. This allows the airplane to fly at an
improved lift-to-drag ratio for climb and approach.

Wake vortex image representation in computational fluid dynamics (CFD)
allows for improved evaluation of the flow characteristics that lead to better
performance. This performance includes benefits such as reduced noise on the
ground
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and less fuel consumption. This will be crucial if economic viability is to be
achieved.

Many of the application judgments regarding technical developments will be
made in view of the HSCT's economic constraints. Simply put, ticket prices
cannot be at Concorde levels. Optimistic assessments show that if fare premiums
for HSCT flights average 20 percent over the fares of subsonic flights, then nearly
65 percent of the potential HSCT market could be obtained. If fares averaged
only 10 percent over, then nearly 85 percent of the market could be obtained.

The result is that for the HSCT to be economically viable, technical
excellence must be achieved in two aerodynamic fields: computational fluid
dynamics, or CFD; and hybrid laminar flow control (HLFC). With CFD analysis
we are getting a better look at supersonic flight than we have ever had before.
Computer-generated images give the clearest picture yet of supersonic flow,
making possible the analysis of airflow both on the surface of the airplane as well
as away from the vehicle. The result is much greater technical knowledge of
shock waves produced by the wing, fuselage, and nacelles.

Hybrid laminar flow control is another area in which technical knowledge is
growing rapidly. A 757 demonstrator, built as part of a Boeing/NASA project,
recently became the first full-size commercial transport to fly with an HLFC
system. The system is simple but effective. Air is drawn through microscopic
holes in the leading edge by an engine-powered pump. The result is laminar flow
over more than half the wing chord. In the spring of 1992, Boeing began working
with NASA, Rockwell, and McDonnell-Douglas in testing a supersonic HLFC
system. A NASA-owned F-16XL, with a cranked-arrow delta wing, will be fitted
with a special HLFC glove.

If applied to an HSCT, the gains could be considerable. At Mach 2, skin
friction accounts for 40 percent of drag, and an HLFC system could cut that
figure substantially. At supersonic speeds, HLFC has the potential to be even
more effective than at conventional speeds. Because of the greater amounts of
fuel needed at Mach 2, even a small percentage reduction in drag could pay off
economically.

By themselves, however, analytical tools like CFD, and new systems like
HLFC, will not make the HSCT a success. It will
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be up to engineers, to people, to make decisions on how to apply these and other
technical developments. Their choices will be based on whether value is added to
the airplane. They will listen closely to the customer to ensure that market needs
are met.

Higher-order technology is more than simply having the tools to get the job
done. It is having the wisdom, judgment, and experience to know how to apply
those tools to produce a benefit for the customer.
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The Future of Rotary-Wing Aircraft

RICHARD M. CARLSON

James Burke, in his celebrated Public Broadcasting System television series,
''Connections'', insists that "we cannot know where we are going unless we know
where we have been." In the case of rotating wings, the history dates back to the
early Chinese top, Leonardo da Vinci's classic sketches, and more recently to Sir
George Cayley's helicopter models. But it is generally accepted that the rotorcraft
equivalent to the Wright Brothers' era started in 1923 with Juan de la Cierva, at
Getafe, Spain. Cierva was attracted to the unpowered, autorotating, wing because
of its lifting potential at very low forward speeds. He was motivated, for safety
reasons, to provide fixed-wing airplanes with a simple device that would
eliminate stall and provide the capability to land safely in the event of engine
failure. Cierva called his original configuration a gyroplane, which later became
known as the autogiro. The whole of Cierva's effort can be appreciated by the
fact that between 1920 and 1930 he developed, and in most cases flew, some 30
different experimental autogiro types. This effort resulted in production licenses
to a number of foreign countries and the production of some 480 autogiros
between 1924 and 1944, 185 of which were the final model C-30.
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Meanwhile the vertical takeoff and landing (VTOL) enthusiasts had been
hard at work developing a powered rotor, engine, and flight-control system that
would accomplish manned VTOL flight. This was no simple task since the
engines and speed reduction transmissions were very heavy and the powered
rotors were required to provide lift, propulsion, and control of the aircraft about
all three axes. Further, the powered rotor configurations were inherently
unstable. It is generally acknowledged that the first successful helicopter flight
was accomplished by the co-axial Breguet-Doran on June 26, 1935. This was
followed one year later by the Fock-Achgelis, side-by-side rotor, model FW-61,
flown by Hanah Reich in Berlin. This helicopter activity, especially the FW-61 in
Nazi Germany, created great concern in the U.S. Congress, which in 1938
appropriated $2 million for rotary-wing R&D. This national interest stimulated
Igor Sikorsky and the United Aircraft Corporation to develop and fly in
December 1941 the VS-300, the first helicopter with a single lifting main rotor
and a single tail rotor. This configuration was then applied to a U.S. Army/Air
Force design requirement, resulting in the Sikorsky Model R-4 with a larger rotor
and engine. The model R-4, as shown in Figure 1, was subsequently placed in
production in 1942. During World War II, some 385 R-4, R-5, and R-6
helicopters were produced for use by the U.S. Army.

At the conclusion of the war, a number of other pioneering

FIGURE 1
Sikorsky Model R-4, the first production helicopter.
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efforts were under way in the helicopter development arena, one of which was
evolving at Piasecki Aircraft, now Boeing Helicopter Company. Piasecki had
built and flown a small single-rotor helicopter similar to the R-4B and was in the
process of developing the world's first tandem helicopter. It was at that time, in
1945, that Alexander Flax joined the Piasecki group to assist in designing and
flying tandem helicopters like the XHRP shown in Figure 2. It did not take Al
Flax long to discover that rotary-wing aircraft are different from fixed-wing
airplanes. For one thing, 40 percent of the empty weight of a helicopter rotates
and the lifting rotor in forward flight experiences in one revolution, as broad an
aerodynamic, structural dynamic, and aeroelastic environment as a fixed wing
sees in its entire lifetime. Al Flax absorbed all of this challenging physics and
decided to document some of it. In 1947 he published the classic expository
paper on "The Bending of Rotor Blades" in the Journal of the Aeronautical 
Sciences. Four years later, with coauthor Len Goland, he published a second
classic paper dealing with the dynamics of rotor blades. This first paper was my
introduction to the rotary-wing community, 42 years ago, when I reported to the
Hiller Helicopter Company for work as a stress analyst. The chief engineer,
Wayne Wiesner, handed me a copy of the paper and said "read this, Dick, and
you will be the Hiller rotor blade structural expert." Twenty years later I met Al
when he was at the Institute for Defense Analyses and was serving on the "blue
ribbon'' review board for the Lockheed AH-56 Cheyenne helicopter.

FIGURE 2
Piasecki XHRP, the first tandem helicopter.

During World War II the U.S. and British governments purchased some 400
Sikorsky R-4, R-5, and R-6 helicopters, which
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were used for observation and reconnaissance. This experience provided the
catalyst for commercial and military exploitation of the helicopter's unique VTOL
and hovering capabilities. Today, logistic supply, air assault, antiarmor, medical
evacuation, air-sea rescue and antisubmarine applications in the military forces
are as common as traffic report, disaster coverage, emergency medical service,
offshore oil support, and executive transportation applications are in the
commercial sector. Today 10 countries produce small, medium-size, and large
helicopters for both commercial and military applications, and a number of other
producer countries are coming up fast.

The first R-4B helicopter could hover at about 2,000 feet on a standard day
in-ground-effect (IGE), carry a crew of two, and fly at 70 miles per: hour for two
hours with a 50-pound payload (the parachutes). Needless to say, the performance
of today's helicopters has improved dramatically, which accounts for their current
broad acceptance and application. To illustrate both the magnitude and the source
of this improvement in performance, this paper follows a format used by George
Schairer in a recent paper entitled "On the Design of Early Large Swept Wing
Aircraft." He traced the evolution of the three basic elements of the Breguet
Range Equation (Figure 3), drag efficiency (L/D), fuel efficiency (�p/c), and
weight efficiency (W1/W0), and reviewed the advances in technology that
provided for the introduction of the Boeing 707 jet transport. Expanding on this
format, Figure 3 portrays the mission segments that must be considered, in
addition to range, to exploit VTOL capability. Vertical takeoff and landing must
be available over a broad range of altitudes and ambient temperatures. The
installed power (power loading, lp0) required to achieve this broad range is a
function of rotor aerodynamic efficiency (figure of merit, Mf), rotor disk loading
(w, a design parameter) and engine lapse rate characteristics. Many VTOL
missions (e.g., military, rescue, logging) require that significant time be spent in
hovering flight. As with power loading, the fuel required for this flight mode is a
function of rotor aerodynamic efficiency and disk loading and, as in the range
segment, a function of fuel and weight efficiency. For purposes of this
presentation, weight efficiency is expressed in terms of �E and
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�p, which are the empty weight (WE) and payload (Wp) fractions of gross weight
(WG).

FIGURE 3
Altitude, range, and hover, mixed-mode missions.

Of course, advances in many technologies are responsible for the enhanced
status of the helicopter today. It is important to acknowledge contributions from
the fields of dynamics, flight control, acoustics, safety, simulation, and above all
mathematical modeling and computational methods. But, in this paper, let us
address only those technologies associated with the three mission segments
presented in Figure 3, which are more easily quantified in terms of vehicle
performance (i.e., propulsion, aerodynamics, and materials/structures).

ADVANCES IN PROPULSION TECHNOLOGIES

Since the introduction of the R-4B, the most significant technical event
during the past 50 years has been the arrival of the turboshaft engine. The impact
of changing from the reciprocating engine to the gas turbine is illustrated in
Figure 4 for three powerplants originally designed to deliver 800 shaft
horsepower. The R-1300 powered the Sikorsky H-34, the T-53 is in the Bell
UH-1 and AH-1, and the ATDE demonstration engine provided
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the technology for the T-800 gas turbine, which will power the new Army
Comanche helicopter. The initial reduction in size and complexity provided by
the gas turbine is due to the application of turbomachinery concepts to the
Brayton thermodynamic cycle, resulting in much higher mass flow per unit
volume in the turbine than in the reciprocating engine. Figure 5 presents
historical trends in specific fuel consumption and specific weight for
reciprocating and gas turbine engines used in production helicopters. The impact
of the change over to gas turbines can be clearly seen. Although the specific
weight dropped dramatically, the specific fuel consumption increased because
materials limit the peak temperature of the Brayton thermodynamic cycle. This
cycle is also more sensitive than the reciprocating engine cycles to inlet air
temperature. It is interesting to note the continued improvement in specific fuel
consumption and specific weight of the gas turbine. This progress is primarily
due to a combination of increased efficiency of turbomachine components,
increased compression ratios, and materials that allow for higher operating
temperatures.

FIGURE 4
Size comparison of helicopter engines rated at 800 shaft horsepower.
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FIGURE 5
Trends in specific fuel consumption and specific weight.

IMPROVEMENT IN ROTARY-WING AERODYNAMICS

For many years, with a few exceptions, the subject of rotorcraft drag
efficiency, or L/D ratio, has been a secondary design consideration. This has been
due to the fact that forward speed performance was generally limited by the
aerodynamics of the main rotor, which produces airframe vibration, and by a
preponderance of low-speed mission requirements. Nevertheless, there have been
improvements in rotorcraft drag efficiency, as indicated in Figure 6. These
improvements have resulted from "cleaner" power plant installations and
enhanced understanding of rotor-airframe interference drag.

The majority of rotorcraft aerodynamics research has been directed to the
main rotor. The early rotor blades (see Figure 7) were aerodynamically
constrained by manufacturing, cost, and control load considerations. The early
rotor blades used symmetrical airfoil sections of constant thickness-to-chord ratio
with linear twist variation along the blade radius. These blades were primarily
focused on improving lift efficiency in hover flight, with forward flight
performance as a "fall-out." With acceptance of hydraulic "booster" controls and
some im
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FIGURE 6
Trends in rotorcraft drag efficiency.

provement in manufacturing techniques, unsymmetrical (cambered) airfoils
and variable thickness/platform tip sections were incorporated, which improved
both hover efficiency and forward flight capability. A third generation of main
and tail rotors started to emerge in the late 1960s with the advent of reliable
fibrous composite materials, initially S-glass and later graphite and Kevlar.
Application of these materials and their flexible manufacturing techniques has
allowed the rotor-craft aerodynamicist to develop new airfoil sections and
variations in blade geometry that improve high-speed as well as hover
performance. Figure 8 presents trend data for improvements

FIGURE 7
Advances in rotor geometry.
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in rotor figure of merit, Mf, which plays a significant role in two of three
rotorcraft mixed-mode mission segments.

FIGURE 8
Improvement in rotor figure of merit, Mf.

NEW MATERIALS AND STRUCTURES

Traditionally, we think of the application of new aerospace engineering
materials in terms of saving weight, that is, reducing empty weight fraction.
However, for rotorcraft and the application of fibrous composites, it was the
promise of improved aerodynamic efficiency that proved to be the catalyst. In
fact, application of these materials to rotor blades has not reduced rotor weight,
since a rotor system mass moment of inertia requirement effectively eliminates
any weight benefits. Notwithstanding the absence of rotor blade weight
reduction, a second significant benefit has resulted from the use of fibrous
composites in rotor blades. Whereas the replacement lives of metal components
were notoriously low, the benign fatigue failure characteristics of composite
materials have virtually eliminated the need for periodic replacement of rotor
system components and, in addition, have enhanced the ballistic survivability of
these components. Virtually all modern

THE FUTURE OF ROTARY-WING AIRCRAFT 53

Ab
ou

t t
hi

s 
PD

F 
fil

e:
 T

hi
s 

ne
w

 d
ig

ita
l r

ep
re

se
nt

at
io

n 
of

 th
e 

or
ig

in
al

 w
or

k 
ha

s 
be

en
 re

co
m

po
se

d 
fro

m
 X

M
L 

fil
es

 c
re

at
ed

 fr
om

 th
e 

or
ig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 fr
om

 th
e 

or
ig

in
al

ty
pe

se
tti

ng
 fi

le
s.

 P
ag

e 
br

ea
ks

 a
re

 tr
ue

 to
 th

e 
or

ig
in

al
; l

in
e 

le
ng

th
s,

 w
or

d 
br

ea
ks

, h
ea

di
ng

 s
ty

le
s,

 a
nd

 o
th

er
 ty

pe
se

tti
ng

-s
pe

ci
fic

 fo
rm

at
tin

g,
 h

ow
ev

er
, c

an
no

t b
e 

re
ta

in
ed

,
an

d 
so

m
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

The Future of Aerospace 
http://www.nap.edu/catalog/2101.html

http://www.nap.edu/catalog/2101.html


helicopters and many older models today employ fibrous composite blades.

FIGURE 9
Composite materials R&D programs.

Having been successful with rotor blades, the rotorcraft structures engineers
turned their attention to the airframe, since these composite materials still offered
significant potential weight and cost savings. In the 1970s (see Figure 9) the U.S.
Army and NASA initiated a number of rotary-wing composite air-frame
component R&D projects to establish the feasibility of 10–35 percent reductions
in weight and cost. These reductions were so attractive that, in 1982, the U.S.
Army initiated a major composite airframe program (ACAP) to integrate the
results of the component projects into a complete rotocraft airframe to validate
the weight and cost predictions. Contracts were awarded to Sikorsky Aircraft and
Bell Helicopter to design, fabricate, and flight test a helicopter with a complete
composite airframe. The two major goals were to demonstrate a 22 percent
reduction in weight and an 18 percent reduction in cost relative to an "all metal"
baseline. Both contractors met or exceeded these goals. These two programs
provided the technology base and confidence level for the use of composites in
the new Army RAH-66 Comanche helicopter. Figure 10 presents the rotor
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craft trends in empty weight fraction, �E, and clearly shows the impact of the gas
turbine. The engine weight fraction, �e, was reduced from approximately 0.12 to
0.04, or a change of 0.08, while the total empty weight fraction was reduced from
approximately 0.70 to 0.55, or a change of 0.15. This reduction in empty weight
fraction represents a 100 percent increase in useful load fraction for modern
helicopters relative to the R-4B. It is interesting to note that, while further
reductions in gas turbine specific weight (see Figure 5) have occurred since their
introduction, they do not appear in the engine weight fraction trends. This is
consistent with the power and disk loading trends shown in Figure 11, since
decreased power loading increases empty weight and increased disk loading
decreases empty weight. These trends indicate that the certificating agencies
(Department of Defense and Federal Aviation Administration) and the user
community have preferred to use any net weight reductions that have occurred to
improve altitude and temperature performance. In any event, the empty weight
trend has remained essentially level for the past 25 years (see Figure 10), and the
potential empty weight fraction reductions due

FIGURE 10
Trends in empty weight fraction, �E, and engine weight fraction, �e.
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the application of composites to rotorcraft airframes are yet to be realized in
production vehicles.

FIGURE 11
Trends in rotor craft disk loading and power loading.

Returning to Figure 3, we have now quantified the vehicle parameters that
affect rotorcraft performance in the altitude-range-hover time segments of VTOL
mixed-mode missions. Combining the trend changes in rotor efficiency (Mf), drag
efficiency (L/D), fuel efficiency (�/c)H and (�/c)p, and weight efficiency, �E, we
may now summarize the status of today's modern rotorcraft relative to the 50-
year-old R-4B. This comparison is presented in Figure 12, which indicates a
substantial increase in altitude vertical takeoff performance from 2,000 to 10,000
feet and a typical range-payload design point with 3 times the range and 2.75
times the payload. The modern helicopter hover time capability is preserved only
by virtue of the greatly increased payload weight fraction, the total hover time
rotor efficiency of the modem helicopter being less than the R-4B because of its
larger disk loading.

THE FUTURE OF ROTARY-WING AIRCRAFT 56

Ab
ou

t t
hi

s 
PD

F 
fil

e:
 T

hi
s 

ne
w

 d
ig

ita
l r

ep
re

se
nt

at
io

n 
of

 th
e 

or
ig

in
al

 w
or

k 
ha

s 
be

en
 re

co
m

po
se

d 
fro

m
 X

M
L 

fil
es

 c
re

at
ed

 fr
om

 th
e 

or
ig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 fr
om

 th
e 

or
ig

in
al

ty
pe

se
tti

ng
 fi

le
s.

 P
ag

e 
br

ea
ks

 a
re

 tr
ue

 to
 th

e 
or

ig
in

al
; l

in
e 

le
ng

th
s,

 w
or

d 
br

ea
ks

, h
ea

di
ng

 s
ty

le
s,

 a
nd

 o
th

er
 ty

pe
se

tti
ng

-s
pe

ci
fic

 fo
rm

at
tin

g,
 h

ow
ev

er
, c

an
no

t b
e 

re
ta

in
ed

,
an

d 
so

m
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

The Future of Aerospace 
http://www.nap.edu/catalog/2101.html

http://www.nap.edu/catalog/2101.html


FIGURE 12
Altitude, range, and hover performance comparison.
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THE ECONOMIC OUTLOOK FOR ROTORCRAFT

What does the future of rotorcraft, and its attendant technology, offer as an
economic motive for those involved in the development and operation of VTOL
aircraft? First, one must consider the fact that since the U.S. Army's initial
purchase of 385 helicopters, its inventory grew to 8,454 vehicles in 1990, and
U.S. Department of Commerce statistics indicate that since 1950 the U.S.
helicopter industry has produced some 19,000 helicopters for the civilian market.
The Soviet armed forces helicopter inventory stands at 4,000 today, and European
production since 1950 totals approximately 15,000 vehicles, half of which have
been produced by Aeroepatiale in France.

Clearly a competitive VTOL market has been established, and new
helicopter projects are now emerging in the United States, France, Germany,
Great Britain, Japan, China, Singapore, and India. These projects are all providing
increased forward speed, as indicated by the trends in Figure 13. Increased cruise
speed in turn relates to increased productivity, which is generally defined as the
product of payload and speed divided by empty weight (see Figure 14).

FIGURE 13
Trends in helicopter cruise speed.
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FIGURE 14
Trends in helicopter productivity.

But what, if any, are the future commercial and military markets, and what
is the rotorcraft industry response to these markets? The most challenging new
market emerging from the commercial sector is coming from the Pacific Rim.
The Japanese government has begun a program to establish an island network of
heliports as an integral part of that nation's planned transportation system. Japan
refers to VTOL as the Fourth Revolution, after rail, auto, and airplane. Figure 15,
reproduced from the report of a study conducted by Japan Heli Network Co. Ltd.,
shows the projected extent of the heliport network by the year 2020. Work has
begun on the first 10 heliports, and golf courses appear to have higher priority
than cities. One can extend Japan's planning process south to Indonesia,
Malaysia, and Singapore, and it is clear that the entire western portion of the
Pacific Rim is a latent market for high-productivity VTOL aircraft.

The outcome of recent events in Southwest Asia will most certainly support
similar high-performance rotorcraft developments. The Desert Storm experience
was the first real-life test of the U.S. Army Airborne logistics, assault, and
antiarmor assets in a combined arms role. Figure 16 presents a dramatic
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view of what organic airborne capability can produce. The heavy dashed lines
indicate the positions of multinational forces 12 hours and 48 hours after combat
operations began. Desert Storm has been referred to as ''a high-technology test
bed'' and a validation of emerging army doctrine called ALO, for air-land-
operations. This new doctrine envisions changing the Army Corps area of
operations from a European defensive scenario with dimensions of a 50-
kilometer front and a 180-kilometer depth to a more global capability with Corp
dimensions of 100 kilometers by 450 kilometers. Again, it is clear that this
dramatic change invites the development of new high-performance VTOL
aircraft.

FIGURE 15
Japan's projected heliport network.

Since the 1950s the rotary-wing community has been actively pursuing
alternate VTOL configurations that produce performance improvements beyond
those of the helicopter, and these efforts are now showing signs of success. Tilt-
wing performance increases were clearly demonstrated in the 1960s with the
XC-142, and more recently tilt-rotor developments such as the XV-15 and the
V-22 have confirmed (see Figure 17) sub
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stantial performance improvements. Recent NASA high-speed rotorcraft studies,
based on past experimental flight tests and many wind tunnel tests, clearly
indicate these configurations are capable of producing substantially greater
productivity and range than the conventional helicopter.

New commercial projects have been initiated to match the capabilities of
these advanced rotorcraft configurations to new emerging markets. Three of these
projects are the European EUROFAR tilt rotor, the Japanese Ishida tilt wing, and
the U.S. National Civil Tilt Rotor initiative (Bell-Boeing), which is led by the
FAA Vertical Flight Program with strong support by NASA and Congress (see
Figure 18).

Fifty years of research and development in the rotary-wing field have
produced numerous improvements since the first flight of the R-4B. The
helicopter today is no longer an oddity but an integral part of our daily life. The
desire to take off and land vertically and fly in the earth's boundary layer has per

FIGURE 16
Positions of multinational forces in Operation Desert Storm.
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FIGURE 17
Tilt-rotor developments XV-15 (left) and the V-22 (right).

FIGURE 18
New tilt-rotor and tilt-wing developments: (left) Eurofar; (center) Ishida; (right)
Bell-Boeing.
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sisted, and technology and dedication have accommodated that desire. We
have seen that the advent of the turbine engines, application of composite
materials, and advances in rotary-wing aerodynamics have had a profound
impact on the utility and acceptance of the helicopter. The future of the helicopter
is clearly assured, and advanced rotary-wing aircraft, with an additional degree of
rotation, are ready to extend the performance and utility of the helicopter.
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Government

1:10 p.m. The Future of Manned Spaceflight
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Brian H. Rowe, Senior Vice President
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3:15 p.m. The Future of Large Passenger Aircraft
Albertus D. Welliver
Corporate Senior Vice President
Engineering and Technology
The Boeing Company
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The Future of Rotary-Wing Aircraft
Richard M. Carlson, Chief, Advanced Systems Research and Analysis
Office,
U.S. Army Aviation Systems Command
NASA Ames Research Center

Defense Aerospace for a New World Order
William J. Perry, Chairman and
Chief Executive Officer
Technology Strategies and Alliances

Closing Remarks
H. Guyford Stever (symposium chairman)
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